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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 fl uids 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 fl uid analog. Only time will tell.

I am led to refl ect 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 fi nd 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 defi nition 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 fl uid substitutes can be found for the use of com-
pendial methods, there may be a good deal of work to be done.

Dense ionic fl uids 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 
fl uids 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-
fi ed 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 fl uids complicate the applica-
tion of these remarkable substances to new kinds of analysis? If they are used 
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viii 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 fl uids will have 
signifi cant 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 fi ne to speak of a dense ionic fl uid 
as being electroneutral but how will that dense ionic atmosphere infl uence 
solubility for ionic species? Will mixed ionic fl uids 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. Lochmüller
Duke University
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xv

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 [CnCmCzIm], [Cnpy], and [CnCmpyr] 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 Cl−, Br−, [BF4]−, and [PF6]−. For simplicity,  
trifl uoromethanesulfonyl [CF3SO2]− anion is abbreviated as [TfO], bis(trifl uo
romethanesulfonyl)imide [(CF3SO2)2N] − anion as [Tf2N] − (Tf is a short-hand 
notation for trifl ate), and dicyanamide [N(CN)2]¯ anion as [dca]. There are 
several examples of alkylsulfate anions, which we will abbreviate [CnSO4]−, 
where n is the carbon number of alkyl chain.
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 Some Examples of Names, Structural Formulas, and Abbreviations Used 

Ionic Liquid Structural Formula Abbreviation

1-Ethyl-3-methylimidazolium 
hexafl uorophosphate

P−

F

F

F

F

F

F

N N
+

[C2C1Im][PF6]

1-Butyl-3-methylimidazolium 
hexafl uorophosphate

P−

F

F

F

F

F

F

+
N N

[C4C1Im][PF6]

1-Butyl-3-methylimidazolium chloride

Cl−

+
N N

[C4C1Im]Cl

C
R
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1-Hexyl-3-methylimidazolium 
bis(trifl uoromethylsulfonyl)imide

N

S S

O

O O

O

F

F

F
F

F

F

N N+

_

[C6C1Im][Tf2N]

1,3-Dimethylimidazolium methylsulfate

O

O

O

H3C S O
−

N N+

[C1C1Im][C1SO4]

1-Butyl-3-methylimidazolium 
methylsulfate

SO

O

O

H3C

N N+

−
O

[C4C1Im][C1SO4]

1-Ethyl-3-methylimidazolium 
ethylsulfate

N S

O

O

ON O
−

+

[C2C1Im][C2SO4]

(continued)
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 (Continued)

Ionic Liquid Structural Formula Abbreviation

1-Butyl-3-methylimidazolium octylsulfate

O S

O

O

O

N N+

−

[C4C1Im][C8SO4]

1-Ethyl-3-methylimidazolium tosylate

N S

O

O

ON −
+

[C2C1Im][TOS]

1-Hexyloxymethyl-3-methylimidazolium 
tetrafl uoroborate

N O

B−

F
F

F

F

+ N

[C6H13OCH2–C1Im][BF4]

C
R
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1-Hexyloxymethyl-3-methylimidazolium 
bis(trifl uoromethylsulfonyl)imide

N

S S

O

O O

O

F

F

F
F

F

F

N ON
+

−

[C6H13OCH2–C1Im][Tf2N]

1,3-Dibutyloxymethylimidazolium 
tetrafl uoroborate

B−

F
F

F

F

N OO
C4H9 C4H9

N
+

[(C4H9OCH2)2Im][BF4]

1,3-Dioctyloxymethylimidazolium 
bis(trifl uoromethylsulfonyl)imide

N OO

C8H17 C8H17

N

S S

O

O O

O

F

F

F
F

F

F

N
+

−

[(C8H17OCH2)2Im][Tf2N]

(continued)

C
R

C
_46462_fm

.indd   xix
C

R
C

_46462_fm
.indd   xix

8/27/2008   4:36:02 P
M

8/27/2008   4:36:02 P
M

©
 2009 by T

aylor &
 Francis G

roup, L
L

C



xx 
C

om
m

on ionic liquids—
structure, nam

e, and abbreviation

 (Continued) 

Ionic Liquid Structural Formula Abbreviation

1,3-Didecyloxymethylimidazolium 
bis(trifl uoro-methylsulfonyl)imide N OO

C10H21 C10H21

N

S S

O

O O

O

F

F

F
F

F

F

N
+

−

[(C10H21OCH2)2Im][Tf2N]

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

O
O

O S

O

O

O

N
+

−

[C4C1Im][MDEGSO4]

4-Butyl-pyridinium tetrafl uoroborate

HN
B−

F
F

F

F

+

[4-C4py][BF4]

Ethyl-(2-hydroxyethyl)-dimethyl-
ammonium tetrafl uoroborate

B−

F
F

F

F

NHO
+

[(C1)2C2 HOC2N][BF4]

C
R
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Ethyl-(2-hydroxyethyl)-dimethyl-
ammonium hexafl uoroborate

P−

F

F

F

F

F

F
NHO
+

[(C1)2C2 HOC2N][PF6]

Butyl-(2-hydroxyethyl)-dimethyl-
ammonium bromide

NHO

Br−
+

[(C1)2C4 HOC2N]Br

Hexyl(2-hydroxyethyl)dimethyl-
ammonium bromide

NHO

Br−
+

[(C1)2C6 HOC2N]Br

Hexyl(2-hydroxyethyl)dimethyl-
ammonium tetrafl uoroborate

NHO B−

F
F

F

F

+

[(C1)2C6 HOC2N][BF4]

Didecyldimethylammonium nitrate

N C10H21C10H21 NO3
−+

[(C10)2(C1)2N][NO3]

(Benzyl)dimethylalkylammonium nitrate

NO3
−N R+

[Be(C1)2CnN][NO3]

(continued)
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 (Continued)

Ionic Liquid Structural Formula Abbreviation

Tetrabutylphosphonium 
methanesulfonate

P

C4H9

C4H9

C4H9C4H9 S

O

O

H3C O
+ −

[(C4)4P][C1SO3]

1-(4-Methoxyphenyl)imidazolium 
trifl uoromethanesulfonate

NN
H3C

+
CF3SO3

−

OCH3 [CH3O–PhC1Im][TfO]

1-Benzyl-3-methylimidazolium 
trifl uoromethanesulfonate

NN

CH2H3C

+
CF3SO3

−

[BeC1Im][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 DHB
α-Cyano-4-hydroxycinnamic acid HCCA
β-Cyclodextrin  β-CD or HP-β-CD
Acetonitrile ACN
Aqueous two-phase liquid system ATPS
Atmospheric pressure chemical ionization APCI
Background electrolyte BGE
Calcium binding proteins CALB
Calix[4]arene-bis(tert-octylbenzo-crown-6) BOBCalixC6
Capillary electrochromatography CEC
Capillary electrophoresis CE
Capillary gel electrophoresis CGE
Capillary zone electrophoresis CZE
Charge transfer CT
Chiral stationary phases CSP
Circular dichroism CD
Collision-induced decomposition CID
Conductor-like screening model for real solvents COSMO-RS
Countercurrent chromatography CCC
Critical micelle concentration CMC
Crown ether dicyclohexano-15-crown-5 DC15C5
Crown ether dicyclohexano-18-crown-6 DC18C6
Cytochrome c Cyt-c
Dibenzothiophene DBT
Differential scanning calorimetry DSC
Diffusion-ordered spectroscopy DOSY
Dimethylated β-cyclodextrin  β-DM
Dimethyldinonylammonium bromide  DMDNAB
Dimethylsulfoxide DMSO
Dioctylsulfosuccinate docSS
Diode array detector DAD
Double-stranded DNA dsDNA
Dual spin probe DSP
Electrochemiluminescence ECL
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xxiv List of abbreviations

Electron impact EI
Electroosmotic fl ow EOF
Electrospray ionization ESI
Empirical potential structure refi nement EPSR
Ethanol EtOH
Ethyl tert-butyl ether ETBE
Extended x-ray absorption fi ne structure EXAFS
Fast atom bombardment FAB
Flory–Benson–Treszczanowicz model FBT
Fourier transform infared FTIR
Fourier transform MS FTMS
Gas chromatography GC
Gas–liquid chromatography GLC
Group contribution method of predicting 
 activity coeffi cients UNIFAC
Heteronuclear multiple-quantum correlation  HMQC
High-pressure liquid chromatography HPLC
High-resolution magic angle spinning NMR HR-MAS NMR
Indium tin oxide ITO
Inductively coupled plasma ICP
Ionic liquid IL
Ionic liquid matrices ILM
Laser desorption/ionization LDI
Linear solvation free energy relationship LSFER
Liquid chromatography LC
Liquid phase microextraction LPME
Liquid–liquid equilibrium LLE
Mass spectrometry MS
Matrix-assisted laser desorption/ionization MALDI
Mercury fi lm electrode MFE
Methanol MeOH
Micellar electrokinetic capillary chromatography MEKC
Multiple linear regression analysis MLRA
Near infrared NIR
Nicotinamide adenine dinucleotide NADH
N-methyl-2-pyrrolidinone  NMP
Nonaqueous capillary electrophoresis NACE
Nuclear magnetic resonance NMR
Nuclear Overhauser effect NOE
Nuclear Overhauser effect spectroscopy NOESY
Peak asymmetry factor PAF
Permethylated β-cyclodextrin β-PM
Phosphorous oxychloride POCl3
Phosphorous trichloride PCl3
Polydimethylsiloxane PDMS

CRC_46462_fm.indd   xxivCRC_46462_fm.indd   xxiv 8/27/2008   4:36:04 PM8/27/2008   4:36:04 PM

© 2009 by Taylor & Francis Group, LLC



List of abbreviations xxv

Poly(ethylene oxide) PEO
Polyethylene glycol PEG
Polyoxyethylene-100-stearylether Brij 700
Polyoxyethylene-23-laurylether Brij 35
Polytetrafl uoroethylene PTFE
Quality assessment and quality control QA and QC
Radial 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-confi ned ionic liquids SCIL
Surface-enhanced Raman scattering SERS
Task-specifi c ionic liquids TSILs
Tetradecyltrimethylammonium bromide TTAB
Tetrahydrofuran THF
Thermogravimietric analysis TGA
Time of fl ight ToF
Total correlation spectroscopy TOCSY
Ultraviolet–visible UV–Vis
Upper critical solution temperature UCST
Vapor–liquid equilibrium VLE
Vogel–Tammann–Fulcher equation VTF
Wall-coated open tubular WCOT
X-ray photoelectron spectroscopy XPS

Scheme 1 Numbering scheme on the 1-hexyl-3-methylimidazolium cation, 
[C6C1Im]+, 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 fi nds 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 fi nding 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 defi ne a class of fl uids 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 [C2H5NH3][NO3] by Paul Walden in 1914 is 
recognized by many as the fi rst 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 
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xxviii 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 offi cial 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-
cifi c discoveries in chemistry (e.g., Walden Inversion) and can be regarded as 
the founder of two new scientifi c fi elds—dynamic stereochemistry and the 
electrochemistry of nonaqueous solutions.

The main consensus seems to be that the fi rst 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% AlCl3. 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 liquid 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 hexafl uorophosphate, 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 effi ciency, 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 confi rmation 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 fi eld 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 coeffi cients, 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-specifi c ILs (TSILs) have advantages com-
pared to common solvents used as separation media in the liquid–liquid 
extraction process achieving both high effi ciency 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 fi nd 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 fi nd 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 
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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 1018, 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 
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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 fi elds 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 fi elds 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 fi rst time we can fi nd 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 hexafl uoro-
phosphate, [C12C1Im][PF6]), 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 coeffi cients, 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 fi ve 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 infl uence 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 1-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(trifl uoromethylsulfony)imide, [Tf2N]− ion, which appears not to fi t 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 [Tf2N]− and [NO3]− 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, 
π–π, n–π, 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  classifi cation 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 specifi c 
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 
fl exibility, the rotational symmetry of the head ring, the cyclic and branched 
structures, and the functional tail group. Similar structural factors have an 
infl uence on the properties of anions, including charge delocalization either 
by a large volume of the central atom, or by the presence of the perfl uoroalkyl 
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 [Tf2N]− is specifi ed—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 confi ned to the molecule and shielded by 
the oxygens and terminal –CF3 groups from Coulombic interactions with 
neighboring cations [13]. The cations or anions containing oxygen, such as 
alkoxy groups, for example [C6H13OCH2–C1Im]+ or [MDEGSO4]−, tend to 
have specifi c 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−3 for fl uori-
nated ILs. For example, the densities of three salts are: [C8C1Im][BF4] 1.08 g 
cm−3 or [C10C1Im][BF4] 1.04 g cm−3, whilst trifl uoromethylethylpyridazinium 
bis(tri fl uoromethylsulfonyl)imide, 2.13 g cm−3 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]− < [BF4]− < [C2SO4]− < [PF6]− < [Tf2N]−. 
Very popular in many recent studies, especially in the liquid–liquid extrac-
tion research, [C6C1Im][Tf2N] displayed density equal to 1.372 g cm−3 at 
T = 298.15 K [12]. For ammonium salts, an increase in an alkyl chain at cation 
increases densities. The infl uence of popular anions and cations of imidazo-
lium salts is presented in Figure 1.1.

It is clearly shown that salts with [Tf2N]− anion have higher density than 
salts with [PF6]− anion. The infl uence of the alkyl chain on the density of 
specifi c 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−3. The densities of imidazolium 
salts with popular cation [C2C1Im]+ 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(trifl uoromethylsulfonyl)imide 
anion, [Tf2N]−.

There is little data available covering on density as a function of pressure 
and temperature. Typical imidazolium salts, [C4C1Im][PF6], [C4C1Im][BF4], 
[C4C1Im][Tf2N], [C6C1Im][Tf2N], and [C8C1Im][BF4], as well as [C8C1Im][PF6], 
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 infl uence of cation and anion on the density of imidazolium 
[CnC1Im][X] ionic liquids at T = 298.15 K, where n = 1–10 and anions [X]− are [Tf2N]− 
(black), [AlCl4]− (light grey), [BF4]− (dark grey), and [PF6]− (white).

CRC_46462_CH001.indd   5CRC_46462_CH001.indd   5 8/27/2008   4:20:32 PM8/27/2008   4:20:32 PM

© 2009 by Taylor & Francis Group, LLC



6 Ionic liquids in chemical analysis

chloride, or acetate, or bis(trifl uoromethylsulfonyl)imide) at 298–333 K and up 
to 65 MPa were published [31]. The densities of these ILs are signifi cantly 
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 (η(H2O) = 0.89 cP at 298.15 K) and aqueous solutions. 
The high dynamic viscosity (viscosity coeffi cient) of ILs causes diffi culties 
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Figure 1.2 The infl uence of anion on the density of ammonium ionic liquids with 
alkoxy and acetoxy cations and [Tf2N]− anion at T = 298.15 K: alkoxymethyl(2-hydroxye-
thyl)- dimethyl cation (black) and (2-acetoxyethyl)alkoxymethyl-dimethyl cation (white). 
(Adapted from Pernak, J., Chwała, P., and Syguda, A., Polish. J. Chem., 78, 539, 2004.)

Table 1.1 Densities, ρ, at 298.15 K of Several 
Ionic Liquids with [C2C1Im]+ Cation

Anion ρ (g cm−3) Reference

[BF4]− 1.240
1.279
1.280

22
23
24

[Tf2N]− 1.520a

1.518
25
23

[CF3SO3]− 1.390a 25
[CF3CO2]− 1.390

1.285a
26
25

[C2SO4]− 1.236 Our value
[dca]− 1.060 27
a At T = 295.15 K.
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Chapter one: General review of ionic liquids and their properties 7

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 infl uence of the anion for a few salts 
with the [C4C1Im]+ 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 [C4C1Im]+ cation, the viscosi-
ties for typical anions decrease in the order: [I]− > [PF6]− > [BF4]− > [TfO]− > 
[CF3CO2]− > [Tf2N]−. 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 [PF6]− and [BF4]−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 [Tf2N]− 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,2S,5R)-
(-)-menthoxymethyl]-3-alkylimidazolium bis(trifl uoromethylsulfonyl)imides 
[41]; and new, chiral ammonium-based ILs containing the same (1R,2S,5R)-
(-)-menthyl group and [Tf2N]− 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 fi t the viscosity values into 
the Vogel–Tammann–Fulcher (VTF) equation, which adds an additional 
adjustable parameter (glass transition temperature) to the exponential term. 

Table 1.2 Viscosity, η, at 298.15 K of Several 
Ionic Liquids with [C4C1Im]+ Cation

Anion η (cP) Reference

[I]− 963 37
[NO3]− 266 38
[BF4]− 233a 32
[PF6]− 312a 32
[NbF6]−b 95 39
[CF3SO3]− 90c 32
[CF3CO2]− 73c 32
[Tf2N]− 52c 32
a At T = 303.15 K.
b Hexafl uoroniobate anion.
c At T = 293.15 K.
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8 Ionic liquids in chemical analysis

In general, all ILs show a signifi cant 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 [C2C1Im][dca] the viscosity value is 21 cP at 
298.15 K. Small contamination of [Cl]− or [Br]− anions in ILs from the synthe-
sis increases the viscosity.

New lithium salts used in electrochemistry (e.g., LiPF6, LiCF3SO3, LiAsF6, 
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 infl uence of the increas-
ing temperature can be shown for N-butylpyridinium tetrafl uoroborate, 

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

Ionic Liquid Vm(cm3 mol−1) Reference

[C6C1Im][BF4] 221.3 48
[C6C1Im][PF6] 244.3 48
[C6C1Im][Tf2N] 325.9 49
[C1C1Im][C1SO4] 156.7 50
[C4C1Im][C1SO4] 206.5 50
[C4C1Im][C8SO4] 326.2 50
[C4C1Im]Cl 186.7 51
[C12C1Im]Cl 325.8 51
[(C1)2C2HOC2N]Br 179.8 52
[(C8 H17OCH2)2Im][Tf2N] 542.9 53
[(C4)4P][C1SO3] 387.3 54
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Chapter one: General review of ionic liquids and their properties 9

[C4py][BF4]. Three molar volume values at three temperatures are 185.4 cm3 
mol−1 (313.15 K), 186.3 cm3 mol−1 (323.15 K), and 187.4 cm3 mol−1 (333.15 K) [55]. 
A detailed discussion of the infl uence 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 fi rst literature data [56] for 
{[C4C1Im][BF4] + H2O} at temperatures 315.15 and 353.15 K, positive values of 
the excess molar volumes were observed. For the similar system [57] of 
{[C2C1Im][BF4] + H2O} at 286.15 K and the equimolar composition,  V m  E  (max), 
was 0.21 cm3 mol−1. For [C1C1Im][C1SO4] with water, the  V m  E    values were 
observed as a sinusoidal curve with  V m  E  (min) = −0.18 cm3 mol−1 at xIL = 0.42 [50]. 
With longer the alkyl chain on the cation from methyl to butyl,  V m  E   decreased; 
for [C4C1Im][C1SO4] with water,  V m  E  (min) = −0.26 cm3 mol−1 at equimolar com-
position [50]. For the same cation and [PF6]− 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   V m  E   were found. Recently, new data were presented for [C4C1Im][PF6], 
[C6C1Im][PF6], [C8C1Im][PF6], and [C1C1Im][C1SO4] with 2-butanone, ethyl 
 acetate, and 2-propanol (293.15–303.15 K) [60], and negative excess molar 
volumes were also observed ( V m  E  (min) = −2.18 cm3 mol−1 at x2–but = 0.3 at 
303.15 K). The excess molar volumes,  V m  E  , have been determined for 
[C1C1Im][C1SO4] with an alcohol (methanol, or ethanol, or 1-butanol), and for 
[C4C1Im][C1SO4] with an alcohol (methanol, or ethanol, or 1-butanol, or 
1-hexanol, or 1-octanol, or 1-decanol) and for [C4C1Im][C8SO4] 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,  V m  E  , and negative, or positive excess molar 
enthalpies,  H m  E  , predicted by the Flory–Benson– Treszczanowicz (FBT) model 
[61]. Negative molar excess volumes,  V m  E  , are attributed to hydrogen bond-
ing between the short chain alcohols and the ILs, and to effi cient 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].

 V m  E   was negative for all mixtures of {[C4C1Im][C1SO4] (1) + an alcohol 
(methanol, or ethanol, or 1-butanol), or water (2)} and positive for mixtures 
of {[C4C1Im][C1SO4] (1) + an alcohol (1-hexanol, or 1-octanol, or 1-decanol) (2)} 
over the entire composition range (see Figure 1.3 for [C4C1Im][C1SO4] + 
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 [C4C1Im][C1SO4] is less H-bonded than [C1C1Im][C1SO4] in the pure state. 
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10 Ionic liquids in chemical analysis

This is probably due to the fact that the molecule of [C4C1Im][C1SO4] is more 
fl at and that is why this salt is liquid at room temperature in contrast to 
[C1C1Im][C1SO4]. There is no doubt that the corresponding values for the self-
association of ILs and alcohols are responsible for these results.  V m  E   was posi-
tive for all mixtures of {[C4C1Im][C8SO4] (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 [C4C1Im]
[C1SO4] and [C4C1Im][C8SO4] shows that by increasing the alkyl chain length 
in the anion, the interaction between unlike molecules decreases and the 
packing effect is the worst.  V m  E   is more positive for [C4C1Im][C8SO4] in every 
alcohol.

The excess molar volumes for {[C8C1Im][BF4] + 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 m  E  (max) = 0.92 cm3 mol−1 at equimolar compo-
sition and 298.15 K).

The infl uence of temperature and pressure on the excess molar volume 
is not very well known. For ILs the  V m  E   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  V m  E   were observed [63]. 
The infl uence of temperature on the  V m  E   values at the pressure 15 MPa for 
{[C1C1Im][C1SO4] + methanol} is presented in Figure 1.4.
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Figure 1.3  V m  E   for {[C4C1Im][C1SO4] (1) + 1-hexanol (2)} mixtures at 298.15 K. Points, 
experimental results from Domań ska, U. et al. Solid line, Redlich–Kister correlation. 
(Adapted from Domań ska, U., Pobudkowska, A., and Wiśniewska, A., J. Solution 
Chem., 35, 311, 2006.)
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Chapter one: General review of ionic liquids and their properties 11

Strong intermolecular interactions between the hydroxyl group and the 
IL lead to the negative values of excess molar volumes,  V m  E   , and excess molar 
enthalpies  H m  E  . The strongly negative  H m  E   curve for {[C1C1Im][C1SO4] + 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 {[C1C1Im][C1SO4] + methanol, or ethanol, or 1-butanol}. For the negative 
values of  H m  E  , the strongest IL-alcohol hydrogen bond exceeds that for the 
O—H…O between the alcohol molecules (−21.8/−21.9 kJ mol−1) and between 
the IL molecules themselves. The values of  H m  E   were found mainly positive 
for IL mixtures with hydrocarbons [64,65] and only for ([C2C1Im][Tf2N] + 
benzene) value of  H m  E   have appeared negative. Using the Progogine–Defay 
expression, an estimation of the excess molar volume and enthalpy for the 
system {[C4C1Im][BF4] + water} was done [66] and the results at 278 K were:  
V m  E  (max) = 0.92 cm3 mol−1 and  H m(max)  

E   = 3000 J mol−1. 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., [C4C1Im][C8SO4]).

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 coeffi cient, αp, and the isothermal compressibility, κT. 
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Figure 1.4  V m  E   for {[C1C1Im][C1SO4] (1) + methanol (2)} under the high pressure 
15.0 MPa for fi ve temperatures [63]. Solid lines, Redlich–Kister correlation. (Adapted 
from Heintz, A. et al., J. Solution Chem., 34, 1135, 2005.)
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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 quantifi ed by the volume expansivity, defi ned as
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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 fi ts of the density data. The αp values of ILs are in the range of 4−6 × 
10−4 K−1, whereas the values of αp for most molecular organic liquids are 
 signifi cantly higher (8−12 × 10−4 K−1). The isobaric expansivities of ILs are 
similar to those of water [28], which range from 2.57 × 10−4 K−1 (298.2 K) to 
5.84 × 10−4 K−1 (343.2 K). For example the isobaric expansivities are: αp = 
8.63 × 10−4 K−1 (298.2 K) for 1-methylimidazole [28] and αp = 8.47 × 10−4 K−1 
(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

 
�

�
�

�
T

T T
p p

� ��

�

�

�

n











1

 
(1.2)

The isothermal compressibility, κT, 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, αp, at 298.2 K 
of Several Ionic Liquids

Ionic Liquid αp·(10 4/K−1) Reference

[C4C1Im][PF6] 6.11 28
[C8C1Im][BF4] 6.24 28
[4C4py][BF4] 5.43 28
[C4C1Im][Tf2N] 6.36 68
[C1C1Im][C1SO4] 5.25 50
[C2C1Im][C2SO4] 5.65 Our value
[(C6 H13)3P(C14 H29)][Tf2N] 7.43a 31

a At 0.21 MPa.
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Chapter one: General review of ionic liquids and their properties 13

imidazolium-based ILs [31]. At higher pressures this effect was diminished. 
This was suggested as the typical infl uence 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−1 for [C8C1Im]Cl through 46.6 mNm−1 for [C4C1Im][BF4] and 
48.8 mNm−1 for [C4C1Im][PF6] to 54.7 mNm−1 for [C4C1Im]I. The values of sur-
face tension for [C1C1Im][C1SO4] and [C4C1Im][C1SO4] at 298.15 K are 56.5 and 
41.4 mNm−1 (our results), respectively.

The surface tension of ILs are lower than that for water (72.7 mNm−1 at 
293.15 K, 0.1 MPa) but higher than that for alkane (23.39 mNm−1 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(CH2)n, where 
n = 1–3 in 1-alkyl(aralkyl)-3-methylimidazolium salts, [Ph(CH2)nC1Im][Tf2N] 
salts show values 40.8–43.5 mNm−1. The only lower values were observed for 
the tetralakylammonium salts with perchlorate anion, [ClO4]−; from 9.6 to 
9.7 mNm−1 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 [C4C1Im][PF6] is close to that 
of imidazole, whereas the surface tension of the [C12C1Im][PF6] salt approaches 
those of an alkane. In general, the surface tension of 1,3-dialkylimidazo-
lium ILs decreases in the order: [I]− > [PF6]− > [BF4]− > [C1SO4]− > [Tf2N]−. 

Table 1.5 The Isothermal Compressibility, κT at Different Temperatures 
of Several Ionic Liquids

Ionic Liquid κT·(104 / MPa−1) T/K Reference

[C4C1Im][BF4] 3.96 298.2 29
[C4C1Im][PF6] 4.17 298.2 29
[C4C1Im][Tf2N] 5.26 298.2 68
[C6C1Im][Tf2N] 5.61 298.2 68
[C1C1Im][C1SO4] 3.63 313.15 63
[C2C1Im][C2SO4] 3.41 298.15 Our value
[(C6 H13)3P(C14 H29)][Tf2N] 6.12 298.2/0.21 MPa 31
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14 Ionic liquids in chemical analysis

Less viscous [Tf2N]− containing salts have higher densities and lower surface 
tension than their [PF6]− containing analogs.

The surface tension of the aqueous solutions of 1,2-dimethyl-3-N-
 hexadecyl-imidazolium tetrafl uoroborate, [C16C1C1Im][BF4], 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 [C10C1Im]Br is a strongly 
amphiphilic salt and forms aggregates/micelles in aqueous solutions at very 
low  concentrations 0.038 mol dm−3 [74]. It has been shown that the CMC 
values of surfactants may be signifi cantly modifi ed 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, [(C1)2C3HOC2N]Br and [(C1)2C4HOC2N]Br, also signifi cantly 
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 infl uence of temperature on the CMC is 
very low. The new data in this fi eld 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 defi ned 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 [C4C1Im]Cl, [C8C1Im]Cl, 
[C10C1Im]Cl, and [C12C1Im]Cl are 341.9, 285.4, 311.2, and 369.8 K, respectively 
[51], whereas the melting temperatures of [C4C1Im][Tf2N], [C8C1Im][Tf2N], 
[C10C1Im][Tf2N], and [C12C1Im][Tf2N] 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 C10, the melting point increases. Both, cations and anions have infl u-
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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Chapter one: General review of ionic liquids and their properties 15

alkyl substituents in 1,3-dialkylimidazolium salts, an increase in the alkyl 
chain decreases the melting temperature. The fl exibility of the cation and 
anion is also an important factor. An increase of alkyl chain length enhances 
the molar volume and chain fl exibility 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 infl uence of the alkyl chain length 
was observed for different substituents for chiral ammonium-based ILs; 
namely, trialkyl[(1R,2S,5S)-(-)-menthoxymethyl]ammonium tetrafl uoro borate 
[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 [Cl]−, [BF4]−, [PF6]−, and [Tf2N]− anions [77]. Melting temperatures were 
305 K for didecyloxyimidazolium bis(trifl uoromethylsulfonyl)imide or 318 K 
for didodecyloxyimidazolium bis(trifl uoromethylsulfonyl)imide [41]. The 
melting points of the ILs based on [PF6]−, or [BF4]−, or [Tf2N]− 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 hexafl uorophosphate, or tetrafl uoroborate salts, or imidazo-
lium bis(trifl uoromethylsulfonyl)imides, or ammonium bis(trifl uoromethy l-
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 [Tf2N]− anion presents the highest decomposition temperature and a lower 
melting temperature. For example [81], for the [C4C1Im]+ cation the temperature 
of decomposition increases in the order: [Br]− < [BF4]− < [CF3SO3]− < [Tf2N]−.
Low decomposition temperature was observed [80] for  benzalkonium nitrite, 
[Be(C1)2CnN][NO2], quaternary ammonium-based IL with Tonset = 436 K. A 
very high decomposition temperature was observed [82] for 1,2,3,4,5-methyl-
imidazolium bis(trifl uoromethylsulfonyl)imide, [(C1)5Im][Tf2N], Tonset = 743 K. 
Usually, the difference in the decomposition temperature between particu-
lar salts with different cations is rather  insignifi cant. For example [12], for 
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16 Ionic liquids in chemical analysis

 alkoxymethylimidazolium bis(trifl uoromethylsulfonyl)imides, the decom-
position temperature is ∼493 K, for dialkylimidazolium salts, from butyl to 
 1-hexyl-3-methylimidazolium bis(trifl uoromethylsulfonyl)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, fi ne 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 fi nal 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 

Table 1.6 Melting Temperature, Tfus/K, and Decomposition 
Temperature, Tdec/K

Ionic Liquid Tfus (K) Tdec (K) Reference

[C6H13OCH2–C1Im][BF4] 190.7 (glass) 522a 78
[C6H13OCH2–C1Im][Tf2N] 194.0 (glass) 530a 78
[(C1)2C2HOC2N]Br 541.4 559b 79
[(C1)2C2HOC2N] [BF4] 426.8 583c 53
[(C1)2C2HOC2N] [PF6] 272.0 556c 53
[(C1)2C4HOC2N]Br 359.3 525c 53
[4C4py][BF4] 361.9 575b 53
[Be(C1)2Cn][NO3] 309.4 215c 80
[(C10)2(C1)2N][NO3] 291.9 234c 80
[C4C1Im][Tf2N] 271.0 695c 81
[C3C1C1Im][Tf2N] 288.0 735c 81
[C1C1Im][C1SO4] 308.9 649c 82

a Tdec, decomposition temperature determined from onset to 5 wt% mass loss.
b Tdec, decomposition temperature determined from onset to 80 wt% mass loss.
c Tdec, decomposition temperature determined from onset to 50 wt% mass loss.
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Chapter one: General review of ionic liquids and their properties 17

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 
specifi c 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–π 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 confi rmed 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 coeffi cients 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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18 Ionic liquids in chemical analysis

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 specifi c 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 1-alkyl-3-methylimidazolium chloride, namely, [C4C1Im]Cl, [C8C1Im]Cl, 
[C10C1Im]Cl, and [C12C1Im]Cl in alcohols (C2–C12) has confi rmed that com-
plete phase diagrams are eutectic mixtures [91–93]. The complete phase dia-
grams [C4C1Im]Cl, [C10C1Im]Cl, and [C12C1Im]Cl 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 
coeffi cients 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 [C4C1Im]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 {[C4C1Im]Cl, or [C10C1Im]Cl, or [C12C1Im]Cl + 
tert-butyl alcohol} in Figure 1.5. Figures 1.5 and 1.6 show the infl uence 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 [C10C1Im]Cl with 
water and for [C8C1Im]Cl with water and 1-octanol [51]. For both salts the 
solubility in 1-octanol was higher than that in water. Only [C8C1Im]Cl was 
liquid at room temperature (melting point, Tfus = 285.4 K) [51]. The binary 
mixtures of [C12C1Im]Cl with n-alkanes and ethers have shown a very fl at 
 liquidus curve, but only in {[C12C1Im]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 [C4C1Im]Cl (●), or [C10C1Im]Cl (▲), or 
[C12C1Im]Cl (■) with tert-butyl alcohol. (Adapted from Domańska, U., Bogel-
Łukasik, E., and Bogel-Łukasik, R., J. Phys. Chem. B, 107, 1858, 2003; Domańska, U. and 
Bogel-Łukasik, 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 [C4C1Im]Cl (◆) and [C10C1Im]Cl (●). (Adapted from Domańska, U. 
and Bogel-Łukasik, E., Fluid Phase Equilib., 218, 123, 2004; Domańska, U. and Bogel-
Łukasik, E., Ind. Eng. Chem. Res., 42, 6986, 2003.)
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20 Ionic liquids in chemical analysis

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 [C4C1Im]+ cation with 
different anions will show the SLE diagram with immiscibility in the  liquid 
phase from xIL = 10−4 up to 0.58 for [Cl]− anion, liquid–liquid  equilibria (LLE) 
up to 0.9 (T = 310 K) for [C1SO4]− anion and LLE up to 0.97 (T = 305 K) for 
[PF6]− anion [95]. Thus, for the ILs with [C4C1Im]+ cation, solubility in water 
decreases in the order: [Cl] ]− > [C1SO4]− > [PF6]−.

After changing the anion from chloride (ILs described earlier) to hexa-
fl uorophosphate, it is easy to obtain [96] salts with very low melting tem-
peratures, for example, Tfus = 332.8 K for [C2C1Im][PF6] and Tfus = 276.4 K 
for [C4C1Im][PF6]. The SLE diagrams with immiscibility in the liquid phase 
with the UCST were observed in the mixtures of {[C2C1Im][PF6] + 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 [C2C1Im][PF6] 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 {[C2C1Im][PF6] + methanol} 
[97]. For longer chain alcohols, the immiscibility with UCST was noted. The 
mutual solubility of [C2C1Im][PF6] 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 [53,98] also for the dialkoxyimidazolium ILs, 
[(C4H9OCH2)2Im][BF4], [(C6H13OCH2)2Im][BF4], [(C6H13OCH2)2Im][Tf2N], 
[(C8H17OCH2)2Im][Tf2N], [(C10H21OCH2)2Im][Tf2N], and for pyridinium IL, 
[py][BF4]. 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, cyclo alkanes, 
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 [(C4H9OCH2)2Im][BF4] salt with tetrafl uoroborate 
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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Chapter one: General review of ionic liquids and their properties 21

the n–π interaction rather than hydrogen bonding exists. Greater mutual 
 solubilities were observed for [Tf2N]− anion even for longer alkoxy chains on 
the cation (C6, or C8 versus C4). Complete miscibility in the liquid phase was 
observed for [(C6H13OCH2)2Im][Tf2N], or [(C6H13OCH2)2Im][BF4] 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 [Tf2N]− to [BF4]− in dihexyloxy 
salts as in many other ILs. The systems of [(C6H13OCH2)2Im][BF4] 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 
[C6H13OCH2–C1Im][BF4] 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 [(C8H17OCH2)2
Im][Tf2N] or [(C10H21OCH2)2Im][Tf2N] 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 {[(C4H9OCH2)2Im][BF4] 
(1) + benzene (2)} was T1,e = 260.3 K, x1,e = 0.450 and for the binary system 
{[(C8H17OCH2)2Im][Tf2N] (1) + benzene (2)} was T1,e = 271.8 K, x1,e = 0.331. In 
every system with [(C4H9OCH2)2Im][BF4], 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 infl uence of the pyridinium ring, or the imidazolium ring on the 
solubility was discussed using the solubility measurements of N-decyloxy-
methyl-3-amido-pyridinium tetrafl uoroborate 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 [(C1)2C2HOC2N]Br, [(C1)2C3HOC2N]Br, 
[(C1)2C4HOC2N]Br, and [(C1)2C6HOC2N]Br in water and alcohols have been 
published [52,79]. Other anions including [BF4]−, [PF6]−, [dca]−, and [Tf2N]− 
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 B4; 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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22 Ionic liquids in chemical analysis

The solubility of [(C1)2CnHOC2N]Br in 1-octanol increases when the alkyl 
chain of cation increases in almost the whole concentration range. In water, 
the solubility of [(C1)2C2HOC2N]Br is much lower than that of the other three 
salts and the best solubility was observed in Ref. 79 for [(C1)2C6HOC2N]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 (C4 versus C12) in 1-octanol and water [51]. 
The solid–liquid phase diagrams have shown simple eutectic mixtures. SLE 
and LLE diagrams for [(C1)2C4HOC2N][BF4] (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 x1 = 0.45 to 0.78 [53].

The effect of interaction with alcohols is different for [(C1)2C2HOC2N]Br 
and [(C1)2C2HOC2N] [BF4]. The solubility of [(C1)2C2HOC2N]Br in alco-
hols from ethanol to 1-dodecanol did not present the miscibility gap [52], 
whereas [(C1)2C2HOC2N] [BF4] showed immiscibility in alcohols at high 
temperatures. These systems exhibit UCST higher than 435 K for every 
 system  measured [53].

The solubility of [(C1)2C2HOC2N]Br in primary alcohols (C2–C12) 
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 
[(C1)2C4HOC2N][BF4] (1) in 1-octanol: experimental points (●); solid line designated 
LLE. (Adapted from Domańska, U., Thermochim. Acta, 448, 19, 2006.)
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signifi cant.  Branching of alcohols decreases the solubility of ammonium 
salts, as it was observed for imidazolium salts. It was noted that the solu-
bility of [(C1)2C2HOC2N]Br in ethanol was higher than the ideal solubility; 
the activity coeffi cients 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–π, 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 signifi cant.

The SLE diagram for a longer alkyl chain IL (2-hydroxy-ethyl)dimethyl
undecyloxymethylammonium dicyanamide, [C11OC1EtOH(C1)2N][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 infl uence 
of the [dca]− anion in spite of the long alkyl chain makes this salt liquid at 
room temperature (Tfus = 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, [(C1)2C4HOC2N]Br, exhibited a simple eutectic 
system with immiscibility in the liquid phase in the IL mole fraction range 
from xIL = 0.02 to 0.70 [53]; the other ammonium salt, (benzyl)dimethyl-
alkylammonium nitrate, [Be(C1)2CnN] [NO3] showed very small solubility in 
the liquid phase in hexadecane and it was slightly better in hexane (immis-
cibility from xIL = 10−4 to 0.90) [99]; for the ammonium salt with an alkane 
substituent only, didecyldimethylammonium nitrate, [(C10)2(C1)2N][NO3], 
the solubility in the liquid phase was better in hexane (immiscibility from 
xIL = 10−4 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, 
[C2C1Im][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, [(C1)2C4HOC2N]Br, has shown lower solubility in cyclohexane 
than in  heptane and the immiscibility gap was from xIL = 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–π 
 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, [(C4H9OCH2)2Im][BF4] shows 
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immiscibility with UCST, Tc = 278 K in the low mole fraction of the IL [53]. In the 
phase diagrams of an ammonium IL, (benzyl)dimethylalkylammonium nitrate 
[Be(C1)2CnN] [NO3] 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, [(C4)4P][C1SO3] 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 [(C4)4P][C1SO3] 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 ([(C4)4P][C1SO3] + benzene) is shifted 
toward a much lower IL mole fraction in comparison to that of ([(C4)4P]
[C1SO3] + 1-alcohol). Experimental phase diagrams of SLE and LLE with 
alkylbenzenes were characterized mainly by the following: (1) the mutual 
solubility of [(C4)4P][C1SO3] 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
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(1.3)

where x1, γ1, ∆fusH1, ∆fusCp,1, Tfus,1, and T stand for the mole fraction, the solute 
activity coeffi cient, 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 coeffi cients, γ1, 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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Chapter one: General review of ionic liquids and their properties 25

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 modifi ed 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

 

� �
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where Ω is the objective function (OF), n is the number of experimental 
points,  T i  

 exp  and  T i  
 cal  denote the experimental and calculated equilibrium 

temperatures, respectively, corresponding to the concentration x1i. P1 and P2 
are model parameters resulting from the minimization procedure. The root-
mean-square deviation of temperature is defi ned as follows:
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Parameters ri and qi of the UNIQUAC ASM model are calculated with the 
following relationships:

 r Vi � 0 m.029281  (1.6)
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(1.7)

where Vm is the molar volume of pure compound i at 298.15 K. The molar 
 volume of IL Vm1 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 li 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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26 Ionic liquids in chemical analysis

of hydrogen-bond formation to be temperature independent. Some values 
of model parameters obtained by fi tting 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 (σT) < 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, γ1, 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 coeffi cients 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 [CnC1Im][PF6] 
or [CnC1Im][Tf2N] are insoluble in water, but at the same time they are very 
hygroscopic. The miscibility gap was observed for water with [C2C1Im][Tf2N] 
and [C4C1Im][Tf2N] at 353.15 K [106]. LLE were measured for [C2C1Im][PF6] 
and [C4C1Im][PF6] 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 [C4C1Im][PF6], [C8C1Im][PF6], and [C8C1Im][BF4] with water 
at temperature 295 K [108]. The mutual solubilities of water and [C8C1Im][PF6] 
are lower (the binary liquid phases were observed in the range of the IL mole 
fraction from xIL = 3.5 × 10−4 to 0.2 × 10−4) than those seen for the IL with a 
shorter alkyl chain, [C4C1Im][PF6], (the binary liquid phases were observed 
in the range of the IL mole fraction from xIL = 1.29 × 10−3 to 0.26 × 10−3). As 
observed in the other properties, changing the anion from [PF6]− to [BF4]− 
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-
fl uoroacetate-based anions are fully water-soluble [109]. Salts with [BF4]− and 
[CF3SO3]− anions are partly soluble in water. The infl uence of the anion on the 
solubility of [C4C1Im]Cl and [C4C1Im][BF4] in water is shown in Figure 1.8.

For chloride anion, complete miscibility in the liquid phase was observed 
and for tetrafl uoroborate anion, the LLE area was observed in the low mole 
fraction of the IL and at low temperature. It is known that the [C4C1Im][BF4] 
is water miscible at 298.15 K; the UCST is at 278 K [110]. The immiscibility 
with water was measured for [C4C1Im][PF6], [C8C1Im][PF6], [C10C1Im][PF6], 
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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

Solvent

Parameters Deviations

Wilson
g12–g11

g12–g22 (J mol−1)

UNIQUAC 
ASM
∆u12

∆u21 (J mol−1)

NRTL1a

∆u12

∆u21 (J mol−1)
Wilson
σT (K)

UNIQUAC ASM
σT (K)

NRTL1 
σT (K) Reference

Benzimidazole 
+ l-propanol 

−3301
7088

3117
−3341

−502
−2990

0.93 1.01 0.92
87

2-Methylbenzimidazole
+ 1-hexanol 

8365
−3788

−1622
642

−54435
−98.32

2.75 1.64 1.19
87

[C4C1Im]Cl
+ 1-hexanol 

−2922
12690

−3284
44272

−5234
4539

2.93 1.59 1.70
93

[C12C1Im]Cl
+ n-decane 

5173
6631

1243
−32

3318
4790

2.72 4.72
95

[(C8H17OCH2)2Im]
[Tf2N] + 1-octanol 

3057
3331

377
−422

3032
1353

2.25 4.66 2.75
53

[(C10H21OCH2)2Im]
[Tf2N] + benzene 

−556
505

— 505
−578

0.84 — 0.84
53

[py][BF4]
+ 1-hexanol 

29526
1563

— 1360
11835

2.50 — 2.34
53

[(C1)2C2HOC2N]Br + 1-butanol — −39
−1922

233b

−9057
— 4.00 4.00

52
a Calculated with the third nonrandomness parameter α = 0.3.
b Calculated with the third nonrandomness parameter α = 0.1.
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28 Ionic liquids in chemical analysis

and [C10C1Im][BF4] at 298.15 K [111]. When more polar anion is taken, like in 
the [C1C1Im][C1SO4] or [C4C1Im][C1SO4], complete miscibility with water is 
observed [50].

There is no doubt that also the length of the alkyl chain of the cation has an 
infl uence on solubility in water, as in other solvents. For a longer chain n ≥ 4, 
the LLE is observed. For example, [C4C1Im][BF4] forms a biphasic system at 
low temperatures and at low mole fraction of the IL (see Figure 1.8). Compar-
ing the [BF4]− anion with the [PF6]− anion, it can be concluded that the [PF6]−- 
based ILs dissolve less water than those of the [BF4]−. 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 [C8C1Im]Cl and 
[C10C1Im]Cl with water, and the UCST ∼322 and ∼323 K, respectively, was 
observed [61]. The infl uence 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 [(C6H13OCH2)2Im][Tf2N] than 
for [C6H13OCH2–C1Im][Tf2N]; the UCST is >370 K for both salts [98]. Much 
higher interaction with water is presented by [C4C1Im][MDEGSO4], 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 infl uence 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 1.8 The infl uence of anion on the solubility of imidazolium ILs in water: 
[C4C1Im]Cl (○) and [C4C1Im][BF4] (◆). (Adapted from Domańska, U. and Bogel-
Łukasik, E., Fluid Phase Equilib., 218, 123, 2004; Lin, H. et al., Fluid Phase Equilib., 253, 
130, 2007.)
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Chapter one: General review of ionic liquids and their properties 29
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Figure 1.9 The infl uence of the alkoxy group in the cation or anion on  solubility 
in water: [C6H13OCH2–C1Im][Tf2N] (○), [(C6H13OCH2)2Im][Tf2N] (◆), and [C4C1Im] 
[MDEGSO4] (×). (Adapted from Domańska, U. and Marciniak A., Fluid Phase Equilib., 
260, 9, 2007; Domańska, U. and Marciniak, A., Green Chem., 9, 262, 2007.)
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Figure 1.10 The infl uence of the alkyl chain of cation and the type of anion on 
the solid–liquid phase equilibria diagram {IL + water}: [(C1)2C2HOC2N]Br (○), 
[(C1)2C6HOC2N]Br (◆), and [(C1)2C2HOC2N] [BF4] (×). (Adapted from Domańska, U. 
and Bogel-Łukasik, R., J. Phys. Chem. B, 109, 12124, 2005.)
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30 Ionic liquids in chemical analysis

The difference between the liquidus curve of [(C1)2C2HOC2N]Br and that 
of [(C1)2C6HOC2N]Br is the result of the IL melting temperature. The results 
of measurements of the solubility of [(C1)2C2HOC2N]Br, [(C1)2C3HOC2N]Br, 
[(C1)2C4HOC2N]Br, and [(C1)2C6HOC2N]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 
the IL. Changing the anion [BF4]− versus [Br]−, the same effect was observed—
lowering the melting temperature of the IL [53,79]. Substitution of the bro-
mide anion for a tetrafl uoroborate 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 infl uence of the cation on the SLE diagram {IL + water} can 
be observed [99,100] from the diagrams of ammonium salts [(C10)2(C1)2N][NO3] 
and [Be(C1)2CnN][NO3]. 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 [NO3]− but the 
long alkane chains (C10) 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 (C10) was changed by the 
benzyl group and the other one by the longer alkane chain (C12–C14) as the 
substituents at the cation, the decrease of solubility was reported. These new 
substituents had strong infl uence on packing effects in the liquid phase, 

265

290

315

340

365

0 0.2 0.4 0.6 0.8 1
x1

T
 (

K
)

Figure 1.11 The infl uence of cation on the solid–liquid phase equilibria diagram 
{IL + water}: [(C10)2(C1)2N][NO3] (○) and [Be(C1)2Cn][NO3] (◆). (Adapted from 
Domańska, U., Bąkała, I., and Pernak, J., J. Chem. Eng. Data, 52, 309, 2007; Domańska, U., 
Ługowska, K., and Pernak, J., J. Chem. Thermodyn., 39, 729, 2007.)
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Chapter one: General review of ionic liquids and their properties 31

resulting in immiscibility at low weight fraction of the IL. The UCST for the 
system {[Be(C1)2CnN][NO3] + H2O} was observed at a temperature, T = 360.8 K, 
and a mass fraction, wIL = 0.11. Inversely to water, a miscibility gap in the liquid 
phase was not observed for [Be(C1)2CnN][NO3] with short chain alcohols [99].

It is clear that ILs are capable of absorbing signifi cant 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 hexafl uorophosphate or tetra-
fl uoroborate ILs [109]. It is widely known that pure ILs based on the [PF6]− 
anion can readily decompose to produce hydrogen fl uoride (HF) in the pres-
ence of water. The use of ILs based on the [PF6]− anion in industrial applica-
tions will be very limited.

It has been shown by Cammarata et al. [113] that water molecules 
ab sorbed 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−3. 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−1. 
The strength of H-bonding between water molecules and anions was found 
to increase in the order: [PF6]− < [SbF6]− < [BF4]− < [Tf2N]− < [ClO4]− < 
[TfO]− < [NO3]− < [CF3CO2]−. 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 CH3 group has no effect on 
the molecular state of water [113].

1.6.2 1-Octanol/water partition coeffi cient

The partition coeffi cient KOW 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 coeffi cient 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 
1-octanol/water partition coeffi cient is required for new substances, sol-
vents, insecticides to avoid bioaccumulation. KOW 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, fi sh, or animal lipid, which is where pollutants that are 
hydrophobic will appear, is a diffi cult task. Thus, it is simpler to measure the 
1-octanol/water partition coeffi cient. This parameter is used as the primary 
parameter characterizing hydrophobisity.
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32 Ionic liquids in chemical analysis

The thermodynamic data needed to calculate the 1-octanol/water parti-
tioning is the LLE in the ternary system, in binary phases:

 f x T P f x T Pi i i i
o o w w, , , ,( ) ( )�  

(1.8)

where fi and xi are the fugacity and mole fraction of species i, and the super-
scripts o and w denote the 1-octanol and water phases, respectively.
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where c is the molar concentration of species i in the 1-octanol and water 
phase.

For very hydrophobic compounds, when KOW is very high (105), there is 
evidence from fi eld studies involving fi sh, 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 KOW of ∼106. The 
thermodynamic model for air/water and 1-octanol/water activity coeffi -
cients and the importance of the activity coeffi cient at infi nite dilution mea-
surements have been presented as well [114].

Twelve imidazolium-based ILs were studied experimentally by Ropel 
et al. [115] (mainly the bis(trifl uoromethylsulfonyl)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 KOW is negative for benzimidazole or 2-methylbenz-
imidazole and for ILs with a longer alkyl chain at the cation, for example, 
[C6C1Im]+ and [C8C1Im]+. It was shown that for salts with the [Tf2N]− 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 [C6C1Im][Tf2N] was calculated on level 
0.08–3.16, which is much less than 250, a moderate border of bioaccumulation 
[115]. The values of KOW are very low for ILs that are totally miscible with 
water, for example, [C4C1Im][NO3]. KOW is an extremely important quantity 
to describe the hydrophobisity or hydrophilisity of a compound and can 
be correlated with bioaccumulation and toxicity in fi sh and other aquatic 
organisms. Since all of KOW 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 [117,118]. The 
overall procedure was verifi ed 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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Chapter one: General review of ionic liquids and their properties 33

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 infl uence of an anion on 
cytotoxicity was also shown for the fi rst 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 [C6C1Im]+ cation as compared with 10% of the [C4C1Im]+ 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 coeffi cients do not differ 
very much, and for fl uvial meadow soils, they are even identical. But for 
forest- and fl uvial 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].

Table 1.8 1-Octanol/Water Partition Coeffi cients, 
KOW, at 289.15 K

Imidazole or Ionic Liquid KOW Reference

1H-imidazole 0.49a 83
2-Methyl-1H-imidazole 0.67a 83
1,2-Dimethylimidazole 0.83a 83
Benzimidazole 16.90a 83
2-Methylbenzimidazole 28.51a 83
[C10C1Im]Cl 0.52a 51
[C12C1Im]Cl 0.73a 51
[C4C1Im][PF6] 0.022, 0.020b 115,116
[C4C1Im][BF4] 0.003 115
[C4C1Im][NO3] 0.0038 115
[C4C1Im][Tf2N] 0.11–0.62 115
[C6C1Im][Tf2N] 1.42–1.66 115
[C8C1Im][Tf2N] 6.3–11.1 115
[C2C1Im][PF6] 0.015b 115
[C2C1Im][Tf2N] 0.09–0.11 115
[C6H13OCH2–C1Im][Tf2N] 0.39a 98
[C6H13OCH2–C1Im][BF4] 0.64a 98
[(C6H13OCH2)2Im][BF4] 0.44a 98

a Values calculated from solubilities in 1-octanol and water with a cor-
rection for mutually saturated solvents.

b At temperature 303 K.
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34 Ionic liquids in chemical analysis

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 effi cient operation of chemical plants and oil 
transportation and refi neries. The SLE in binary mixtures that contains IL 
and the molecular solvent: {[C2C1Im][TOS] (1) + cyclohexane, or benzene (2)} 
and {[C1C1Im][C1SO4] (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 infl uence 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 {[C2C1Im][TOS] (1) + cyclohexane (2)}, measured at ambient 
pressure, was found to exhibit immiscibility in the liquid phase. At high 
pressure only the characteristic fl at liquidus curve in a broad range of IL’s 
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 x1 = 0 up to 1. The solubility of [C2C1Im][TOS] was lower 
than that of [C1C1Im][C1SO4], 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 [C2C1Im][TOS] in benzene was higher than in 
cyclohexane. Figure 1.12 presents the liquidus curves of [C1C1Im][C1SO4] 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 infl uence 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 [C2C1Im][TOS] ∆T = 
∼40.1 K. The melting temperature Tfus,1 of [C2C1Im][TOS] changed from 
Tfus,1 = 322.9 K (0.1 MPa) to 363.1 K (160 MPa) and that of [C1C1Im][C1SO4] 
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Chapter one: General review of ionic liquids and their properties 35

changed from Tfus,1 = 308.9 K (0.1 MPa) to 343 K (160 MPa). These results 
show that high pressure has much stronger infl uence on the thermophysical 
properties of [C2C1Im][TOS] than on [C1C1Im][C1SO4]. The slope of dp/dT is 
totally different for the ILs and the popular molecular solvents [101].

The experimental high pressure data (P, x1) at constant temperature can be 
correlated by the equation proposed by Yang et al. [121]. They showed that 
the activity coeffi cient γ1 at high pressure can be expressed as
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where ai and a′ are two adjustable parameters. After substituting Equa-
tion 1.10 into Equation 1.3, some simplifi cations can be obtained.
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where b0 = −a0, b1 = −a1 − ∆fusH1/R, b2 = −a2, b3 = −a3, b′ = −a′ + ∆fusCp,1/R.
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Figure 1.12 Infl uence of pressure on the liquidus curve of {[C1C1Im][C1SO4] (1) + 
1-hexanol (2)} up to 360 MPa (Adapted from Domańska, U. and Morawski, P., Green 
Chem., 9, 361, 2007.); experimental points (○), solid line, description with the Yang 
equation. (Adapted from Yang, M. et al., Fluid Phase Equilib., 204, 55, 2003.)
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36 Ionic liquids in chemical analysis

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

 
b D Pi ji

j

j

�
�0

2

∑
 

(1.13)

The OF used in the fi t of the parameters of Equations 1.12 and 1.13 was as 
follows:
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where ln  x  1i  
cal  denotes the values of the logarithm of the solute mole fraction 

calculated from Equation 1.11, ln x1i denotes the logarithm of the experimen-
tal solute mole fraction and Ti, Pi, Dji express temperature, pressure, and coef-
fi cients from Equation 1.13, respectively; wi 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 fi t 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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Chapter one: General review of ionic liquids and their properties 37

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 [C2C1Im][BF4]. 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 coeffi cient at infi nite 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 [C2C1Im][Tf2N] or 
[C2C1Im][C2SO4] with aliphatic (cyclohexane) and aromatic (benzene) hydro-
carbons [64,65]. The excess molar enthalpy for the {benzene + [C2C1Im][Tf2N]} 
was highly negative (approximately −750 J mol−1) and for the {cyclohexane + 
[C2C1Im][Tf2N]} was positive (∼450 J mol−1). 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 [C2C1Im][PF6] in aromatic hydro-
carbons (benzene, toluene, ethylbenzene, o-xylene, m-xylene, and p-xylene) 
and that of [C4C1Im][PF6] in the same aromatic hydrocarbons, and in n-
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 [C4C1Im][PF6] with alcohols (ethanol, 1-propanol, 
and 1-butanol) was presented very early [129,130]. Methanol was found com-
pletely miscible with [C4C1Im][PF6] 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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38 Ionic liquids in chemical analysis

The same conclusions resulted from the solubility measurements of 
[C2C1Im][Tf2N] in alcohols (1-propanol, 1-butanol, and 1-pentanol) and from 
those of [C8C1Im][BF4] with alcohols (1-butanol and 1-pentanol) [62,132]. 
An interesting analysis of LLE in the mixtures of {IL ([C4C1Im][BF4], [C4C1Im]
[Tf2N], [C6C1C1Im][Tf2N], [C6C1Im][BF4], [C4C1Im][TfO], [C2C1Im][Tf2N], 
[C4C1C1Im] [Tf2N]) + 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 ([C8C1Im][BF4], [C6C1Im][Tf2N], [C8C1Im][Tf2N], [C6C1C1Im][Tf2N]) + 
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 [C2C1Im][PF6] 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 
[C2C1Im][PF6] or [C4C1Im][PF6] 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 [C2C1Im][PF6] 
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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Figure 1.13 Liquid–liquid equilibria in the systems of {[CnC1Im][PF6] (1) + 1- butanol 
(2)}; Experimental points: [C2C1Im][PF6] (●), [C4C1Im][PF6] (■), [C3C1Im][PF6] (▲), 
[C6C1Im][PF6] (◆), [C7C1Im][PF6] (×), [C8C1Im][PF6] (+), and boiling temperature of the 
solvent (dashed line). (Adapted from Domańska, 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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Chapter one: General review of ionic liquids and their properties 39

of the equilibrium curve was similar for [C2C1Im][PF6] in every alcohol and 
for different ILs in the same alcohol. LLE in the systems of {[CnC1Im][PF6] + 
1-butanol} are presented in Figure 1.13. The infl uence of alkyl chain on the 
solubility in 1-butanol is shown in Ref. 97 for [C2C1Im][PF6], and in Ref. 130 for 
[C4C1Im][PF6], [C3C1Im][PF6], [C6C1Im][PF6], [C7C1Im][PF6], and [C8C1Im][PF6]. 
The infl uence of the anion is shown in Figure 1.14.

The LLE in the systems of {[C4C1Im][X] + 1-butanol} are presented in 
Refs 14 and 130 for [PF6]+, [BF4]+, and [Tf2N]+.

The observation of the UCST was limited very often by the boiling tem-
perature of the solvent. The solubility of [C2C1Im][PF6] and [C4C1Im][PF6] in 
aromatic hydrocarbons and in alcohols decreases with an increase of the 
molecular weight of the solvent. The difference on the solubility in o-, m-, and 
p-xylene was not signifi cant. Solubility was better in secondary alcohols than 
in primary alcohols. For example, for [C2C1Im][PF6] solubilities in methanol 
and ethanol were higher than those in aromatic hydrocarbons. The miscibil-
ity gap in C3 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 [C6H13OCH2–C1Im][BF4] 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 [C6H13OCH2–C1Im][Tf2N] 
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Figure 1.14 Liquid–liquid equilibria in the systems of {[C4C1Im][X] (1) + 1- butanol 
(2)}; Experimental points: [C4C1Im][PF6] (●), [C4C1Im][BF4] (▲), and [C4C1Im][Tf2N] 
(■). (Adapted from Wu, C.-T. et al., J. Chem. Eng. Data, 48, 486, 2003; Crosthwaite, J.M. 
et al., J. Phys. Chem. B, 108, 5113, 2004.)
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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 [C6H13OCH2–C1Im][Tf2N] 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 [C6H13OCH2–C1Im][BF4] 
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 [PF6]− or [BF4]− anions by [C1SO4]− with four atoms 
of oxygen, or with the [MDEGSO4]− anion by adding the alkoxy group to the 
alkane chain at anion or at cation at the imidazole ring, [C6H13OCH2–C1Im]+ 
[98,112,127].

ILs based on the 1-alkyl-3-methylimidazolium cation, [CnC1Im]−, or tetra-
alkylammonium cation, [(Cn)4N]−, are among the most popular and com-
monly studied or used in technological improvements. As for the anions, 
bis(trifl uoromethylsulfonyl)imide, [Tf2N]−, and alkylsulfate, [CnSO4]− (n = 
1, 2, 8), are much superior compared to the more commonly investigated 
hexafl uorophosphate, [PF6]−, and tetrafl uoroborate, [BF4]−, 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 [C2C1Im][PF6] or [C4C1Im][PF6] has shown immiscibility in alkanes 
(n-hexane, n-heptane, and n-octane) in the whole IL mole fraction range from 
xIL = 10−4 to 0.98 [96,135]; the salt with longer alkane chain, [C12C1Im]Cl, has 
shown a simple eutectic system with n-octane, and n-decane and eutectic 
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Chapter one: General review of ionic liquids and their properties 41

system with a small miscibility gap in the low IL mole fraction in n-dodecane
[95]; [C1C1Im][C1SO4] and [C4C1Im][C1SO4] have shown immiscibility in 
alkanes (n-pentane, n-hexane, n-heptane, n-octane, and n-decane) in the 
whole IL mole fraction range from xIL = 10−4 to 0.98 [128]; [C4C1Im][C8SO4] 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 xIL = 10−4 to 0.5 at room temperature [50]; for the [C6H13OCH2–
C1Im][BF4] with n-alkanes (n-pentane, n-hexane, n-heptane, and n-octane) the 
immiscibility gap was observed in the IL mole fraction range from xIL = 
10−4 to 0.85–0.95 and slightly better solubility was observed for [C6H13OCH2–
C1Im][Tf2N]—the equilibrium curve was at xIL = 0.80–0.83 for n-hexane 
and n-heptane [78]; much better solubility was observed for dihexyloxy-
imidazolium salt [(C6H13OCH2)2Im][Tf2N] in n-hexane—the equilibrium 
curve was at xIL = 0.52 [98]; the IL with alkoxy group in anion [C4C1Im] 
[MDEGSO4] has shown immiscibility in n-hexane in the whole IL mole frac-
tion range from xIL = 10−4 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, [(C1)2C4HOC2]Br, exhibited a simple eutectic system with immisci-
bility in the liquid phase in the IL mole fraction range from xIL = 0.02 to 0.70 
[53]; the other ammonium salt: (benzyl)dimethylalkylammonium nitrate, 
[Be(C1)2CnN][NO3], showed very small solubility in the liquid phase in n-
hexadecane and slightly better in hexane (immiscibility in the range from 
xIL = 10−4 to 0.90) [99]; for the ammonium salt with an n-alkane substituents 
only: didecyldimethylammonium nitrate, [(C10)2(C1)2N][NO3], the solubility 
in the liquid phase was better in n-hexane (immiscibility in the range from 
xIL = 10−4 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 [C2C1Im][PF6] or [C4C1Im][PF6] has shown immiscibility 
in cycloalkanes (cyclopentane, cyclohexane) in the whole IL mole fraction 
range from xIL = 10−4 to 0.90 at room temperature [96,135]; the solubility of 
[C6H13OCH2–C1Im][BF4] and of [C6H13OCH2–C1Im][Tf2N] in cyclohexane 
was much higher—the immiscibility gap was observed in the IL mole frac-
tion range from xIL = 10−4 to 0.72 and to 0.65. Usually, the solubility in cyclo-
alkanes is better than in n-alkanes [78,112].

The infl uence 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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42 Ionic liquids in chemical analysis

different thermodynamic properties [45,53,136]. For example, the solubility 
of two salts [C1C1Im][C1SO4] and [C4C1Im][C1SO4] 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, [(C1)2C4HOC2N]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–π and 
π–π 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 ([C2C1Im][Tf2N] + benzene) an equimolar congruently melting 
inclusion compound, [C2C1Im][Tf2N]∙C6H6, exists [137]. The immiscibility in 
the liquid phase was observed for [C2C1Im][PF6] and [C4C1Im][PF6] in ben-
zene in the IL mole fraction range from xIL = 10−4 to 0.45 at room temperature 
[96]; simple eutectic system without immiscibility in the liquid phase was 
observed for [C12C1Im]Cl in benzene [95]; much better solubility in benzene 
than in n-alkanes and cycloalkanes was observed in [128] for [C2C1Im][C1SO4] 
and [C4C1Im][C1SO4]; very strong interaction was observed for [C6H13OCH2–
C1Im][BF4] and for [C6H13OCH2C1Im][Tf2N] with benzene, where the immis-
cibility gap was shown only in a narrow area, in the IL mole fraction range 
from xIL = 10−4 to 0.20 and to 0.10, respectively [78]; the [C4C1Im][MDEGSO4] 
(the IL with alkoxy group in anion) has shown immiscibility in benzene in 
the twice high IL mole fraction range from xIL = 10−4 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., [C2C1Im][PF6] 
versus [C4C1Im][PF6], or [C2C1Im][C1SO4] versus [C4C1Im][C1SO4]). This trend 
is perfectly shown for [CnC1Im][Tf2N], where n = 1–10 with benzene, tolu-
ene, and α-methylstyrene. Untypical shape of the LLE curves was observed 
for [C4C1Im][Tf2N] and [C6C1Im][Tf2N] 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(C1)2CnN][NO3], with  benzene 
and toluene have shown low immiscibility in the liquid phase with UCST at 
high IL mole fraction [99].

For the phosphonium salt, [(C4)4P][C1SO3], 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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Chapter one: General review of ionic liquids and their properties 43

 presented earlier and in binary mixtures with 1,3-dialkylimidazolium salts 
as [C2C1Im][PF6] and [C4C1Im][PF6], or of [C1C1Im][C1SO4] and [C4C1Im][C1SO4] 
[127,128] or of [C6H13OCH2–C1Im][BF4] [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 signifi cant 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 CHCl3 causes extremely 
interesting phase behavior of a binary system. The interaction between 
hydrogen of CHCl3 and the π 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 [C4C1Im][Tf2N] 
and [C3C1Im][Tf2N] and their mixtures with CHCl3 were encountered for the 
fi rst 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 diffi cult 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 xIL ∼ 10−3 or 10−4, sometimes only 
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44 Ionic liquids in chemical analysis

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 xIL = 10−4.

The solute activity coeffi cients, γ1, of the saturated solutions were corre-
lated for many mixtures by the NRTL model describing the excess Gibbs 
energy [140]
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Model adjustable parameters (g12 – g22) and (g21 – g11) were found by the 
minimization of the OF:
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where n is the number of experimental points and ∆x defi ned as
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The root-mean-square deviation of the mole fraction was defi ned as follows:
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Usually, the modeled binodal curves reproduced the experimentally 
observed data (with different constant nonrandomness factor, α) 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 coeffi cients and vapor pressures of a wide range of neutral organic 
compounds. COSMO-RS is capable of predicting activity coeffi cients, parti-
tion coeffi cients, 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 

 x xi i i i
I I II II� ��  (1.24)

where indices I and II denote the liquid phases, xi is the mole fractions of the 
two solvents and γi the activity coeffi cients of the solvents as computed by 
COSMO-RS.

The COSMO-RS predictions correspond better to experimental results 
for less polar ILs such as [C4C1Im][PF6] [107,131] than for [C4C1Im][C1SO4] or 
[C1C1Im][C1SO4] [127,128]. This can be explained partly by the stronger polar-
ity of especially [C1C1Im][C1SO4], 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 [C4C1Im][C1SO4] or [C1C1Im][C1SO4] [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 {[C4C1Im][C1SO4] 
or [C1C1Im][C1SO4] + ketone} binary mixtures the COSMO-RS prediction 
was the best. Generally, it was found that the [C1SO4]− anion is extremely 
polar and that prediction by COSMO-RS is very diffi cult.

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, Na2SO4, and Na3PO4 salts to the binary mixture of {[C4C1Im][BF4] + 
H2O} causes an increasing salting-out effect being the function of concentra-
tion of an inorganic salt. All three inorganic salts reveal signifi cant 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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46 Ionic liquids in chemical analysis

1.7.1 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 are being used in new applications. Recent materials, such as ILs or hyper-
branched polymers, and other scientifi c and engineering advances provide 
the potential for wider opportunities in almost all separation technologies.

The potential of ILs in the fi eld of extractive distillation was shown in Refs 
126 and 146 for the separation of THF–water and ethanol–water azeotropes 
using [C2C1Im][BF4]. This IL easily breaks the azeotropic ethanol–water phase 
behavior by interacting selectively with water.

The LLE in the similar ternary systems {[C4C1Im][PF6] + 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 liq-
uid phases can be expected.

Some ILs were tested as extracting agents to separate ethanol from its 
mixtures with tert-amyl ethyl ether [147–149]. Industrially, ether purifi ca-
tion is carried out using water as the extraction solvent. The [C8C1Im]Cl IL 
has shown better solute-distribution ratio than in the system with water 
[148]. Also, higher values of selectivity were obtained in comparison with 
[C4C1Im][TfO] and water [147]. Better results were only observed [149] with 
[C2C1Im][C2SO4]. The purifi cation of the other ether, ethyl tert-butyl ether, 
from its mixtures with ethanol was tested with four ILs—[C4C1Im][TfO] 
[150], [C2C1Im][C2SO4] [151], [C2C1Im][C1SO3] [150], and [C2C1Im][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, [C6C1Im][PF6], 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 coeffi cients at 
infi nite 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–π or π–π , has to be 
assumed. There are quite many publications [154–158] concerning the LLE 
in ternary systems {IL + aromatic hydrocarbon + aliphatic hydrocarbon} 
using [C2C1Im][I3], [C4C1Im][I3], [C2C1Im][Tf2N], [C8C1Im]Cl, [C6C1Im][BF4], 
[C6C1Im][PF6], [C2C1Im][C2SO4], [C1C1Im][C1SO4], [C4C1Im][C1SO4], and 
4-methyl-N-butylpyridinium tetrafl uoroborate, [4C1–C4py][BF4]. For the 
 mixtures of C7, C12, and C16 n-alkanes, it was found that the selectivity given 
by [C8C1Im][Cl] increases with increasing carbon number of the n-alkane 
[156]. The best solubility of toluene was observed [158] for [4C1–C4py][BF4] in 
comparison with three imidazolium salts: [C2C1Im][C2SO4], [C1C1Im][C1SO4], 
and [C4C1Im][C1SO4]. It was also stated that [4C1–C4py][BF4] 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 infl uence of the alkyl-
substituent length on ternary LLE and separation of systems benzene/
n-hexane [159]. For the benzene/n-hexane separation the [CnC1Im][Tf2N] ILs 
were chosen, with n ranging from 2 to 12. The mutual solubility IL + benzene 
increases when the alkyl chain of the cation increases. For [C12C1Im][Tf2N] 
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 infl uence 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 [C4C1Im][Tf2N] 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(trifl uoromethylsulfonyl)imide, [(C1)2C2HOC2N][Tf2N], at 298.15 K [160]. 
The separation of m-xylene from n-octane by extraction with [(C1)2C2HOC2N]
[Tf2N] was observed with the distribution ration of 0.3 and selectivities of 
range 22–31. The other ammonium salt as [(C1)2C4HOC2N][BF4] or 1,3-dihexyl-
oxymethyl-imidazolium tetrafl uoroborate was not so successful in this 
separation [161].
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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 
[C4C1Im][PF6], [C6C1Im][PF6], or other ILs with [PF6]− or [Tf2N]− 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 {[C4C1Im][BF4] or [C4C1Im]Br + 2,2,2-trifl uoroethanol} 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 [C4C1Im][Tf2N] were studied by using a static method [169]. 
The activity coeffi cients 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 + [C2C1Im][Tf2N]} 
mixtures and {metoxybenzene or hydroxymethylbenzene + [C2C1Im][Tf2N]} 
mixtures [170]. Pressures were very low and activity coeffi cients 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 + [C2C1Im][Tf2N]}. The measured 
pressure for binary mixtures was lower than 360 Pa and calculated from the 
VLE activity coeffi cients was higher than one [170].

The VLE was measured for three ILs: [C4C1Im][PF6], [C8C1Im][PF6], and 
[C8C1Im][BF4] 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 [C8C1Im][BF4]. It was suggested that water is more soluble in 
the system where the counteranion is [BF4]− rather than [PF6]−, because of the 
higher charge density for [BF4]− 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 [C1C1Im][Tf2N], [C2C1Im][Tf2N], and [C4C1Im][Tf2N] 
with benzene and cyclohexane [64]. Based on the observed larger miscibil-
ity gaps for cyclohexane (higher activity coeffi cients 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 confi rmed 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 + 
[C2C1Im][BF4]} 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, [C2C1Im][BF4], 
[C4C1Im]Cl, [C4C1Im][BF4], and [C8C1Im][BF4] 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 + [C6C1Im][Tf2N] or [C2C1Im][Tf2N]} at 353.10 K were measured 
together with the activity coeffi cients at infi nite 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 fi rst 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 ([C2C1Im][Tf2N], [C4C1Im][Tf2N], and [C1C1Im][(CH3)2PO4]) have 
been presented at 353.15 K [106]. The complete miscibility was observed for 
[C2C1Im][Tf2N] and [C4C1Im][Tf2N] 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 [C1C1Im][(CH3)2PO4]). The high selectivity of [C1C1Im][(CH3)2PO4] was 
found for the separation of THF/water by extractive distillation [106].

The VLE was also measured for binary and ternary systems of {ethanol + 
[C2C1Im][C2SO4]} and {ethanol + ethyl tert-butyl ether + [C2C1Im][C2SO4]} at 
101.3 kPa [151]. This ternary system does not exhibit a ternary azeotrope. The 
possibility of [C2C1Im][C2SO4] 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 Eötvos 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 [C2C1Im][Tf2N] and [C4C1Im][Tf2N], 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 [C4C1Im][Tf2N], [C4C1Im][PF6], 
[C2C1Im][C2SO4], 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 fi rst of such studies can only be a short way off.

1.9 Activity coeffi cients in ionic liquids
Thermodynamic activity coeffi cients can be determined from the phase 
equilibrium measurements, and they are a measure of deviations from 
Raoult’s law. Data of the activity coeffi cients covering the whole range of liq-
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 coeffi cients lower than one.

Activity coeffi cients at infi nite dilution,  γ 13  
∞  , 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 fi lled 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  γ 13  

∞   (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 suffi cient to know 
the separation factor of the components to be separated at infi nite dilution to 
determine the applicability of a compound (a new IL) as a selective solvent.

In many publications, the activity coeffi cients at infi nite dilution  γ 13  
∞   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 coeffi cients,  γ 13  

∞  , 
against chain length, n of hydrocarbons: n-alkanes, alk-1-enes, alk-1-ynes, 
and cycloalkanes for [C6C1Im][Tf2N] [183].

For every hydrocarbon the activity coeffi cient increases with an increase 
of the carbon chain length. Usually, the value of activity coeffi cient 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 coeffi cients,  γ 13  

∞  , for different C6 
hydrocarbons in [C6C1Im][Tf2N] is presented [183]. The value of the activity 

CRC_46462_CH001.indd   50CRC_46462_CH001.indd   50 8/27/2008   4:20:39 PM8/27/2008   4:20:39 PM

© 2009 by Taylor & Francis Group, LLC



Chapter one: General review of ionic liquids and their properties 51

0

4

8

12

16

4 5 6 7 9
n

8

� 13∞

Figure 1.15 Plot of activity coeffi cients,  γ   13  
∞  , against chain length, n, of hydrocarbons 

for [C6C1Im][Tf2N]: n-alkanes (◆), alk-1-enes (▲), alk-1-ynes (●), and cycloalkanes (■). 
(Adapted from Letcher, T.M. et al., J. Chem. Thermodyn., 37, 1327, 2005.)
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Figure 1.16 Plot of activity coeffi cients,  γ   13  
∞  , for different C6 hydrocarbons in 

[C6C1Im][Tf2N]. (Adapted from Letcher, T.M. et al., J. Chem. Thermodyn., 37, 1327, 2005.)

coeffi cient in benzene is the lowest. The infl uence of the alkyl chain in the 
cation is presented in Figure 1.17 for the [Tf2N]− anion.

The plot of the activity coeffi cients,  γ   13  
∞  , against alkyl chain length, n, in the 

cation [CnC1Im][Tf2N] is shown for n-hexane, hex-1-ene, benzene, and cyclo-
hexane. The increase of the alkyl chain at the cation decreases the activity 
coeffi cient for every kind of hydrocarbon in the IL.
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52 Ionic liquids in chemical analysis

The selectivity  S ij  
∞  is the ratio of the activity coeffi cients at the infi nite 

 dilution and is given by

 
Sij

i

j

�
�

�
�

�
�

3

3  (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

 
k�

�
�

1
� j3  

(1.26)

determines the ratio of the feed fl ow; that is, the capacity has an infl uence 
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 [CnC1Im][Tf2N]. 

It can be seen that the best IL for the economic realization of this process 
is [C4C1Im][Tf2N].

GLC is a well-established and accurate method used to obtain  γ 13  
∞   and 

the partial molar excess enthalpies at infi nite dilution values  ∆H 1  
E∞ , which is 

determined from the Gibbs–Helmholtz equation:
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Figure 1.17 Plot of activity coeffi cients,  γ  13  
∞  , against alkyl chain length, n, in cation 

[CnC1Im][Tf2N]: n-hexane (◆), hex-1-ene (▲), benzene (●), and cyclohexane (■).
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Chapter one: General review of ionic liquids and their properties 53

In general, within each of the series, n-alkane, alk-1-ene, alk-1-yne, and 
cycloalkane, the  ∆H 1  

E∞  values increase with the increasing carbon number 
of solute (molecular solvents) [184–186]. Opposite effects were observed for 
[C8C1Im]Cl and [C4C1Im][MDEGSO4] [178,182]. The values of  ∆H 1  

E∞  for hex-1-
yne, hept-1-yne, benzene, and carbon tetrachloride are negative for some ILs 
[182,183]. The negative value (−480 J mol−1) was also observed for benzene 
in [C2C1Im][Tf2N] [177]. The value for benzene in [C6C1Im][Tf2N],  ∆H 1  

E∞  = 
−900 J mol−1 is more negative, indicating that the intermolecular π–π inter-
actions are higher for longer alkyl substituent at the imidazole ring [183].

The selectivity  S ij  
∞  values for the separation of hexane (i)/benzene (j) mix-

ture at T = 298.15 K using different IL compounds and some very polar 
solvents obtained from the literature are presented in Table 1.9. The results 
demonstrate a signifi cant infl uence of the cation on the  S ij  

∞  values. For a given 
anion [Tf2N]− the values of  S ij  

∞  are much higher for shorter alkyl chain at the 
imidazole ring (see also Figure 1.18).

The results at T = 298.15 K for [C1C1Im]+, [C2C1Im]+, [C4C1Im]+, and 
[C6C1Im]+ are 29.0, 24.4, 22.9, 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 [Tf2N]− 
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 [Tf2N]− to [PF6]−, or [BF4]−, an 
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Figure 1.18  Selectivities at infi nite dilution, S∞, and capacities, k∞, against the 
n-alkyl chain length, n in the cation of ionic liquid [CnC1Im][Tf2N]: S∞ (n-hexane/ 
benzene) (●), S∞ (cyclohexane/benzene) (■), and k∞ (benzene) (—▲—).
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54 Ionic liquids in chemical analysis

increase in selectivity is observed. Comparing different results for many 
ILs, the selectivity  S ij  

∞  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 coeffi cients 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 fi nal selection of the IL for aromatic/aliphatic extraction (mainly 
toluene/n-heptane) have been presented by Meindersma et al. [123]. The 
ILs [C1C1Im][C1SO4], [C2C1Im][C2SO4], and 4-methyl-N-butylpyridinium salt 
[4C1C4py][BF4] have been chosen as the best for the extraction experiment. 
In conclusion, [4C1C4py] [BF4] showed the best combination of capacity 
and selectivity. Also, some other ILs appeared suitable for this extraction: 
[C4C1Im][BF4], [3C1C4py][C1SO4], and [C2C1Im][C2SO4]. The ammonium based 
[(C1)2C2HOC2N][Tf2N] 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  γ 13  

∞    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 coeffi cient data, 

Table 1.9 Selectivities,  S ij  
∞ , at Infi nite Dilution of Various 

Solvents for the n-Hexane/Benzene Separation  
S ij  

∞  =  γ i3  
∞  / γ j3  

∞   at T = 298.15 K

Solvent  S 
ij
  ∞ Reference

Sulfolane 30.5 188
Dimethylsulfoxide 22.7 188
Diethylene glycol 15.4 188
N-methyl-2-pyrrolidinone 12.5 188
[4C4C1pyr][Tf2N] 16.7a 65
[C2C1Im][C2SO4] 41.4a 177
[C6C1Im][PF6] 21.6 179
[C6C1Im][BF4] 23.1 179
[C2C1Im] [Tf2N] 24.4b 65
[C2C1Im][Tf2N] 22.9 176
[C2C1Im][Tf2N] 37.5 184
[C2C1C1Im][Tf2N] 25.3 176
[C4C1Im][Tf2N] 16.7b 177
[C6C1Im][Tf2N] 12.4 183

a Extrapolated value.
b Interpolated value.
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Chapter one: General review of ionic liquids and their properties 55

especially for new solutes [189]. Excellent results of modeling of the activ-
ity coeffi cients 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 [C2C1Im][PF6], [C4C1Im][PF6], 
[C6C1Im][PF6], [C4C1Im]Cl, [C4C1Im][Tf2N], [C2C1Im][BF4], [C4C1Im][BF4], and 
[C4C1C1Im][Tf2N]. Systematic measurements of imidazolium ILs at two 
temperatures 298.15 and 323.15 K, especially of bis(trifl uoromethylsulfo-
nyl)imides were performed by Fredlake et al. [81]. For example, the value 
for [C2C1Im][Tf2N] was 524.3 J mol−1 K−1; the lowest value was measured 
for [C4C1Im]Br, 316.7 J mol−1 K−1. Heat capacity increases with temperature 
and with the increasing number of atoms in the IL. Some of these salts 
([C4C1Im][PF6] and [C4C1Im][Tf2N]) 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 infl uence of the 
effect of Cl− content was stated. Again, the same ILs and N,N-methyl propyl 
pyrrolidinium salt with [Tf2N]− 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 J mol−1 K−1 at 298 K) was observed for 1-hexyl-2- propyl-
3,5-diethylpyridinium salt, [1C6–2C3–3,5C2py][Tf2N]. 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 trifl uoromethanesulfonate 
anion, [TfO]−, have been measured by Diedrichs and Gmehling [124]. The 
values between 300 and 800 J mol−1 K−1 were observed for different ILs.

The heat capacities of series of ammonium bromides ([(C1)2C3HOC2N]Br, 
[(C1)2C4HOC2N]Br, and [(C1)2C6HOC2N]Br) were measured for the solid and 
liquid phase, and the difference in the solute heat capacity between the liq-
uid and solid phase at the melting temperature, ∆fusCp,1 has been determined 
by the DSC analysis [79]. Negative values of ∆fusCp,1 were observed for these 
compounds.
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56 Ionic liquids in chemical analysis

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 
[C2C1Im][Tf2N]. The negative excess enthalpies were observed (−730 J mol−1 
at xH = 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, ∆solH, of ILs [C2C1Im][BF4] and [C4C1Im][BF4] in 
acetonitrile as a function of concentration were measured at 298.15 K [196]. 
The values were approximately −4.5 J mol−1 for small concentrations of the 
IL. The heat of the solution at the infi nite 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, tert-butanol, 
1-hexanol, chloroform, toluene, and ethylene glycol) in [C2C1Im][Tf2N] 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 
coeffi cients at the infi nite 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 [PF6]−, [BF4]−, [Tf2N]−, [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, nonfl ammability 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 suffi cient. 
The problems of ionic diffusion coeffi cient, 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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Chapter one: General review of ionic liquids and their properties 57

 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 AlCl3 have revealed an 
eutectic system with 1:1 congruently low melting compound (∼303 K) with 
conductivity ∼12.6 mScm−1 [198]. Mixtures of three salts, triethylammonium 
benzoate, lithium acetate, and Li[Tf2N] 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 K is 1 mScm−1. 
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 [Tf2N]− anion have revealed very 
high conductivity, 12 mScm−1 at 303 K. The same effects were obtained by 
changing bromide counter anion to [Tf2N]− anion in dimethylimidazolium-
alkylene salts. The high conductivity of these salts was kept even after the 
addition of lithium salt, Li[Tf2N] [204]. A number of novel salts with ammo-
nium and pyrrolidinium-based cations and the [Tf2N]− anion were tested in 
its lithium salts. The conductivities for some derivatives were ∼1.4 or 
∼2.2 mScm−1 at 298.15 K [205]. The zwitterionic-type molten salts having a 
sulfonamide group instead of sulfonate group mixed with Li[Tf2N] had an 
ionic conductivity of 10 mScm−1 [205]. Different polymer gel electrolytes with 
alkali metal ILs consisted of sulfate anion, imidazolium cation, and alkali 
metal cation displayed excellent ionic conductivity—10−5 mScm−1 [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 
[C2C1Im][BF4] and [C2C1Im][Tf2N] at 294 K were about 2.2 and 0.8 mScm−1, 
respectively [199]. Much higher values for these two ILs were collected 
by Galiński 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−1 after adding 1 M of Li[BF4]. 
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The ionic conductivity of [C2C1Im][BF4] was higher than of Li[C2C1Im][BF4]. 
The high infl uence 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 mScm−1 for pure IL at 293.15 K to 8.17 mScm−1 
for the mixture (IL + 0.3 water + 0.1 ethanol in mole fraction) [209].

The infl uence of alkyl chain, anion, and water on conductivity was 
tested in Ref. 210 for [C2C1Im][Tf2N], [C4C1Im][Tf2N], [C6C1Im][Tf2N], and 
[C4C1Im][PF6]. The conductivities at 293.15 K for these ILs were from 7.73 to 
1.09 mScm−1. The addition of water always increases conductivity. It means 
that for the entire temperature the conductivity decreases when the alkyl 
chain increases. The [PF6]− anion decreases the conductivity in comparison 
with the [Tf2N]− anion.

The effect of the addition of water and molecular solvents such as propylene 
carbonate, N-methylformamide, and 1-methylimidazole on the conductivity 
of [C4C1Im][Br] and [C2C1Im][BF4] 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−1 at low mole fraction of the IL and the 
maximum for water was at level approximately 92–98 mScm−1 [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 kJ mol−1. The mixtures of two ILs or of an IL with molecular 
solvents may fi nd 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 fi elds 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 infl uence 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 fi rst time. 
The molar enthalpies of vaporization of [CnC1Im][Tf2N] ILs in the function 
of the alkyl chain length have been presented [214]. The critical properties 
(Tc, Pc, Vc), the normal boiling temperatures, and the acentric factors of 50 ILs 
were determined as well for the fi rst 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 fi eld 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 diffi cult to perform and usually require no spe-
cial apparatus or methodologies.

Recent data and other scientifi c 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 CO2 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 fl uids. 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 scientifi c concepts into practical fl uids for 
industrial use. These have to do with cost, lack of corrosion data, and absence 
of toxicity data.
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 78. Domańska, U. and Marciniak, A., Liquid phase behaviour of 1-hexyloxy-3-
methyl-imidazolium-based ionic liquids with hydrocarbons: the infl uence of 
anion, J. Chem. Thermodyn., 31, 577, 2005.
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 86. Domańska, U. and Pobudkowska, A., Solubility of 2-methylbenzimidazole in 
ethers and ketones, Fluid Phase Equilib., 206, 341, 2003.
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 128. Domańska, U., Pobudkowska, A., and Eckert, F., Liquid-liquid equilibria in the 
binary systems (1,3-dimethylimidazolium or 1-butyl-3-methylimidazolium 
methylsulfate + hydrocarbons), Green Chem., 8, 268, 2006.

 129. Marsh, K.N. et al., Room temperature ionic liquids as replacements for conven-
tional solvents—A review, Kor. J. Chem. Eng., 19, 357, 2002.

 130. Wu, C-T. et al., Liquid-liquid equilibria of room temperature ionic liquids and 
butan-1-ol, J. Chem. Eng. Data, 48, 486, 2003.

CRC_46462_CH001.indd   66CRC_46462_CH001.indd   66 8/27/2008   4:20:41 PM8/27/2008   4:20:41 PM

© 2009 by Taylor & Francis Group, LLC



Chapter one: General review of ionic liquids and their properties 67

 131. Sahandzhieva, K. et al., Liquid-liquid equilibrium in mixtures of the ionic 
liquid 1-n-butyl-3-methylimidazolium hexafl uorophosphate and an alcohol, 
J. Chem. Eng. Data, 51, 1516, 2006.

 132. Heintz, A., Lehman, J.K., and Wertz, Ch., Thermodynamic properties of mix-
tures containing ionic liquids. 3. Liquid-liquid equilibria of binary mixtures of 
1-ethyl-3-methylimidazolium bis(trifl uoromethylsulfonyl)imide with propan-
1-ol, butan-1-ol, and pentan-1-ol, J. Chem. Eng. Data, 48, 472, 2003.

 133. Crosthwaite, J.M. et al., Liquid phase behavior of imidazolium-based ionic 
liquids with alcohols: effect of hydrogen bonding and non-polar interactions, 
Fluid Phase Equilib., 228–229, 303, 2005.

 134. Crosthwaite, J.M. et al., Liquid phase behavior of ionic liquids with alcohols: 
experimental studies and modeling, J. Phys Chem. B, 110, 9354, 2006.
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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 benefi t 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 signifi cant 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 fi ne 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 profi les are  dominated by 
the unlike-ion (gNaCl) curve located at ∼2.7 Å. A minimum occurs there-
after in gNaCl at ∼4.3 Å, which corresponds to the maximum in the like-ion 
curves (gNaNa and gClCl). It is important to note that there is no overlap above 
g = 1 between gNaCl 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 fi rst peak in the gNaCl and gNaNa/gClCl 
RDFs CNlike = 5.8 ± 0.1 and CNunlike = 13.0 ± 0.5 are found. For CNlike this 
 suggests an octahedral 6-coordinate arrangement of ions about a central 
site, and for CNunlike a less-ordered, but still quantifi able, 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 

CRC_46462_ch002.indd   74CRC_46462_ch002.indd   74 8/2/2008   7:57:55 PM8/2/2008   7:57:55 PM

© 2009 by Taylor & Francis Group, LLC



Chapter two: Experimental and theoretical structure of ionic liquids 75

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 AgI, 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 AgI, respectively [6]. On further heating the local order is seen 
to decrease for Cl– and Br– salts resulting in fi rst shell CNs whereas for AgI 
little signifi cant 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 AgI the cation–anion 
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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, F.G., Enderby, J.E., Howe, R.A., and Page, D.I., J. Phys. C: Solid State Phys., 8, 
3483–3490, 1975. With permission.)
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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 signifi cant 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 oversimplifi cation. The introduction 
of atomically fi ne 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 tetrafl uoroborate 
or hexafl uorophosphate. The distribution of the charge over the ions  provides 
the variety of interactions observed within the liquid state, and should not 
be oversimplifi ed 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 fi rst 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 justifi ca-
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 fi rst such 
study being that of Hanke et al. in 2001) [15] the evolution of forcefi elds 
and experiments have been complementary, with experimental results 
allowing the proper evaluation of forcefi elds, and by return the creation of 
more accurate forcefi elds 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 ([C1C1Im]Cl, numbering of the cation atoms is shown in Figure 2.2) and 

* Note that [C1C1Im]Cl is not a room temperature molten salt since its melting point is 
just above 450 K.
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 H2

H3C CH3
C2

N N

C5 C4

H5 H4

Figure 2.2 Labeling of atoms in the 1,3-dimethylimidazolium cation ([C1C1Im]+). 

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 fi rst 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 refi nement (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 
fi rst coordination shell. Integration of the RDFs up to the position of the fi rst 
minimum in g+– gives a CN of ∼6, again showing much similarity with NaCl. 
The fi rst peak in the g++ curve occurs at ∼5.5 Å indicating the separation 
between pairs of cations and refl ecting 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 
defi ned by a set of local axes (which may only be uniquely defi ned for a 
 nonlinear arrangement of three atoms or more). Taken as an ensemble aver-
age over time, the resulting distributions represent the probability of fi nding 
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 fi nding 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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Figure 2.3 Cation–anion (a) and cation–cation (b) center-of-mass radial  distribution 
functions determined by empirical potential structure refi nement from neutron 
 diffraction studies of [C1C1Im]Cl, [C1C1Im][PF6], and [C1C1Im][Tf2N]. (From Acc. 
Chem. Res., 40, 1146–1155, 2007. With permission.)

Figure 2.4 shows the distributions of anions about cations for [C1C1Im]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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Chapter two: Experimental and theoretical structure of ionic liquids 79

secondary interactions in the regions above and below the ring. Interest-
ingly, in the liquid state, no signifi cant association of the anions with the 
methyl groups of the cation is seen. The crystal structure of [C1C1Im]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 signifi cant 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 forcefi elds have been used in simulation 
 studies of [C1C1Im]Cl [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-defi ned fi rst 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 specifi c H–Cl interactions within the liquid, as 

Cl− [PF6]− [NTf2]−

Figure 2.4 Probability densities determined by empirical potential structure 
refi nement from neutron diffraction studies of [C1C1Im]Cl, [C1C1Im][PF6], and 
[C1C1Im][Tf2N]. Surfaces represent anions (top row) and cations (bottom row) about 
a central cation, drawn to encompass the top 10% of ions within 8 Å (From Acc. Chem. 
Res., 40, 1146–1155, 2007. With permission.)
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80 Ionic liquids in chemical analysis

detailed in Figure 2.5. One discrepancy between simulation and experi-
ment has been the probability of fi nding 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 forcefi elds 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 modifi cation 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 fi ner 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]. [C1C1Im]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 forcefi eld and ab initio simulations the regions above and below the 
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Figure 2.5 Cation–anion center-of-mass radial distribution functions of [C1C1Im]Cl 
calculated using two different classical forcefi elds: (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 Å, and the model of Liu et al. displays a splitting of the  primary peak.
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Chapter two: Experimental and theoretical structure of ionic liquids 81

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 fi rst solvation shell.

2.3.2 1,3-Dimethylimidazolium hexafl uorophosphate

1,3-Dimethylimidazolium hexafl uorophosphate ([C1C1Im][PF6]) presents an 
interesting contrast to [C1C1Im]Cl owing to the marked differences in the 
anion. The chloride anion is small and nonpolarizable and will  readily 
form hydrogen bonds while [PF6]– 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 [C1C1Im][PF6] 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 Å 

(a) (b)

Figure 2.6 (See color insert following page 414.) Probability densities of chloride 
anions about a central [C1C1Im]+  calculated from MD simulations using two different 
classical forcefi elds: (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 fi ve times the bulk 
density of anions.

CRC_46462_ch002.indd   81CRC_46462_ch002.indd   81 8/2/2008   7:57:57 PM8/2/2008   7:57:57 PM

© 2009 by Taylor & Francis Group, LLC



82 Ionic liquids in chemical analysis

(a) (b)

Figure 2.7 (See color insert following page 414.) Probability densities determined 
by empirical potential structure refi nement from neutron diffraction studies of 
[C1C1Im][PF6]. Densities are for (a) [PF6]– and (b) [C1C1Im]+ around a central anion.

to accommodate the larger anion. Integration of the fi rst g+– peak gives a CN 
of 6.8, higher than for the chloride-containing liquid. In comparison with the 
fi rst g+– peak in [C1C1Im]Cl, here there are three associated maxima instead 
of one, indicating that the cation–anion interaction in [C1C1Im][PF6] is more 
complex despite the reduced association between the anions and the cations. 
Probability distributions of [PF6]– around the cation, Figure 2.4 show that, as 
with [C1C21I2m]Cl, there are three regions for which the  highest probability 
of fi nding 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 hydro gen-
 bonding interactions which are weak owing to the chemical nature of the 
anion. The most signifi cant  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 Å reveals a region 
below the H4 and H5 hydrogens. On fi rst inspection these regions might 
be considered to be the result of hydrogen-bonding interactions between 
ring hydrogens and the fl uorine 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 [PF6]– 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 [PF6]– anions them-
selves are positioned directly along the P–F vectors, which seems to be a 
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Chapter two: Experimental and theoretical structure of ionic liquids 83

 remarkably high-energy confi guration, 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 Å has 
two peaks which are also evident in the EPSR-derived curve, although the 
secondary peak at ∼6.3 Å is missing in the simulated data. Other studies 
have been performed on the related ionic liquid 1-butyl-3-methylimidazo-
lium hexafl uorophosphate ([C4C1Im][PF6]), 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 [PF6]– 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 g+–  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 fi ne  structure observed by experiment and the model of Hanke 
et al. This perhaps  reaffi rms the fact that the distribution of anions about 
 cations is more infl uenced by Coulombic forces and  packing rather than 
directional  interactions provided by the presence of explicit hydrogens. 
 Probability  densities calculated for [C1C1Im][PF6] by Hanke et al. [15] via 
 classical molecular dynamics and for [C4C1Im][PF6] 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 signifi cant 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{(trifl uoromethyl)sulfonyl}imide

Recently, ionic liquids based on the bis{(trifl uoromethyl)sulfonyl}imide 
anion ([Tf2N]–) have grown in popularity owing to their hydrophobicity 
and high thermal stability. The [Tf2N]– anion marks a signifi cant depar-
ture from those already studied, not least because of the inherent fl exibil-
ity of its structure. It is also much more weakly coordinating than either 
the  chloride of hexafl uorophosphate 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 hexafl uorophosphate-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 

CRC_46462_ch002.indd   83CRC_46462_ch002.indd   83 8/2/2008   7:57:58 PM8/2/2008   7:57:58 PM

© 2009 by Taylor & Francis Group, LLC
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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 Å 
refl ecting a further expansion of the liquid effected by the increased size of 
the anion. Strikingly, though, there is signifi cant overlap between the g+– 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 [Tf2N]–, 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 fi nding 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 
specifi c 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 [C1C1Im][Tf2N] bears little resemblance to the 
 liquid [38] in contrast to those for [C1C1Im]Cl and [C1C1Im][PF6]. Stacks of 
 cations resulting from π–π 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 [Tf2N]– 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 forcefi eld 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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Chapter two: Experimental and theoretical structure of ionic liquids 85

 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 
[C1C1Im]Cl and, to a large extent, [C1C1Im][PF6]. 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 fl uoride 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 [Tf2N]– anion) then the infl uence 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 [Tf2N]–-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 Cl–, [PF6]– and [Tf2N]–-based salts the CNs are 6, 6.8, and 8.8, 
respectively, but it is not always possible to defi ne 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-defi ned 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 [C1C1Im][PF6] visually shows that there are fi ve well-defi ned 
regions of high likelihood of fi nding 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 identifi ed, 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 fi t in to the bulk liquid and how much the overall structure is 
affected.
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2.4.1  Benzene: 1,3-dimethylimidazolium hexafl uorophosphate

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 [C1C1Im][PF6] containing 33 and 
67 mol% concentrations of benzene and found that as with pure ionic liquids, 
signifi cant 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 fi rst 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 [C1C1Im]+, 
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 [PF6]– 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 
fi nding 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 [C1C1Im]+.
 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-
trifl uorobenzene, and hexafl uorobenzene in [C1C1Im][PF6]. For benzene 
it was found that cations are concentrated above and below the plane of 
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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 hexafl uoroben-
zene the association is also strong and well-defi ned, but effectively reversed. 
The infl uence on the ionic liquid is due to the quadrupole moment  present 
on the benzene and its fl uorinated derivative. In the former the quadrupole 
provides a negative electrostatic fi eld above and below the plane of the mol-
ecule, hence these are cation-rich regions. After fl uorination the  quadrupole 

(a) (b)

(c)

Figure 2.8 (See color insert following page 414.) Probability densities determined 
by empirical potential structure  refi nement from neutron diffraction studies of 
[C1C1Im][PF6] containing 33 mol% benzene. Densities are for (a) [PF6]–, (b) benzene, 
and (c) [C1C1Im]+ around a  central cation. Surfaces are drawn to encompass the top 
25% of ions within 8 Å for the anion and benzene and 10 Å 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.)
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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 hexafl uorobenzene–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 hexafl uorobenzene–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 
hexafl uorobenzene 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 [C1C1Im]Cl has been pro bed by 35/37Cl 
and 13C nuclear magnetic resonance (NMR) experiments [44]. Therein, it 
was found that the 35/37Cl 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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Chapter two: Experimental and theoretical structure of ionic liquids 89

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 satisfi ed) by as 
few as three chlorides, with two pairs of hydroxyl groups bridged by com-
mon anions.

Figure 2.9 shows the glucose–cation and glucose–anion RDFs for an 
 isolated sugar molecule in the ionic liquid. A sharp peak at ∼5.0 Å exists 
for the glucose–anion curve refl ecting the strong association of chlorides 
with hydroxyl groups, while the glucose–cation curve shows a broad and 
shallow peak at ~6.5 Å. The data strongly suggests that the cations do not 
occupy much of the primary coordination shell since the overlap between 
the g++ 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 [C1C1Im]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 fi rst 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 [C1C1Im]Cl.
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90 Ionic liquids in chemical analysis

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 
 signifi cant. 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 Cl– it is possible for the 
 glucose molecule to undergo conformation change within the ionic liquid, 
and several different  conformers are identifi ed as existing for signifi cant 
periods of time in the work of Youngs et al.

2.4.3  PCl3/POCl3: 1,3-dimethylimidazolium 
bis{(trifl uoromethyl)sulfonyl}imide

Phosphorous trichloride (PCl3) and phosphorous oxychloride (POCl3) 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[(trifl uoromethyl)sulfonyl]
imide anions have been reported to both readily solubilize PCl3 and POCl3 
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 [C1C1Im][Tf2N] 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 fi ndings one way or 
the other (provided we have confi dence in the forcefi eld). Figure 2.10 plots 
the simulated S(Q) data for a pure system of [C1C1Im][Tf2N] against the dif-
ferences between it and the simulated S(Q) data for 1:6 mixtures of both 
PCl3:[C1C1Im][Tf2N] and POCl3:[C1C1Im][Tf2N]. With the exception of some 
small deviations associated with the fi rst broad peak in the low-Q region for 
each of the substitutions, little signifi cant 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, PCl3 tends to form micro-
domains where high concentrations of solute exist, whereas POCl3 is more 
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Figure 2.10 (See color insert following page 414.) Simulated S(Q) data for a pure 
system of [C1C1Im][Tf2N] (black line) and differences between this and data for 14% 
mole fractions of PCl3 (red line) and POCl3 (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 
PCl3  molecules reduce their association with the ionic liquid ions, with few 
high-probability regions existing. Conversely, the degree of association with 
other PCl3 molecules increases until the only high-probability region sur-
rounds the molecule (neglecting areas opposite faces of the PCl3 pyramid). 
With POCl3 there is relatively little change in the probability distributions 
as time progresses, the solute forming contacts with ionic liquid anions and 
other POCl3 molecules at all times. The strongest association is between 
[C1C1Im]+ and oxygen, as might be expected, while association with anions 
is much weaker. In the latter the [Tf2N]– anions are found in the primary 
coordination shell and are located in opposite faces of the POCl3 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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0−1 ns 1−2 ns 2−3 ns 3−4 ns 4−5 ns

9−10 ns8−9 ns7−8 ns6−7 ns5−6 ns

10−11 ns 11−12 ns 12−13 ns 13−14 ns 14−15 ns

Figure 2.11 (See color insert following page 414.) Probability densities deter-
mined by MD studies of 14 mol% solutions of PCl3 in [C1C1Im][Tf2N], calculated over 
consecutive nanosecond intervals in a continuous 15 ns simulation. Densities are for 
[Tf2N]– (red), [C1C1Im]+ (blue), and PCl3 (green) around a central PCl3. Surfaces are 
drawn at twice ([C1C1Im]+ and [Tf2N]–) and three times (PCl3) 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 specifi c interaction with either the cation or the anion, or neither. 
For glucose in [C1C1Im]Cl 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 infl uence on the 
dissolution process. In contrast, energetic analysis has shown that benzene 
(hexafl uorobenzene) 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 [C1C1Im]Cl 
and [C1C1Im][PF6] have shown that this is not  necessarily the case for glu-
cose. Hexafl uorobenzene and POCl3, 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. PCl3, with 
little  polarization along the P–Cl bonds, presents only a weak external 
electrostatic fi eld 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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Chapter two: Experimental and theoretical structure of ionic liquids 93

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

The Lewis donor ability of the solute is an important defi ning 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 infl uencing 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 
hexafl uorobenzene 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., Cl– or [PF6]–) tend to exhibit a liquid 

0−1 ns

5−6 ns 6−7 ns 7−8 ns 8−9 ns 9−10 ns

14−15 ns13−14 ns12−13 ns11−12 ns10−11 ns

1−2 ns 2−3 ns 3−4 ns 4−5 ns

Figure 2.12 (See color insert following page 414.) Probability densities deter-
mined by MD studies of 14 mol% solutions of POCl3 in [C1C1Im][Tf2N], calculated 
over consecutive nanosecond intervals in a continuous 15 ns simulation. Densities 
are for [Tf2N]– (red), [C1C1Im]+ (blue), and POCl3 (green) around a central POCl3. Sur-
faces are drawn at twice ([C1C1Im]+ and [Tf2N]–) and three times (POCl3) the bulk 
densities of the individual species.
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94 Ionic liquids in chemical analysis

 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-defi ned 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 [C1C1Im]+ 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 infl uence 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 defi ned 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, 
nonfl ammable, 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 [C2H5NH3][NO3] 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 fl uids 
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 specifi c 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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Chapter three: Ionic liquid advances in sensor technology 101

biotechnology, lubricants, heat transfer fl uids, 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 microfl uidic 
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 fi eld. 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 
hexafl uorophosphate, [C4C1Im][PF6], 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 fl uorescence quencher nitromethane 
 dissolved in either acetonitrile, [C4C1Im][PF6], 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 fi ve 
alternate PAH compounds studied in acetonitrile, [C4C1Im][PF6], and 90 wt% 
glycerol in water. The nitromethane quenching effi ciency of the alternate 
PAHs in [C4C1Im][PF6] 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 [C4C1Im][PF6] and 90 wt% glycerol as 
compared to acetonitrile, a conclusion underscoring the need for developing 
ILs with superior fl uidity.

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(trifl uoromethyl-
sulfonyl)imide, [C4C1pyr][Tf2N]. Upon an increase in temperature, and hence 
a decrease in the IL’s bulk viscosity, the excimer-to-monomer fl uorescence 
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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 

1-(2-Hydroxyethyl)-3-methylimidazolium 
tetrafl uoroborate

[OHC2C1Im][BF4]

1-Butyl-3-ethylimidazolium camphorsulfonate [C4C2Im][CamSO3]

1-Butyl-3-methylimidazolium camphorsulfonate [C4C1Im][CamSO3]

1-Butyl-3-methylpyrrolidinium 
bis(trifl uoromethylsulfonyl)imide

[C4C1pyr][Tf2N]

1-Butyl-3-trimethylsilylimidazolium 
hexafl uorophosphate

[C4Me3SiIm][PF6]

1-Hexyl-3-methylimidazolium hydroxide [C6C1Im][OH]

1-Pentyl-3-methylimidazolium tris(pentafl uoroethyl) 
trifl uorophosphate

[C5C1Im][3CF3PF3]

C
R

C
_46462_C

H
003.indd   102

C
R

C
_46462_C

H
003.indd   102

8/28/2008   6:53:05 P
M

8/28/2008   6:53:05 P
M

©
 2009 by T

aylor &
 Francis G

roup, L
L

C



C
hapter three: 

Ionic liquid advances in sensor technology 
103

1-Vinyl-3-ethylimidazolium 
bis(trifl uoromethylsulfonyl)imide

[C2vC2Im][Tf2N]

1-Vinyl-3-ethylimidazolium bromide [C2vC2Im][Br]

1-Vinyl-3-ethylimidazolium tetrafl uoroborate [C2vC2Im][BF4]

Dodecylethyldiphenyl-phosphonium 
bis(trifl uoromethylsulfonyl)imide 

[(Ph)2C10C2P][Tf2N]

Ethylammonium nitrate [C2NH3][NO3]

N-ethylpyridinium hexafl uorophosphate [C2py][PF6]

N-ethylpyridinium tetrafl uoroborate [C2py][BF4]

N-ethylpyridinium trifl uoroacetate [C2py][TFA]
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C
R

C
_46462_C

H
003.indd   103

C
R

C
_46462_C

H
003.indd   103

8/28/2008   6:53:05 P
M

8/28/2008   6:53:05 P
M

©
 2009 by T

aylor &
 Francis G

roup, L
L

C



104 
Ionic liquids in chem

ical analysis

Table 3.1 (Continued)

Full name Structure Abbreviation 

N-octylpyridinium hexafl uorophosphate [C8py][PF6]

Tetraheptylammonium dodecylbenzenesulfonate [(C7)4N][C12BeSO3]

Tetrahexylphosphonium camphorsulfonate [(C6)4P][CamSO3]

Tetraoctylphosphonium dodecylbenzenesulfonate [(C8)4P][C12BeSO3]
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Trihexyltetradecylphosphonium 
dodecylbenzenesulfonate 

[(C6)3C14P][C12BeSO3]

Trihexyltetradecylphosphonium methanesulfonate [(C6)3C14P][C1SO3]

Trimethylbutylammonium 
bis(trifl uoromethylsulfonyl)imide

[(C1)3C4N][Tf2N]

Trioctylmethylammonium 
bis(trifl uoromethylsulfonyl)imide [(C8)3C1N][Tf2N]

Note:  Although the abbreviations used may differ slightly from popular convention, an editorial decision was implemented to improve fl uency and 
uniformity amongst the various chapters.
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106 Ionic liquids in chemical analysis

intensity ratio IE/IM 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, specifi cally [C4C1Im][BF4], and [C4C1Im]Br, have also been employed 
as optical sensor matrices for the detection of gaseous and dissolved CO2. 
Recently, Ertekin and coworkers developed a new optical CO2 sensor that is 
based on the spectrophotometric signal changes of the ion pair, bromothymol 
blue/tetraoctylammonium (BTB–/[(C8)4N]+) [17]. The authors report pKa values 
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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 [C4C1pyr][Tf2N]. The 
 optical thermometer is perfectly reversible in the temperature range shown and 
highly precise, with the measured uncertainties in the ratio (IE/IM) falling well within 
the symbol dimensions. The dashed curve represents the temperature uncertainty 
predicted from explicit differentiation of a sigmoidal fi t to the calibration profi le: 
δT ≅ |∂T/∂R|•δR where R = IE/IM. (Reprinted from Baker, G.A., Baker, S.N., and 
McCleskey, T.M., Chem. Commun., 2932–2933, 2003. Copyright 2003 Royal Society of 
Chemistry. With permission.)
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for BTB in [C4C1Im][BF4] and [C4C1Im]Br of 9.68 and 9.74, respectively, demon-
strating that the BTB–/[(C8)4N]+ ion pair can be used as an absorption-based 
CO2 indicator when dissolved in ILs. Upon addition of HCO3

–, 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 CO2 (g) and 10–6 M HCO3

– for dissolved CO2.
Ertekin and coworkers developed an additional optical CO2 sensor based 

on the fl uorescence signal intensity changes of the pH-sensitive fl uorescent 
dye 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS) dissolved 
in ILs [18]. When HCO3

– was added to HPTS solution, the fl uorescence 
 intensity of the peak centered around 520 nm decreased by 90% in [C4C1Im]
[BF4] and by 75% in [C4C1Im]Br. The reported detection limit for CO2 (g) 
was 1.4% while the detection limit for dissolved CO2 was 10–8 M HCO3

–. 
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 hexafl uorophosphate 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 sulfi de 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 μg/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 
α-cyclodextrin for modulating the mobility of the IL. When compared to the 
separation effi ciency of a bare silica capillary, the IL-based capillary afforded 
higher separation effi ciencies.

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 fulfi ll. This emerging class 
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108 Ionic liquids in chemical analysis

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-R1-2-R2-3-methylimidazoliums paired with Tf2N– or BF4

–, where R1 is 
ethyl, propyl, or methyl and R2 is H or methyl) was deposited on the surface 
of a 12.5 mm diameter, 6MHz 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 fi lms of seven ILs were employed to provide 
sensitivity to concentrations of various fl ammable 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).

Schäfer and coworkers [23] developed a QCM-IL sensor for use as an 
 artifi cial nose using the ubiquitous [C4C1Im][PF6]. The IL was spin coated 
onto the surface of a 10 MHz AT-cut quartz crystal with gold electrodes. 
The work specifi cally 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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Chapter three: Ionic liquid advances in sensor technology 109

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 fi lms 
(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 
fi lms are coarse with submicron cracks into which ILs can penetrate. The 
 particular IL selected for their investigation was 1-ethyl-3-methylimidazolium 
tetrafl uoroborate, [C2C1Im][BF4], 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 [C2C1Im][BF4] 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 fi lm thickness, making chemical 
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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.)
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110 Ionic liquids in chemical analysis

 identifi cation 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 [C4C1Im][Tf2N], and [3C8C1N][Tf2N] 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/m3. 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-
plifi ed, 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 [C4C1Im][Tf2N], [C4C1C1Im][Tf2N]), [C8C1Im][Tf2N], [C10C1Im][Tf2N], 
and 1-pentyl-3-methylimidazolium tris(pentafl uoroethyl)trifl uorophosphate 
were tested. The design was determined to have comparable performance to 
more traditional sensor designs that employ a 1 μm gas-permeable polytet-
rafl uoroethylene (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 [C2C1Im][BF4] 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 
fi lm, such as Nafi on®. 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 
O2, the sensor can be used to determine the concentration of the gas by 

CRC_46462_CH003.indd   110CRC_46462_CH003.indd   110 8/28/2008   6:53:07 PM8/28/2008   6:53:07 PM

© 2009 by Taylor & Francis Group, LLC
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 measuring the transient and steady-state currents over a range from 0 to 
100% O2. The response time of the sensor was estimated at 2.5 min, most of 
which is due to requirements for changing the O2 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 O2

•–.
Wang and coworkers [28] reported a similar gaseous O2 sensor using 

[C4C1Im][PF6] which is more hydrophobic than [C4C1Im][BF4]. The sensor 
was tested with both dry and water-saturated O2, which produces a two-
electron reduction instead of a one-electron reduction, and gave similar 
 performance to [C4C1Im][BF4].

In a slightly different approach, Shvedene and coworkers utilized three 
ILs ([C4C1Im][PF6], [C4C1C1Im][Tf2N], and dodecylethyldiphenylphosphonium 
bis(trifl uoroethanesulfon)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 Tefl on dish, homogeneous and fl exible 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 [C4C1Im][PF6] 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 Ionic liquid-modifi ed 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 modifi ed electrodes (MEs) are further fl eshed out in the subse-
quent section.) The IL used was N-octylpyridinium hexafl uorophosphate 
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 Ω and wet-
ting angle of 45 ± 3°. The IL CPE has a wider potential window (anodic limit, 
Van ∼ 1.3 V; cathodic limit, Vcat = –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 fl ow-through detector 
in fl owing 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 fi rst 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 modifi ers, 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 modifi ers in an acetylcholinesterase (AChE)-based bioassay for 
 paraoxon detection [31]. Investigation of the ILs N-ethylpyridinium tetrafl u-
oroborate ([C2py][BF4]), N-ethylpyridinium hexafl uorophosphate ([C2py]
[PF6]), N-ethylpyridinium trifl uoroacetate ([C2py][TFA]), and [C4C1Im][BF4] 
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% 
[C4C1Im][BF4]. Therefore, the effects of these ILs and the organic modifi ers 
acetone and cyclohexane were compared at 2.5% modifi er concentration in 
pH 7.2 PB (with the exception of [C2py][PF6] 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 modifi er system relative to neat buffer. In these 
studies, the use of 0.125 M [C2py][PF6] as buffer modifi er afforded the 
 largest percentage drop-in AChE activity (i.e., the highest sensitivity) when 
 challenged with paraoxon. Inhibition kinetics followed a fi rst-order model 
and it was revealed that AChE inactivation by paraoxon was 22-fold 
more effi cient in 0.125 M [C2py][PF6] compared with inactivation in neat 
buffer. Such studies suggest the potential of ILs as practical modifi ers in 
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Chapter three: Ionic liquid advances in sensor technology 113

 colorimetric-based enzyme assays, particularly toward analytes having 
restricted water solubilities.

The fi rst demonstration that antibody-based immunoassays are feasible 
in IL media was provided by Baker and coworkers [32]. Using a fl uorescence 
quenching assay based on the binding of BODIPY® FL with polyclonal anti-
BODIPY FL antibodies, these authors showed that free antibody binding 
affi nity could be almost fully retained for a substantial volume fraction 
(75 vol%) of the IL [C4C1Im][BF4] in PB (100 mM, pH 8.0). Measured equilib-
rium binding affi nities (Kf), despite being somewhat lower relative to the 
benchmark value in PB, remained higher at 50 vol% [C4C1Im][BF4] (Kf = 5.30 
× 106 M–1) than those determined for water-miscible organic solvents at 
the same volume fraction, including acetonitrile, ethanol, and DMSO. In fact, 
the Kf value for 50% [C4C1Im][BF4] was over three decades higher than the 
value in 50% acetonitrile in which the anti-BODIPY was signifi cantly inacti-
vated. Moreover, for an increase from 50 to 75 vol% [C4C1Im][BF4], Kf increased 
unexpectedly to 1.52 × 107 M–1. However, IL concentrations exceeding 75 
vol% [C4C1Im][BF4] 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 [C4C1Im][X] (X = 
BF4

–, Tf2N–, TfO–, or PF6
–) containing the target BODIPY FL, followed by 

 rinsing with the given IL. In each case, a high-contrast fl uorescence 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 diffi cult lipophilic targets 
of key importance in pharmacology, petrochemistry, food science, biomed-
icine, environmental monitoring, and homeland security applications.

3.4.2 Modifi ed 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 specifi c 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 
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114 Ionic liquids in chemical analysis

 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 modifi ed 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 

UV

Mask

1

2 3

4

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 fl uorescence image showing spatially selective BODIPY binding 
within neat [C4C1Im][Tf2N]. (Reprinted from Baker, S.N., Brauns, E.B., McCleskey, 
T.M., Burrell, A.K., and Baker G.A., Chem. Commun., 2851–2853, 2006. Copyright 2006 
Royal Society of Chemistry. With permission.)

CRC_46462_CH003.indd   114CRC_46462_CH003.indd   114 8/28/2008   6:53:08 PM8/28/2008   6:53:08 PM

© 2009 by Taylor & Francis Group, LLC



C
hapter three: 

Ionic liquid advances in sensor technology 
115

Table 3.2 Performance Characteristics of Ionic Liquid-Based Modifi ed Electrodes

Ionic liquid
Additional 

component(s)
Coated 

electrode Enzyme(s)
Analyte(s) 
detected Detection range (M) LOD (M) Method Ref.

[C8C1Im][PF6] Multiwalled carbon 
nanotube

GCE N/A Dopamine 10–4 to 10–6 10–7 Amperometry 33

[C4C1Im][BF4] Acid-treated 
multiwalled carbon 
nanotube

GCE Hemin, Hb
horseradish 

peroxidase

H2O2 NR NR Cyclic 
voltammograms 

34

[C4C1Im][PF6] Multiwalled carbon 
nanotube

GCE GOx Glucose 5 × 103 to 
20 × 10–3 

NR Chrono-
amperometry 

35

[C4C1Im][PF6] Multiwalled carbon 
nanotube

Carbon 
microfi ber 

N/A Dopamine 18 × 10–6 to 
180 × 10–6

NR Osteryoung 
square wave 
voltammetry 

36

[C4C1Im][BF4] Ferrocene/sol–gel GCE Horseradish 
peroxidase

H2O2 0.02 × 10–3 to 
0.26 × 10–3 

1.1 × 10–6 Amperometry 37

[C4C1Im][BF4] Nafi on/sol–gel Basal plane 
graphite

Hb O2 0.14 × 10–6 to 
1.82 × 10–6 

3.2 × 10–9 Amperometry 38

Poly[veim][Br] NA Platinum GOx Glucose 2.5 × 10–5 to 
2.0 × 10–3 
9.0 × 10–5 to 
5.0 × 10–3 

(aqueous)
(nonaqueous) 

3.8 × 10–6 
2.0 × 10–5 

Amperometry 40

Poly[veim]
[BF4]

NA Platinum GOx Glucose 2.5 × 10–4 to 
2.5 × 10–3 
2.5 × 10–5 to 
4.0 × 10–4 

(aqueous)
(nonaqueous) 

2.5 × 10–4 
6.0 × 10–6 

Amperometry 40

Poly[veim] 
[Tf2N)] 

NA Platinum GOx Glucose 2.5 × 10–4 to 
8.0 × 10–4 
6.0 × 10–4 to 
1.1 × 10–3 

(aqueous)
(nonaqueous) 

3.8 × 10–6 
1.4 × 10–4 

Amperometry 40

[C4C1Im][BF4] Chitosan GCE Hb O2Trichloroacetic 
acid

NR
0.4 × 10–3 to 
56 × 10–3 

NR Amperometry 41

[C4C1Im][BF4] Chitosan GCE Horseradish 
peroxidase

H2O2 0.75 × 10–6 to 
135 × 10–6 

NR Amperometry 42

(continued)
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Table 3.2 (Continued)

Ionic liquid
Additional 

component(s)
Coated 

electrode Enzyme(s)
Analyte(s) 
detected Detection range (M) LOD (M) Method Ref.

[C4C1Im][PF6] Bentonite clay Basal plane 
pyrolytic 
graphite 
electrode

Hb H2O2 8.0 × 10–6 to 
2.0 × 10–4 

NR Amperometry 43

Trichloroacetic 
acid

NR

Nitrite 2 × 10–3 to 
21 × 10–3 

[OHC2mim]
[BF4]

NA Basal plane 
graphite 

Mb O2 0–60 × 10–6 2.3 × 10–8 Amperometry 44

[2-C1C4py]
[BF4]

NA Basal plane 
graphite

Cytc H2O2 1 × 10–6 to 
16 × 10–6

5.16 × 10–8 Differential pulse 
voltammetry

45

[C4C1Im][PF6] Nafi on GCE Horseradish 
peroxidase

H2O2,
O2

NR NR Cyclic 
voltammograms 

46

[C4C1Im][PF6] Paraffi n and carbon 
powder 

Tefl on 
electrode 
holder

Mb
Hb
Horseradish 

peroxidase

H2O2 9.04 × 10–5 to 
1.53 × 10–3

1.29 × 10–4 to 
1.90 × 10–3

7.57 × 10–5 to 
1.04 × 10–3

2.7 × 10–5 
3.9 × 10–5 
2.3 × 10–5

Amperometry 47

[C4C1Im][PF6] Carbon powder Electrode 
tube

Hb H2O2
Nitrite

1.0 × 10–6 to 
100 × 10–6

NR

1.0 × 10–6 
2.0 NR

Amperometry 48

[C4C1Im][PF6] Gold nanoparticles/
N-dimethylformamide

GCE GOx Glucose 0.1–1 × 10–6 and 
2–20 × 10–6

NR Amperometry 49

Polyaniline 
synthesized in 
[C4C1Im] [PF6]

Platinum 
sheet

Uricase Uric acid 1 × 10–6 to 
1.0 × 10–3 

NR Amperometry 50

Note: NR — not reported; GCE — glassy carbon electrode.
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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)-modifi ed (GC) electrodes [33]. In this 
work, Zhao et al. mixed MWCNs with the [C8C1Im][PF6], 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-modifi ed 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 × 10–7 M with a linear dynamic range 
up to 1.0 × 10–4 M.

Tao et al. [34] compared the interaction of [C4C1Im][BF4] with three different 
types of carbonaceous material for use in MEs: acid-treated MWCNs 
(AMWCNs), pristine MWCNs (PMWCNs), and pyrolytic graphite powder 
(PGP). To prepare the MEs, each carbon material was ground with the water-
miscible IL [C4C1Im][BF4], resulting in AMWCN-[C4C1Im][BF4], PMWCN-
[C4C1Im][BF4], and PGP-[C4C1Im][BF4] composites which were then applied to 
a polished GC electrode surface. The composite fi lms 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. 
[C4C1Im][BF4] formed a gel when ground with MWCNs, whereas a viscous 
liquid resulted from the admixture of [C4C1Im][BF4] with PGP. Raman 
spectroscopy demonstrated that both AMWCNs and PMWCNs electro-
statically interact with [C4C1Im][BF4] while no such interaction occurs between 
PGP and [C4C1Im][BF4], accounting for the fact that PGP-[C4C1Im][BF4] 
blend fails to gel. Data from ac impedance and CV measurements (using 
potassium ferricyanide, K3[Fe(CN)6]) demonstrated that the ME conductivity 
increases in the following order: PGP-[C4C1Im][BF4] <PMWCN-[C4C1Im][BF4] 
<AMWCN-[C4C1Im][BF4]. Thus, the AMWCN-[C4C1Im][BF4] 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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118 Ionic liquids in chemical analysis

mixed with the IL prior to grinding with AMWCNs, and the ensuing gel 
fi xed to the GC electrode by rubbing. CV measurements showed a pair of 
reversible peaks attributed to the heme FeIII/FeII redox couple for all three 
MEs. The hemin-, Hb-, and HRP-AMWCN-[C4C1Im][BF4] MEs all demonstrated 
electrocatalytic behavior toward H2O2, 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 
[C4C1Im][PF6] mixed with MWCNs to form two types of MEs [35,36]. In one 
report, MWCNs were mixed with [C4C1Im][PF6] and applied to a GC elec-
trode [35]. Environmental scanning electron microscopy (ESEM) images of 
the fi lms 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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E/V versus SCE

c

a
b

l (
µA

)

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 modifi ed 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.)

CRC_46462_CH003.indd   118CRC_46462_CH003.indd   118 8/28/2008   6:53:09 PM8/28/2008   6:53:09 PM

© 2009 by Taylor & Francis Group, LLC



Chapter three: Ionic liquid advances in sensor technology 119

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-[C4C1Im][PF6] ME.

In an earlier study, the same group used a similar approach to modify 
a  carbon fi ber microelectrode with an MWCN-[C4C1Im][PF6] layer [36]. This 
 electrode modifi cation markedly increased the electron transfer rate, as 
 evidenced by higher current responses for CV measurements of K3[Fe(CN)6] 
compared with an unmodifi ed carbon fi ber microelectrode. These results 
can be understood by comparing ESEM images for a naked carbon fi ber 
 microelectrode with an MWCN-[C4C1Im][PF6]-modifi ed one. As shown 
in Figure 3.5, the surface of the unmodifi ed electrode is relatively smooth, 
however, after MWCN-[C4C1Im][PF6] modifi cation 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 modifi ed micro-
electrode for detection of these three analytes. Using Osteryoung square wave 
voltammetry, the detection of 18–180 μM dopamine in the presence of 600 μM 
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].

 

(a) (b)

5 µm 5 µm

Figure 3.5  Scanning electron microscope images of the surfaces of (a) a bare  carbon 
fi ber microelectrode and (b) a multiwalled carbon nanotube -[C4C1Im][PF6]-modifi ed 
carbon fi ber microelectrode. (Reprinted from Liu, Y., Zou, X., and Dong, S., Electrochem. 
Commun., 8, 1429–1434, 2006. Copyright 2006 Elsevier. With permission.)
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120 Ionic liquids in chemical analysis

3.4.2.2 Sol–gel composite ionic liquid modifi ed 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), [C4C1Im][BF4] 
(1 mL), water (1 mL), and 1.0 M HCl (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 fi rst applied to a 
GC electrode and allowed to dry. Next, HRP in PB was gently mixed with 
the sol, and 10 μL of this fi nal 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 H2O2 using amperometric methods. Recording current–
time response curves for increasing H2O2 concentrations, it was found that 
the electrode could achieve steady-state conditions within 10 s, presumably 
a result of [C4C1Im][BF4] facilitating electron transfer. The linear response 
range was 0.02–0.26 mM H2O2 and the detection limit was ~1 μM. The calcu-
lated Michaelis–Menten constant of 2 mM was smaller than that reported 
for HRP in a conventional sol–gel, indicating the higher affi nity of the 
hybrid enzyme electrode toward H2O2. 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 suffi ciently small sol–gel pores in the material. It is important to point out 
that ferrocene is used as the electron mediator in this confi guration, 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 [C4C1Im][BF4] onto 
the surface of a basal plane graphite (BPG) electrode by sandwiching the 
IL between layers of Nafi on and silica sol–gel [38]. For fabrication, a Nafi on 
in ethanol solution was fi rst 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 [C4C1Im][BF4] 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 Nafi on layer was omitted, 

CRC_46462_CH003.indd   120CRC_46462_CH003.indd   120 8/28/2008   6:53:10 PM8/28/2008   6:53:10 PM

© 2009 by Taylor & Francis Group, LLC



Chapter three: Ionic liquid advances in sensor technology 121

although the redox peaks were weaker they were still observable. The ME 
was tested for catalytic activity in the reduction of O2. Amperometric current 
responses reached steady-state within 5 s upon changes in O2 concentra-
tion and, compared with a bare BPG electrode, the O2 overpotential for the 
ME was decreased by about 0.35 V. The reported analytical operating range 
was 0.14–1.82 μM 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 modifi ed electrodes
The López-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 ([C2vC2Im][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 BF4

–, CF3SO3
– 

(TfO–), Tf2N–, and dodecylbenzenesulfonate (DBS). Microparticles of 
poly[C2vC2Im][Br], poly[C2vC2Im][Tf2N], and poly[C2vC2Im][BF4] containing 
GOx were investigated for making modifi ed 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 μm with a mean particle diameter close to 5 μm.

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 × 10–5 to 8 × 10–3 M range for aqueous solution and 9.0 × 10–5 to 1.1 × 10–3 
M in 80:20 (v/v) acetonitrile–buffer. The limits of detection spanned 10–4 to 
10–6 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 Nafi on 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 modifi ed 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/[C4C1Im][BF4] MEs were prepared by casting a 6 μL droplet of 
a buffer solution containing 1.2 mg/mL chitosan, 2.4 mg/mL Hb, and 5 vol% 
[C4C1Im][BF4] onto a polished GC electrode and allowing the fi lm to air 
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dry. CV measurements in PB (50 mM, pH 7.0) showed a pair of well-defi ned 
redox peaks that were ascribed to direct electron transfer between Hb and 
the underlying electrode. When the [C4C1Im][BF4] 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 confi ned 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 O2 and TCA. The Hb/chitosan/
[C4C1Im][BF4] ME showed higher electrocatalytic activity toward O2 than 
Hb/chitosan, Hb, or bare GC electrodes, supporting the role of the IL in 
 facilitating electron transfer. The Hb/chitosan/[C4C1Im][BF4] 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/[C4C1Im][BF4] ME using HRP as the 
incorporated enzyme [42]. UV–Vis measurement of a drop cast fi lm of 
HRP/chitosan/[C4C1Im][BF4] 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-defi ned redox peaks for the FeIII/FeII transfor-
mation of the heme moiety for direct electron transfer between the HRP 
and the electrode. As before, removal of [C4C1Im][BF4] 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/[C4C1Im][BF4] 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/[C4C1Im][BF4] ME was linear in H2O2 
concentration from 0.75–135 μM. The ME was able to detect 60 μM H2O2 in 
the presence of ethanol, glucose, sucrose, and uric acid, but sulfi de and 
 ascorbic acid both interfered with H2O2 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 μM H2O2 was seen.

3.4.2.5 Clay/ionic liquid modifi ed electrodes
Sun investigated the use of Hb/clay/IL composite MEs for the electrocatalytic 
detection of H2O2, TCA, and nitrite [43]. The IL [C4C1Im][PF6] (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 fi lms, respectively. This is consistent with a 
near-native environment surrounding the heme within Hb in the Hb/clay/
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[C4C1Im][PF6] composite. CV measurements of the ME showed that the FeIII/
FeII 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/[C4C1Im][PF6] ME showed good electrocatalytic activities toward 
H2O2, TCA, and nitrite. The amplitudes of the reduction peak for Hb/clay/
[C4C1Im][PF6] fi lms in CV scans were linear with H2O2 concentration in the 
range of 8.0 × 10–6 to 2.0 × 10–4 M and for nitrite spanning 2–21 mM.

3.4.2.6 Ionic liquid-coated modifi ed electrodes
Examples of MEs wherein the IL itself is coated unmodifi ed 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 
tetrafl uoroborate, [HOC2C1Im][BF4], as the supporting electrolyte (0.17 M 
in H2O), well-defi ned 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 [HOC2C1Im][BF4]/Mb/H2O 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/[HOC2C1Im][BF4] ME showed excellent catalytic activity 
for the reduction of O2 and could be used to directly detect up to 60 μM O2 in 
aqueous solution with a detection limit of 2.3 × 10–8 M.

Ding et al. immobilized cytochrome c (cyt c) and 2-methyl-n-butyl-
pyridinium BF4, [2-C1C4py][BF4], on the surface of a BPG electrode [45]. 
Studies of BPG electrode immersion into [2-C1C4py][BF4] solution containing 
cyt c illustrated that 5 h was required to reach optimal enzyme loading. 
Differential pulse voltammetry was applied to detect H2O2 in the range of 
1–16 μM with a 5.16 × 10–8 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 Nafi on/ionic liquid modifi ed electrodes
Doping Nafi on with IL yields a bilateral advantage in the construction of 
MEs. That is, ILs boost the conductivity of Nafi on and, in turn, the Nafi on 
membrane allows for better structural integrity and adherence to the elec-
trode surface. Chen et al. prepared such MEs by sonicating equal volumes of 
Nafi on solution and [C4C1Im][PF6], and coating the homogenous mixture 
onto a GC electrode [46]. They verifi ed 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)6]3– as a probe, demonstrated that the IL pro-
motes electron transfer, counterbalancing the blocking of electron and mass 
transfer by Nafi on. 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 
O2 and H2O2.

3.4.2.8 Carbon paste/ionic liquid modifi ed electrodes
CPEs display shortcomings associated with poor fabrication reproducibility 
and mechanical fragility compared to bare metal electrodes, limiting their 
overall utility. Typically, paraffi n 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 [C4C1Im][PF6]/paraffi n oil mixture as 
binder [47]. Unmodifi ed CPEs were made using an 85:15 (w/w) mix of car-
bon paste to paraffi n oil as a base, with varying volumes of [C4C1Im][PF6] 
included for IL/CPE construction. The optimal ratio was found to be 
70:12:18 carbon paste/paraffi n oil/[C4C1Im][PF6]. This mixture was packed 
into a Tefl on electrode holder, using a copper wire for electrical contact. 
Enzymes studied for electrocatalytic acitivity in this work included Mb, Hb, 
and HRP. Incorporation of [C4C1Im][PF6] resulted in improved sensitivity, 
dynamic range, and response time. SEM images reveal that, in paraffi n oil, 
the carbon powders form a granular surface where the individual granules 
can be discerned. By contrast, [C4C1Im][PF6] 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 H2O2 reduction in amperometric studies. The linear 
ranges were 9.04 × 10–5 to 1.53 × 10–3 M (Mb), 1.29 × 10–4 to 1.90 × 10–3 M 
(Hb), and 7.57 × 10–5 to 1.04 × 10–3 M (HRP). The associated limits of detec-
tion were 2.7 × 10–5, 3.9 × 10–5, and 2.3 × 10–5 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 affi nity. Not only did the IL/CPE sensor exhibit high catalytic 
 effi ciency, but it took only 5 s to achieve steady-state current upon additions 
of H2O2. 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 [C4C1Im][PF6] for paraffi n as 
the binder for a CPE. In this work, the enzyme Hb was not directly incorpo-
rated in the carbon paste/[C4C1Im][PF6] mixture but was instead entrapped 
within a sodium alginate (SA) hydrogel fi lm 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 
[C4C1Im][PF6] ions bridge the carbon fl akes, giving rise to higher conductivity. 
The electrocatalytic behavior of Hb was investigated in the reduction of H2O2. 
Catalytic peak currents were linear for 1–100 μM H2O2 and a limit of detec-
tion of 1 μM 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 modifi ed electrodes
Zeng and coworkers combined the advantages of gold nanoparticles 
(GNPs), such as high surface-to-volume ratio and biocompatibility, with 
those of [C4C1Im][PF6] to create a ME for glucose detection in serum and in 
beer [48]. These researchers combined citrate-capped GNPs, N, N-dimethyl-
formamide (DMF), [C4C1Im][PF6], 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, [C4C1Im][PF6], 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 μM and 
2–20 μM 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 modifi ed electrodes
Kan and coworkers electropolymerized aniline to form polyaniline (PANI) 
on the surface of a platinum sheet using [C2C1Im][C2SO4], as the electrolyte 
[49]. Uricase was electrically doped into the PANI fi lm 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 10–6 to 10–3 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 [C2C1Im][C2SO4] 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. fi rst immobilized HRP onto a GC electrode using 
an aragose hydrogel [51]. When using dry [C4C1Im][BF4] 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 H2O2. The addition of DMF to the agarose hydrogel 
containing HRP further increased its activity, suggesting the benefi t of a 
mediator in this instance. The activity of the HRP/agarose ME in water-
containing [C4C1Im][BF4] increased with increasing temperature up to 65°C, 
and the reduction peak current was linear with H2O2 concentration from 
the limit of detection 6.10 × 10–7 M to 1.32 × 10–4 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 [C4C1Im][BF4] 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 c in DMF/chitosan organohydrogel fi lms on a GC elec-
trode and, when immersed in water-free [C4C1Im][BF4], redox peaks cor-
responding to the heme center were observable for each protein studied. 
Electrocatalytic reactions toward H2O2 were followed for each protein and, 
in general, responses were linear in the micro- to millimolar H2O2 range. 
Glucose, uric acid, ascorbic acid, l-cysteine, and l-tyrosine caused no inter-
ference due to their low solubility. When stored in [C4C1Im][BF4] at 4°C, the 
electrodes retained 98% of their initial response for 36 h.

3.5  Ionic liquids in actuators, microfl uidics, 
and microreactor devices

3.5.1 Electroactive actuators

Ionic polymer transducers, such as those based on Nafi on, 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 
[C2C1Im][TfO], by a Nafi on membrane, followed by painting the membrane 
with a polymer/metal mixture containing a solution of 5% (w/v) Nafi on 
(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 RuO2 (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 RuO2 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 RuO2-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 RuO2 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 specifi c 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% RuO2 device exhibited the 
highest low-frequency capacitance and Au addition maintained the low-
 frequency capacitance while also decreasing the high-frequency impedance 
to ∼30 Ω. 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% RuO2 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 specifi c 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 [C2C1Im][TfO].

3.5.2 Microfl uidic devices

ILs are attractive liquids for use in microfl uidic devices because they possess 
negligible vapor pressure, doing away with unwelcome evaporation effects. 
Takayama and coworkers recently designed a novel hydraulic microfl uidic 
valve system employing an IL as the hydraulic fl uid (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 fl ow channels and are separated in-between by 
a fl exible 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 fl uidic 
channels located directly below. In this device, [C4C1Im][BF4] served as the 
piston fl uid 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 
signifi cantly alter the system’s operation. The authors overcame these issues 
by utilizing an IL as the hydraulic fl uid. As anticipated, no IL volume change 
within the microfl uidic 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 
fl uidic channels are in blue. The clear bulk material is polydimethylsiloxane (PDMS), 
including the fl exible membrane between the control and fl uidic channels at their 
intersection (schematics are not drawn to scale). The piston has an average diameter 
of ∼910 μm and a height of 152 μm, whereas valve intersections are typically 
100 × 100 μm2 with 9 μm high fl uidic channels and ∼16 μm 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 fl uidic (blue) channels. All channels are 9 μm high and 
100 μm wide except for the lower right control channel that is 40 μm wide. (d) A top-
down view of the Braille pins aligned underneath pistons (left) and microfl uidic 
valves (right). (e) 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, J.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 
microfl uidic 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 fi lled 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 [C4C1Im][Tf2N] and [C4C1Im][PF6], they 
fi rst applied a dc current to the IL-based heating system and found that the 
applied voltage had a signifi cant 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–1. 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 fi xed temperature 
for extended periods (10 min). Overall, the authors reported that microfl uidic 
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 microfl uidic device designed 
for the enantioselective separation of (S)-ibuprofen [57]. In this study, a 
three-phase fl ow microfl uidic device was used for the separation of 
(S)-ibuprofen from the racemic drug using a lipase-facilitated IL fl ow (ILF). 
Schematic views of the enantioselective transport and the microfl uidic 
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 esterifi cation of (S)-ibuprofen. The middle phase is made 
up of the [C6C1Im][PF6] in which the resulting ester from the CRL-catalyzed 
esterifi cation 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 fl ow 
rate. The ILF fl ow rate also affected the transport of (R,S)-ibuprofen.

Specifi cally, as the IRF fl ow 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 
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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 esterifi cation 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 
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Figure 3.7 (See color insert following page 414.) (A) Enantioselective transport of 
(S)-ibuprofen by means of ionic liquid fl ow within a microfl uidic device. (B, Bottom) 
Photographs of the three-phase fl ow in the microchannel: (a) center near the inlets of 
the microchannel, (b and c) arc of the microchannel, and (d) center near the outlets of 
the microchannel. Flow rates of the aqueous phase and the ionic liquid fl ow phase in 
(a–d) were 1.5 and 0.3 mL/h, respectively. (Reprinted from Huh, Y.S., Jun, Y.S., Hong, 
Y.K., Hong, W.H., and Kim, D.H., J. Mol. Catal. B, 43, 96–101, 2006. Copyright 2006 
Elsevier. With permission.)
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reported to be about 77% at different ILF rates. The authors also compared 
the microfl uidic 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 fl ow and suffi cient reaction time 
(20–40 h) in both the feeding and receiving phases. However, the micro-
fl uidics -based system separated (S)-ibuprofen effi ciently 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 microfl uidic 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 Tefl on-AF coating; the top plate had a single indium 
tin oxide (ITO) electrode and Tefl on-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 >10–9 S m–1. The 
authors also demonstrated that [C4C1Im][PF6] and [C4C1Im][BF4] could be 
translated in their digital microfl uidic 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 × 1011), as well as the interplate distance. The actuation of IL 
droplets in microfl uidic devices may lead to novel microfl uidic reactions, 
sensors,  separations, and extractions, particularly given the recent introduc-
tion of magnetic ILs [60,61].

3.5.3 Ionic liquid microreactor

Vaultier and coworkers have developed an open digital microfl uidic 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 μL) was accomplished using this approach. The fi nal 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 confi rmed that the electrowetting of ILs is less 
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effi cient in comparison to aqueous salt solutions. However, the effi ciency of 
electrowetting of the ILs is on the order of deionized water, and the anion 
and cation choice markedly infl uences the electrowetting effi ciency. 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 
[C43C1N][Tf2N]; ∼7° for [C4C1Im][BF4]; and 8° for [C4C1Im][PF6]. ILs have 
smaller contact angles (θo = 70–94° for ILs; 110° for water) and lower surface 
tensions (34–46 mN–1m for ILs; 72 mN–1m 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 mm–1s, while water droplets 
were more mobile (up to 120 mm–1s). The authors applied their digital micro-
fl uidic setup to perform Greico’s reaction, comparing results to that from a 
macrovolume setup. The fi nal 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 fi nal product.

3.6 Concluding remarks
A rapidly emerging fi eld 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 signifi cant advantage from the incorporation of an 
IL component. Examples from optrodes to actuators, including modifi ed 
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-specifi c IL will fi nd 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 specifi c 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 effi cient 
use of time and energy [1].

 The exciting possibilities of producing unique task-specifi c ILs (TSILs) exist 
by simple modifi cation 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 fi eld of gas chromatography (GC), new 
 stationary phases that exhibit unique separation selectivity, high effi ciency, 
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 fi rst 
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 effi cient 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 fl ow 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 Ionic 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 (tR), retention volumes (VN), 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 π–π 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 IL’s 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 classifi cation 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 classifi cation systems that 
is based on the retention of fi ve 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 fi ve 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 (∆I).

 ∆I  aX   bY   cZ   dU   eS� � � � �′ ′ ′ ′ ′  (4.1)

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 
(ISQ) from the retention index of the probe on the stationary phase being 
characterized (ITP). For example, the phase constant of benzene (X′) would be 
calculated as shown in Equation 4.2.

 ′X  I (benzene) I (benzene) I (benzene)TP SQ� � �∆  (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 coeffi cient from Equa-
tion 4.1 would have the value of a = 1, whereas the remaining coeffi cients 
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 fi ve phase constants.

Armstrong and coworkers determined the Rohrschneider–McReynolds 
constants for two imidazolium-based ILs: [C4C1Im]Cl and [C4C1Im][PF6] [7]. 
The structures and physicochemical properties of these two ILs are shown 
in Table 4.1. A comparison of the phase constants for [C4C1Im][PF6] and 
[C4C1Im]Cl 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 infl uenced 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 [C4C1Im]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 4.1 Names, Structures, and Physicochemical Properties of Selected Ionic Liquids Evaluated as Gas–Liquid Chromatographic 

Stationary Phases

Number Ionic Liquid

Melt-

ing 

Point 

(°C)

System Constants 

From Solvation 

Parameter Model

Viscosity 

(cP)

Surface 

Tension 

(dyne/

cm)

Thermal 

Stability Comments

1 [C4C1Im]Cl

NN + Cl−
1

2

3

4 5

1-butyl-3-methylimidazolium chloride 

Solid 
65

[45]

40°C [8]
r = 0.24
s = 2.25
a = 7.03
b = 0
l = 0.63

70°C [8]
r = 0.29
s = 2.00
a = 5.23
b = 0
l = 0.45

Solid 54
(28°C)

∼145°C
[21]

(1)  Exhibits poor coating 
characteristics on bare 
wall glass capillary 
columns

(2)  Tenaciously retains 
alcohols and carboxylic 
acids

(3) PAF* = 1.45
2 [C4C1Im][Tf2N]

NN + (CF3SO2)2N− [NTf2
−]

1-butyl-3-methylimidazolium 
bis[(trifl uoromethyl)sulfonyl]imide

−4
[45]

40°C [8]
r = 0
s = 1.89
a = 2.02
b = 0.36
l = 0.63

70°C [8]
r = 0
s = 1.67
a = 1.75
b = 0.38
l = 0.56

52 (20°C)
[45]

∼185°C
[21]

(1)  Exhibits tailing of 
alcohols and carboxylic 
acids

(2)  PAF* = 2.50

3 [C4C1Im][TfO]

NN + CF3SO3
−

1-butyl-3-methylimidazolium 
trifl uoromethanesulfonate (trifl ate)

16
[45]

40°C [8]
r = 0
s = 1.86
a = 3.02
b = 0
l = 0.61

70°C [8]
r = 0
s = 1.73
a = 2.71
b = 0
l = 0.52

90 (20°C)
[45]

∼175°C
[21]

  PAF* = 1.08

4 [C4C1Im][PF6]

NN +

PF6
−

1-butyl-3-methylimidazolium 
hexafl uorophosphate

−8
[45]

40°C[8]
r = 0
s = 1.91
a = 1.89
b = 0
l = 0.62

70°C[8]
r = 0
s = 1.70
a = 1.58
b = 0
l = 0.52

312 
(20°C)

[45]

42.9 
(63°C)

[46]

170°C
[21]

(1)  Ionic liquid produces 
hydrogen fl uoride (HF) 
due to hydrolytic 
decomposition of PF6

− 
[24]

(2) PAF* = 1.31
(continued)
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Table 4.1 (Continued)

Number Ionic Liquid

Melt-

ing 

Point 

(°C)

System Constants 

From Solvation 

Parameter Model

Viscosity 

(cP)

Surface 

Tension 

(dyne/

cm)

Thermal 

Stability Comments

5

NTf2
−

N

CH3

CH3

CH3

OH

CH3

+

(1S, 2R)-(+)-N,N-dimethylephedrinium 
bis[(trifl uoromethyl)sulfonyl]imide

54
[37]

NA Solid NA NA (1)  First chiral ionic liquid 
to be used as a gas 
chromatographic chiral 
stationary phase

(2)  IL begins to racemize at 
temperatures ≥140°C 
and loses 
enantioselectivity for 
some alcohols

6 [BeC1Im][TfO]

NN

CH2H3C

+
CF3SO3

−

1-benzyl-3-methylimidazolium trifl ate

27
[21]

70°C [21]
r = 0.21
s = 1.80
a = 2.62
b = 0.18
l = 0.48

100°C [21]
r = 0
s = 1.70
a = 2.41
b = 0
l = 0.47

NA NA ∼220°C
[21]

Exhibits high selectivity 
for separation of 
polycyclic aromatic 
hydrocarbons, 
polychlorinated 
biphenyls, and aromatic 
sulfoxides

7 [MPC1Im][TfO]

NN

H3C

+
CF3SO3

−

OCH3

1-(4-methoxyphenyl)imidazolium trifl ate

45
[21]

70°C [21]
r = 0.54
s = 2.06
a = 2.83
b = 0.59
l = 0.40

100°C [21]
r = 0.28
s = 2.05
a = 2.63
b = 0.16
l = 0.38

NA NA ∼250°C
[21]

Exhibits high selectivity 
for separation of polycyclic 
aromatic hydrocarbons, 
polychlorinated biphenyls, 
and aromatic sulfoxides
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8

NTf2
− NTf2

−

N N
+ +

1,9-di(N-methylpyrrolidinium)nonane 
bis[(trifl uoromethyl)sulfonyl]imide

>−8, 
<0
[22]

40°C[22]
r = 0.27
s = 1.71
a = 1.98
b = 0.32
l = 0.62

70°C [22]
r = 0.34
s = 1.52
a = 1.65
b = 0.35
l = 0.48

502
(30°C)
[22]

42.2
(23°C)
[22]

>400°C
[22]

Dicationic IL exhibiting 
high thermal stability

9 [C6vIm][Tf2N]

NN +

(CF3SO2)2N−

1-vinyl-3-hexylimidazolium 
bis[(trifl uoromethyl)sulfonyl]imide

NA NA NA NA NA (1)  Used as a monomer for 
producing immobilized 
ionomer fi lms for high-
temperature separations

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

10 [C9(vim)2] 2[Tf2N]

NN NN

NTf 2
−NTf 2

−

+ +

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

NA Partially crosslinked 
stationary phase [42]

0.10% C9(vim)–
NTf2; 0.10% 
C9(vim)2–NTf2;

NA NA NA (1)  Used as a crosslinker 
for producing 
immobilized ionomer 
fi lms for high-
temperature separations

(2)  Crosslinker readily 
undergoes 
polymerization in 
presence of light and 
heat

40°C
r = 0 
s = 1.60 
a = 1.84 
b = 0.45 
l = 0.71

70°C
r = 0
s = 1.57
a = 1.53
b = 0.37
l = 0.60
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146 Ionic liquids in chemical analysis

probe molecules. However, the model has defi ciencies 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 defi ne the magnitude of each possible interaction. Sol-
ute descriptors are currently available for hundreds of probe molecules [9]. 
These solute descriptors are defi ned 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.

 log k c eE sS aA bB lL� � � � � �  (4.3)

The solute descriptors for each analyte and the corresponding retention 
factor (measured at a specifi c temperature) are subjected to multiple linear 
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Chapter four: Ionic liquids as stationary phases in gas chromatography 147

regression analysis (MLRA) to obtain the system constant coeffi cients of each 
solute descriptor in Equation 4.3 (i.e., e, s, a, b, and l). The system constants 
from Equation 4.3 are defi ned as: e is the ability of the IL to interact via solute 
π- and n-electrons; s is a measure of the dipolarity/polarizability of the IL; 
a defi nes the IL hydrogen bond acidity; b is a measure of the hydrogen bond 
basicity of the IL; and l 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 [C4C1Im] cation paired 
with various anions (ILs 1–4). The most dominant solvation interactions 
observed in IL solvents include strong dipolarity (s), hydrogen bond  basicity 
(a), and moderate-to-high cohesive forces (l) which were relatively constant 
for all ILs examined, but were slightly larger for ILs containing longer alkyl 
 substituents. The hydrogen bond basicity (a) was extremely high for the 
[C4C1Im]Cl. This observation is fully supported by the fact that [C4C1Im]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 π−π and n–π electrons (r-term) with the 
IL is primarily dependent on two factors: (1) the nature of the cation and 
anion combination (e.g., [C4C1Im]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 suffi cient 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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148 Ionic liquids in chemical analysis

all  thermodynamic parameters is the activity coeffi cient at infi nite dilution 
(γ∞), which provides information about the intermolecular energy between 
a solute and a solvent. Activity coeffi cients at infi nite 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 coeffi cient at infi nite dilution, packed columns 
were prepared containing the IL-coated chromosorb support [12–14]. The 
examined mixture of probe molecules was then injected under infi nite 
dilution conditions. The value of γ∞ can be calculated from Equation 4.4, as 
defi ned by Cruickshank and coworkers [15]:
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(4.4)

where γi,3
∞ is the activity coeffi cient of solute i at infi nite dilution in the sta-

tionary phase (index 3); p1
0 is the vapor pressure of the pure liquid solute; po is 

the outlet pressure; n3 is the number of moles of the stationary phase on the 
column; VN is the standardized retention volume; B11 and B12 are the second 
viral coeffi cient of the solute and the mixed viral coeffi cient of the solute (1) 
with the carrier gas (2), respectively; V1

0 and V1
∞ are the liquid molar volume 

of pure solute and the partial molar volume of solute in the IL at infi nite dilu-
tion; and J is the compressibility factor.

The partial molar excess enthalpy at infi nite dilution, Hi
E,∞, can be deter-

mined by Equation 4.5.
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The magnitude of γ∞ 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-C1C4py][BF4]. Activity  coeffi cients 
of linear n-alkanes increase with increasing chain length. The  branching 
of the alkane skeleton reduces γ∞ in comparison to equivalent normal 
hydrocarbons. Values of γ∞ 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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Chapter four: Ionic liquids as stationary phases in gas chromatography 149

Polar solutes in [C2C1Im][Tf2N] and [C2C1C1Im][Tf2N]. γ∞ for n-alkanols 
increase with increasing chain length. Branching of the alkane struc-
ture reduces the value of γ∞ compared to the linear alcohol. The more 
polar the solute is, the higher the solubility in the IL. Values of Hi

E,∞ 
increase with increasing alkyl chain length. The introduction of double 
bonds decreases the value of Hi

E,∞. Molecules containing an aromatic 
ring possess negative values of Hi

E,∞, but values increase when larger 
alkyl groups are substituted on the aromatic ring. Values for Hi

E,∞ 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 fi rst to evaluate liquid organic salts 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 effi ciency 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 tetrafl uoroboroate [18].  Whisker-
walled and sodium chloride modifi ed 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 specifi c 
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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150 Ionic liquids in chemical analysis

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 effi ciency 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 SN1 or SN2 
nucleophilic decomposition [20]. ILs that are not thoroughly purifi ed and 
examined using ion chromatography for the presence of trace levels of halide 
anions will produce signifi cant column bleed at relatively low-column tem-
peratures. Excessive decomposition/volatilization of [C4C1Im]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 trifl ate 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 π-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 π−π 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 π−π 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 
[Tf2N] anion (traces D–G) compared to the monocationic 1-butyl-3-methyl-
imidazolium ILs containing Cl−, PF6

−, and Tf2N− 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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Chapter four: Ionic liquids as stationary phases in gas chromatography 151

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 [PF6] anions tend to 
be viscous, but these salts tend to undergo partial hydrolytic decomposition 
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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 fl ame ionization detector. The geminal dicationic ILs (D–G) 
have higher thermal stabilities than those of the traditional monocationic ILs (A–C): 
(A) [C4C1Im]Cl; (B) [C4C1Im][PF6]; (C) [C4C1Im][Tf2N]; (D) [C9(C4pyr)2]2[Tf2N]; 
(E) [C9(C1Im)2]2[Tf2N]; (F) [C12(BeIm)2]2[Tf2N]; (G) [C9(C1pyr)2]2[Tf2N]. (From 
Anderson, J.L., Ding, R., Ellern, A., and Armstrong, D.W., J. Am. Chem. Soc., 127, 
593–604, 2005. With permission.)
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152 Ionic liquids in chemical analysis

to produce hydrogen fl uoride (HF) and other complex oxo- and hydroxo-
phosphates [24]. Therefore, ILs containing the trifl ate and bis[(trifl uoro-
methyl)sulfonyl]imide 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 modifi cations to the cation structure. An 
example of such a  modifi cation 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 modifi cations 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 fi lm 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 effi cient 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 modifi cations 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., [C4C1Im]Cl) exhibit the  highest 
values of surface tension whereas ILs containing the [Tf2N] anion gener-
ally exhibit the lowest surface tension values. Indeed, it has been observed 
experimentally that two separate WCOT columns incorporating [C4C1Im]Cl 
and [C4C1Im][Tf2N] stationary phases can differ in effi ciencies by up to 1500 
plates/m [7,21]. ILs that have high surface tensions and do not suffi ciently 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-effi ciency 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 

CRC_46462_CH004.indd   152CRC_46462_CH004.indd   152 8/28/2008   8:16:31 PM8/28/2008   8:16:31 PM

© 2009 by Taylor & Francis Group, LLC



Chapter four: Ionic liquids as stationary phases in gas chromatography 153

producing coated capillary columns with homogeneous fi lms that exhibit 
column effi ciencies 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  classifi ed 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 trifl ate ([BeC1Im][TfO]; IL 6 in Table 4.1) column [21].

From this chromatogram, the nonpolar alkanes (shown as peaks 4, 6, 9, and 
10), which presumably are only able to interact via dispersion  interactions, 
are well separated with high effi ciencies. However, solutes such as  aromatics, 
alcohols, and carboxylic acids are also separated with high selectivity but 
exhibit longer retention times with lower effi ciencies.

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 effi ciency 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., Cl− and [Tf2N]−) 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: [C4C1Im]Cl, 
[C4C1Im][Tf2N], [C4C1Im][TfO], and [C4C1Im][PF6]. Although ILs based on the 
[Tf2N] 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 trifl ate or PF6

− 
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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154 Ionic liquids in chemical analysis

 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 Ionic 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 purifi cation steps 
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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, CH2Cl2; 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 [BeC1Im][TfO] 
 column. (From Anderson, J.L. and Armstrong, D.W., Anal. Chem., 75, 4851–4858, 2003. 
With permission.)
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Chapter four: Ionic liquids as stationary phases in gas chromatography 155

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 effi ciency.

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 trifl ate 
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 purifi ed [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 fl uorescent 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 fi xed 
 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 effi ciencies do not rival those observed with com-
mercially available chiral stationary phases (CSPs).

Armstrong, Welton, and coworkers [37] demonstrated the fi rst 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  confi guration 
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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 (1S,2S)-
(+)-N,N-dimethylephedrinium analogs paired with the bis[(trifl uromethyl) 
sulfonyl]imide 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 confi guration of the chiral center played 
a signifi cant 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 (1S,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 fi xed hydroxyl group was found to be imperative in sepa-
rating all chiral analytes but is not suffi cient 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 [C4C1Im]Cl 
was used to dissolve permethylated β-cyclodextrin (β-PM) and dimethylated 
β-cyclodextrin (β-DM). The chromatographic separations obtained from 
these two columns were compared to two commercially available CSPs 
based on β-PM and β-DM dissolved in polydimethylsiloxane. From a set of 
64  chiral molecules separated by the commercial β-PM column, only 21 of 
the  molecules were enantioresolved by the IL-based β-PM column.  Likewise, 
from a collection of 80 analytes separated by the β-DM column, only 16 
 analytes could be separated on the IL-based β-DM column. The authors 
also noted a considerable enhancement in the separation effi ciency 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 fl uorous 
 surfactants based on imidazolium cations could be developed to promote 
the formation and stabilization of perfl uorocarbons 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 coeffi cients (KGIL, KGM, and KILM) 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 [C4C1Im]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 [C4C1Im][PF6]. 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 [C4C1Im]Cl. In an 
analogous manner, π−π, n–π, dipolar, and hydrogen bond basicity inter-
actions were enhanced following the dissolution of Brij 35 and Brij 700 in 
[C4C1Im][PF6]. 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 [C4C1Im][Tf2N]. Under optimized conditions, the  stationary 
phase was selective for most molecules, but exhibited poor r esolution. Owing 
to the fact that most ILs containing the Tf2N− 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 [C4C1Im][Cl] and [C4C1Im][Tf2N]. It was found that the hydrogen 
bond basicity increased linearly as the concentration of chloride anion (in 
the form of [C4C1Im]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 [C4C1Im][Tf2N]. 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 fi lm 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 signifi cant drawback lies with their 
drop in viscosity with increasing temperature. This results in an increased 
propensity for fl owing of the IL within the capillary, which often produces 
pooling of the stationary phase and nonuniform fi lm thickness throughout 
the column. These factors often contribute to diminished analyte retention 
time reproducibility as well as detrimental effects on separation effi ciency.

In an attempt to preserve the unique dual-nature selectivity of ILs while 
producing a stationary phase that is resilient to fl owing at high  temperatures, 
a method of immobilizing ILs as thin fi lms 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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These stationary phases exhibited the lowest thermal stability, producing 
signifi cant column bleed and dramatic decreases of effi ciency 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 effi ciencies 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].

Coating solution

(1) Monocationic/dicationic 
     monomers (~20% w/w) in  
     dichloromethane.
(2) 2,2′-azobisisobutyronitrile 
     (AIBN) at ~3.5% by weight  
     of ionic liquid.

Filling of gas chromatography capillary column
with ionic liquid monomer/initiator solution

Coating of capillary  
column using static  

coating method

(1) Seal ends of capillary column.
(2) Place column in oven and subject 
      column to polymerization.

OvenGas chromatograph

(1) Unseal capillary column. 
(2) Place column in gas chromatograph and purge  
     with carrier gas for ~10 h. 
(3) 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.
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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 
1018 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 benefi cial 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 fl ow 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 fi lm 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 effi ciency.

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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Neat ionic liquid

ChiralAchiral

Is/are  
analyte(s) 
any of the  
following? 

alcohol or diol, 
sulfoxide, epoxide,  
acetylated amine? 

Yes. Use N,N-
dimethylephedrinium

cation. Do not exceed 
140°C for long periods 

of time. 

Polar analytes 
(Esters, acids, alcohols)

Nonpolar analytes 
(Hydrocarbons, PAHs)

Polar/nonpolar  
mixture

Are the analytes
aromatic and/or

require high 
separation

temperature? 

Yes No

Consider
bulky ionic liquid

possessing
aromatic cation

and triflate
anion;

(i.e., ionic liquid 6 or 7
from Table 4.1)

(1) Mixed ionic liquid
stationary phase
with ~50% w/w
of [C4C1Im]Cl.

(2) Micellar gas 
chromatography.

Are the analytes  
aromatic?

Yes No

High temperature 
requirement?

High temperature 
requirement?

Consider
bulky,

aromatic
ionic liquid;
(i.e.,IL 6 or

7 from
Table 4.1)

Yes YesNo No

Consider
[C4C1Im][Tf2N] 

or
[C8C1Im][Tf2N]

ionic liquids

Consider
high stability

dicationic
ionic liquid;

(i.e.,IL 8 from
Table 4.1)

Immobilized ionic liquid

Temperature range required 
for separation?

−20−200°C 100−280°C

Use
partially

crosslinked
ionic liquid

matrix

Use purely
monocationic

ionic liquid
matrix

Use
mostly

crosslinked
ionic liquid

matrix

200−380°C

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.
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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-confi ned 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-
na tion of averaging and amplifi cation 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 π–π 
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 Liquid 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 π–π 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 π–π 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 been reported that in 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., hexafl uorophosphate salt retained longer 
than the tetrafl uoroborate). 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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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 trifl uoroacetic 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 infl uence of acetonitrile on retention for a series of related 
imidazolium and pyridinium cations was consistent with a reversed phase–
type mechanism at low acetonitrile concentrations (e.g., decreasing retention 
with increasing acetonitrile concentration) but the infl uence of buffer concen-
tration was consistent with an ion-exchange mechanism (e.g., reduced retention 
at high buffer concentration), particularly at high organic compositions [21].

5.4 Ionic liquids in liquid-phase microextraction
A variety of microextraction techniques have evolved in recent years to 
address the challenges inherent in the analysis of samples derived from 
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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 π–π 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.)
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 environmental [27] or biological sources [28]. Solid-phase microextraction 
(SPME) [29], one of the most commonly used and versatile of the micro-
extraction techniques, employs a polymeric liquid-like phase coated onto 
a fused silica rod. SPME sample preparation techniques offer a number 
of advantages including the ability to sample both headspace and liquid 
 samples as well as the ability to directly inject sample into gas or liquid 
chromatographic systems. Typical polymeric coatings used in SPME include 
polydimethylsiloxane and Carbowax/divinylbenzene.

Thus far, SPME methods have had only limited success in isolating polar 
organics (e.g., chlorophenols [30] and formaldehyde [31]) or ions [32,33] from 
aqueous mixtures. However, the tunable hydrophobicity and multimodal 
potential interaction chemistries of ILs suggest potential applications in 
LPME. Further, their high viscosity coupled with their minimal vapor pres-
sure promotes stable droplet formation. Figure 5.2 illustrates the experimen-
tal setup for LPME. In addition, analyte recovery can be performed simply 
by injecting the droplet onto a liquid chromatographic column.

While work in the application of ILs to LPME is thus far limited, it was 
reported that although the viscosity of ILs generally allows for larger droplet 
size, partitioning of analytes into the droplet was inhibited because of their 
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Figure 5.2 Schematic representation of liquid-phase microdroplet extraction setup. 
(1) Stir bar; (2) sample solution; (3) ionic liquid microdroplet; (4) polytetrafl uoro-
ethylene (PTFE) tube; (5) septum; (6) microsyringe. (Adapted from Liu, J.-F., Chi, Y.-G., 
Jiang, G.-B., Tai, C., Peng, J.-F., and Hu, J.-T., J. Chromatogr. A, 1026, 143–147, 2004.)
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lowered diffusion as analytes enter the viscous IL droplet [34]. In addition, 
while increasing exposure of the IL microdroplet to aqueous solutions led to 
increased concentration of the analytes in the droplet, eventual dissolution 
of the droplet in the aqueous solution ultimately limited extraction times 
to ∼30 min [31,34]. The fi nite solubility of the IL also limited the aqueous 
sample volume size.

5.5  Ionic liquids as mobile-phase additives 
in liquid chromatography

The intrinsic viscosity of ILs and their spectral properties largely preclude 
their application as neat mobile phases in LC. Thus, the trend has been 
to apply these materials as mobile-phase additives at low concentrations 
(e.g., 1–10 mM) [35] in the absence or presence of other organic modifi ers 
(e.g., acetonitrile). Arguably, once the IL is dissolved in another solvent, it no 
longer constitutes a true IL. However, the IL paradigm offers a fresh approach 
for looking at intermolecular interactions in retention processes. Further, 
solution phase microheterogeneity is known to play a role in reversed-phase 
retention processes for nonpolar analytes in acetonitrile/water systems 
[36]. Solution-phase microheterogeneity manifested as ion pair formation 
certainly seems to be playing a role in the reversed-phase separation of ILs 
using salt-free mobile phases noted earlier [20]. However, ILs also offer the 
potential of solution-phase microheterogeneities through clathrate forma-
tion. Liquid clathrates containing ILs were recently reported to have formed 
between  aromatic hydrocarbons and imidazolium salts [37]. Such host–guest 
inter actions, creating an extended structure, can occur in the liquid state 
and could also play a role in separation processes using ILs as mobile-phase 
additives.

The IL mobile-phase additives are thought to play a variety of  conventional 
roles in facilitating chromatographic separations, as well. In the case of 
reversed-phase chromatography, it is thought that ILs dynamically coat 
the stationary support, thereby masking residual silanols [38,39]. A related 
reversed-phase thin layer chromatographic study revealed that  imidazolium 
tetrafl uoro borate IL additives to the mobile phase were more effective at 
masking surface silanol effects on the chromatographic behavior of basic 
drugs than triethylamine, dimethyloctylamine, or ammonium  hydroxide 
[40]. The greater effi cacy of IL additives, relative to these amines, was 
ascribed to more effective sorption onto the stationary phase. The enhanced 
uptake was attributed to a combination of electrostatic interactions between 
the cation and the surface silanols augmented by hydrophobic interactions 
between the alkyl substituents on the IL cation with the alkyl ligands of the 
stationary phase. Indeed, increased lipophilicity of the IL cation provided 
better silanol-suppressing activity which was manifested in better peak 
shape, reduced tailing, and enhanced resolution (Figure 5.3). This approach 
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was found to be particularly advantageous for polar organics such as organic 
amines [39,41,42] and phenols [43]. However, this effect was mediated by the 
nature of the counter-ion [39].

Sorption of the IL cation:anion partners also modifi es the stationary phase 
which can introduce an ion-exchange type of retention. Further, either of 
the IL partners in the bulk mobile phase can serve as an ion-pairing agent 
for ionized analytes [44]. The extent to which any of these roles contribute to 
overall retention likely depends on the structure of the analytes as well as 
the lipophilicity of the cation, charge diffusivity of the anion, and concentra-
tion of the IL in the mobile phase.

5.6 Ionic liquids in capillary electrophoresis
Many of the properties noted for surface silanols on silica-based chromato-
graphic supports (e.g., protein adsorption, tailing of amines, and hydrolytic 
instability) are relevant for the fused silica surfaces of the capillaries used in 
CE. Hence, it is not too surprising that some of the strategies reported ear-
lier have been adapted to CE. For instance, polyvinylimidazolium coatings 
were shown to improve separation robustness for basic proteins by inhibit-
ing sorption onto the capillary walls [45]. However, ILs can also be found in 
numerous applications of CE, particularly for polar organic analytes, which 
are well described in the next chapter. In most of these studies, the rich 
potential interaction chemistries of ILs permit several likely roles for the IL 
additives including background electrolyte, bulk solution pseudostationary 
phase [46,47], and capillary wall modifi er. Some of these potential roles are 
illustrated in Figure 5.4 [48,49].
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Figure 5.3 Chromatograms of amines with mobile phases containing (a) water 
adjusted to pH 3 with HCl and (b) 30 mmol/L 1-ethyl-3-methylimidazolium tetra-
fl uoroborate. Chromatographic conditions: C18 column (5 µm, 150 × 4.6 mm ID); 
rate fl ow: 1.0 mL/min; detection at 254 nm. Peaks: (1) benzylamine; (2) benzidine; 
(3) N,N-dimethylaniline; and (4) N-ethylaniline. (Adapted from Xiaohua, X., Liang, Z., 
Xia, L., and Shengxiang, J., Anal. Chim. Acta, 519, 207–211, 2004.)
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5.7  Surface-confi ned ionic liquids as stationary 
phases in liquid chromatography

Analogous to the use of ILs as mobile-phase additives, it can be argued 
that once the IL is immobilized on a surface, it no longer constitutes a true 
IL. However, the IL paradigm offers a fresh approach for looking at inter-
molecular inter actions in retention processes while simultaneously offering 
potential for solving some of the most challenging problems confronting 
analytical separations.

5.7.1  Determination of void volumes for surface-
confi ned ionic liquids as stationary phases in 
high-performance liquid chromatography

One unique challenge in using SCILs as stationary phases in HPLC is the 
determination of the column-void or mobile-phase volume. Accurate determi-
nation of retention factors, k′, requires measurement of t0, the void volume.
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t t
t

r�
� 0
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In conventional chromatography, t0 is usually determined by measuring 
the time required to elute an analyte known not to interact with the station-
ary phase. A variety of strategies have evolved [50,51], each with their own 
strengths and weaknesses. For instance, in reversed-phase  chromatography, 
polar compounds such as uracil have been used. However, when using 
SCILs, identifi cation of a solute which does not interact with the multimodal  
stationary phase may prove elusive. An alternative strategy that has been 
used is to fi ll and weigh the column with two  different solvents having very 
different densities (e.g., dichloromethane: 1.32 g/mL at 25°C; hexane: 0.66 g/mL 

Figure 5.4 Scheme illustrating the mechanism for separation of polyphenols using 
1-alkyl-3-methylimidazolium-based ionic liquids. (Adapted from Yanes, E. G., Gratz, 
S. R., Baldwin, M. J., Robison, S. E., and Stalcup, A. M., Anal. Chem., 73, 3838–3844, 2001.)
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at 25°C) [52]. The difference in column weight, ∆w, can be related by the differ-
ences in solvent densities, ∆d, to the void volume, Vm, of the column through

 
V

w
dm �

∆
∆

It should be noted that this approach provides only a static estimate of the 
void volume of the column. It does not take into account any differences in 
stationary-phase solvation that is likely to occur in the presence of different 
solvent systems [53].

 5.7.2  Surface-confi ned ionic liquids as reversed-phase 
stationary phases in liquid chromatography

One of the earliest reports of SCILs in LC concerned the analysis of ephed-
rines [54] and tropane alkaloids [55]. In these studies, the N,N-dialkylimid-
azolium motif was covalently attached through a 3-mercaptopropylsilane 
linker. Retention of the analytes seemed to be governed predominantly 
through reversed-phase interactions. In comparison with conventional 
reversed-phase media, the IL-based stationary phase provided better peak 
shape and resolution while simultaneously allowing for reduction in the 
organic  content of the mobile phase.

Colón and coworkers [56] also used a propyl linker to covalently attach 
methyl- and butylimidazolium moieties to a silica support. Overall, reten-
tion for organic acids was slightly higher on the butylimidazolium phase 
which was ascribed to differences in the hydrophobicity contributed by the 
imidazolium substituent. In contrast to retention increases for acidic com-
pounds with increasing pH on ion-exchange columns, the authors report 
a decrease in retention which was ascribed to masking of surface silanols 
by reorganization of the imidazolium motif in compensation for increased 
silanols deprotonation (Figure 5.5) [56]. However, retention of the organic 
acids also seemed to rely on ion-exchange interactions.

In an investigation of the retention properties of a butylimidazolium 
phase covalently attached through an alkyl spacer to a silica support, the 
chromatographic retention factors for a training set of 28 aromatic analytes 
were determined using a range of methanol/water [57] or acetonitrile/water 
[58] mobile phases. In this work, the authors assumed that retention could be 
modeled as a linear combination of molecular interactions (e.g.,  hydrophobic, 
hydrogen bond acidity/basicity, dipole–dipole, and dispersive). The chro-
matographic data were subjected to a multiple linear regression analysis to 
extract the linear solvation free energy relationship (LSFER) coeffi cients [59]. 
Plots of experimental retention data versus the retention predicted (based 
on the LSFER coeffi cients) demonstrated that the LSFER model, with the 
selected molecular descriptors, did an excellent job of accounting for the 
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various  solute/stationary phase  interactions despite the presence of ionic 
moieties in the stationary phase. Interestingly, the stationary phase retained 
much of its reversed-phase character despite the incorporation of the imid-
azolium cation. Comparison of retention for a subset of the probe solutes 
obtained on the imidazolium column and retention reported in the literature 
[59] on  conventional reversed-phase columns revealed that the butylimid-
azolium stationary phase behaved somewhat like a phenyl phase, despite the 
 presence of the cation. Thus, while hydrophobic interactions are retained in 
the imidazolium-based phase, despite the presence of the cationic charge, at 
least some of the hydrophobic interactions with the stationary phase emanate 
from the imidazolium aromatic ring. Overall, the butylimidazolium column 
provided better discrimination between classes of aromatic compounds in 
acetonitrile/aqueous mixtures than in methanol/water. As noted previously 
in the case of separation of imidazolium cations on phenyl phases [23], the 
role of π–π interactions in retention could be mediated by the addition of 
acetonitrile, thus affording better discrimination based on other molecular 
features of the selected analytes.

5.7.3  Surface-confi ned ionic liquids as ion exchange-based 
stationary phases in liquid chromatography

One of the earliest indications of the potential of IL-based moieties for 
 biomolecule separations may be found by examining the report of a methyl 
imidazole-derived phase in HPLC [60]. In this study, it was found that at a pH 
below its pKa, the methyl imidazole-derived phase demonstrated enhanced 

Figure 5.5 Scheme illustrating potential reorientation of bonded imidazolium 
ligands in response to deprotonation of residual silanols. Anion is not shown for 
clarity. (Adapted from Wang, Q., Baker, G. A., Baker, S. N., and Colón, L. A., Analyst, 
131, 1000–1005, 2006.)
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affi nity for the ionized form of cyclic nucleotides, thus suggesting an electro-
static component to retention. Qui and coworkers also reported ion-exchange 
behavior that could be mediated by adjusting the mobile-phase pH when 
using a covalently attached imidazole phase [61]. The  elution of organic anions 
(e.g., sodium benzoate, sodium p-toluene sulfonic acid, and potassium hydro-
gen phthalate) after inorganic anions was interpreted as evidence for simul-
taneous ion exchange and reversed-phase activity on the imidazole phase. In 
a related study [62], retention of inorganic anions on a methylimidazolium-
based stationary phase showed a dependence on pH when using a phosphate 
buffer that seemed to be an artifact arising from the changing ionic strength 
near the pKa’s of the phosphate buffer.

Retention for nucleotides with varying degrees of phosphorylation 
obtained on a butylimidazolium phase revealed that higher phosphorylation 
also corresponded to higher retention [63]. In this study, it was found that 
in the range of 20–60 mM ammonium acetate, increasing buffer concentra-
tion correlated with reduced retention, consistent with an ion-exchange type 
of retention mechanism. Another study found protein peak effi ciency on a 
coated quaternized polyvinylimidazole stationary phase [64] to be dependent 
on stationary phase thickness and adsorption–desorption kinetics. Further, 
hydrophobic interactions are known to be important for protein separations 
even on ion-exchange media [65,66].

Other evidence for the contribution of electrostatic interactions to reten-
tion on SCIL phases may be found in a study by Sun and Stalcup [67]. In this 
work, it was reported that while the LSFER approach successfully accounted 
for intermolecular interactions responsible for retention of nonpolar solutes, 
inclusion of ionizable solutes such as pyridine or nitrophenol isomers seri-
ously degraded the correlation between experimental and predicted reten-
tion. Successful global application of an LSFER approach for a training set 
which includes ionizable analytes required incorporation of an additional 
descriptor to account for the degree of ionization [68] of the analytes as well as 
to account for the impact of electrostatic interactions. The additional descrip-
tor incorporated the mobile-phase pH as well as the acid dissociation con-
stant of the analyte.

5.7.4  Surface-confi ned ionic liquid stationary phases in liquid 
chromatography as model systems for liquid–liquid extraction

While applications and analysis of ILs may provide some guidance on poten-
tial applications of SCIL-based phases in LC, these phases may also provide 
useful information about ILs. As Poole points out [16], a key requirement 
for the successful integration of ILs in industrial processes is the ability of 
being applied to rapid liquid–liquid phase separation systems. Shake-fl ask 
 methods are commonly used to measure IL/water partition coeffi cients. 
However, the high viscosity and cost of these materials coupled with the 
time and effort required for traditional shake-fl ask methods render this 
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approach highly undesirable. Retention on reversed-phase HPLC columns 
has been shown to correlate with octanol/water partition coeffi cients or 
log P [69,70]. Super critical fl uid-chromatographic [71] data on IL-stationary 
phase have been found to correlate with IL/vapor partition data. Further, 
IL partitioning data have also been shown to correlate with octanol/water 
partitioning co effi cients [72]. Thus, it is not unreasonable to expect reten-
tion on SCIL-based phases to also correlate with the corresponding partition 
data [73]. Indeed, a recent report suggests that this may be another important 
application of SCILs [63].

5.8 Concluding remarks
SCIL sorbents are a rapidly emerging alternative in LC that are poised to 
address the critical need for novel and more universal separation strategies. 
These novel sorbent materials present unique potential separation capa-
bilities applicable to a broad range of compounds (e.g., polar organics and 
 biomolecules/biopolymers). Specifi c features of these sorbents which allow 
for this unique separation capability include the presence of a fuzzy ion with 
a delocalized charge which can promote interactions with neutral aromatic 
species, a scaffold for introducing additional functionality, and ion-exchange 
capability with potentially tunable hydrophobicity.

Currently, the fastest growing areas of HPLC separations are in the 
areas of biomolecule separations and LC-mass spectrometry (LC-MS) [74]. 
 Biomolecule separations are particularly challenging [75] because they 
 present a variety of interaction modalities ranging from hydrophobic to 
polar to  electrostatic. As indicated here, ILs can supply all of these inter-
action  modalities and their applications, thus far, in a variety of platforms, 
suggest that they may be particularly advantageous in addressing the critical 
challenges of polar organic and biomolecular separations.
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6.1 Capillary electrophoresis
Electromigration methods compose a family of analytical separation meth-
ods based on differences in the mobilities of charged analytes in the electric 
fi eld. In this chapter, we discuss mainly such electromigration methods that 
are performed in thin capillaries with inner diameter (i.d.) <0.1 mm. These 
methods are commonly known as capillary electrophoretic methods where 
the most important modes are capillary zone electrophoresis (CZE),  micellar 
electrokinetic capillary chromatography (MEKC), capillary gel electro pho-
resis (CGE), and capillary electrochromatography (CEC).

The migration of charged species under the infl uence of an externally 
applied electric fi eld is known as electrophoresis. Differences in the mobility of 
the analytes due to their average charge, size, shape, and properties of the used 
electrolyte solution form a basis of a valuable separation method in chemistry. 
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186 Ionic liquids in chemical analysis

According to Ref. 1, a Russian physicist Reuss carried out the fi rst  separations 
based on this principle already in 1809. He studied the  migration of  colloidal 
clay particles and discovered that the liquid adjacent to the  negatively 
charged surface of the wall migrated toward the negative  electrode under 
the infl uence of an externally applied electric fi eld.  Theoretical aspects of 
this electrokinetic phenomenon (electroosmosis by Reuss) were formulated 
in 1897 by Kohlrausch [2]. In the late 1800s and early 1900s, electrophoretic 
separations were carried out by several researchers in so-called U-shaped 
tubes. Starting in 1925 with his PhD thesis on the development of free 
moving-boundary electrophoresis, Tiselius advanced the analytical aspects of 
electrophoresis. This resulted in the separation of complex protein mixtures 
based on differences in electrophoretic mobilities [3]. In 1948, Tiselius was 
awarded the Nobel Prize for Chemistry for his work on electrophoresis. Pos-
sibilities of performing electrophoresis in capillaries were investigated by 
Hjertén [4], Everaerts [5], and Virtanen [6] but their work did not draw much 
attention to capillary electrophoresis (CE) until the studies of Jorgenson and 
Lucas appeared. They separated fl uorescent dansylated amino acids in a 
glass capillary with an i.d. of 75 µm. Applying voltages up to 30 kV, they pro-
vided the effi ciency of more than 400,000 theoretical plates within 25 min [7]. 
This effi ciency, not seen in separation science before, was mainly due to the 
fact that at diameters <100 µm the capillary wall dissipated the Joule heating 
generated in the buffer by electric current. Previously, that is, with capillar-
ies having an i.d. over 100 µm, the analyte peaks were heavily broadened 
due to the unevenly distributed heat in capillaries. After the decrease of the 
capillary i.d., broadening was markedly diminished and the determining 
factor of band broadening has molecular diffusion that, in general, is very 
low in liquids. After the landmark work by Jorgenson, interest in CE started 
to grow rapidly [8]. Although CE was initially heralded for its speed and low 
sample volume, the technique was widely accepted because it is quantitative, 
can be automated, and will separate compounds that have been traditionally 
diffi cult to handle by high performance liquid chromatography (HPLC). CE 
played a crucial role in determining the human genome sequence and CE is 
the basis for virtually all microfl uidics for lab-on-a-chip devices. CE can sepa-
rate polar substances, which are notoriously diffi cult to analyze with HPLC. 
Chiral separations are another area in which the use of CE has expanded. 
The small sample volumes required for CE can be an advantage with a lim-
ited sample amount. An area closely related to CE that has not yet achieved 
its limits is CEC that combines features of CE with LC by using capillaries 
packed with chromatographic materials. 

Will CE ever overtake HPLC? That is not an appropriate question any-
more. CE comes into its own for large molecules and when sample sizes 
are  limited. This appears to give its best applications a biological fl avor, 
and it can  powerfully address problems where HPLC has a little chance 
of  success—the Human Genome Project being the obvious example. Now 
that CE has been offi cially recognized by several regulatory agencies, the 
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Chapter six: Ionic liquids as background electrolyte additives 187

Food and Drug Administration and the Center for Drug Evaluation and 
Research among them—it has found a niche in quality assessment and 
quality  control (QA and QC) labs as well. And with CE’s hugely successful 
foray into genomics—it being the undisputed reason the Human Genome 
Project fi nished well ahead of schedule—the question is whether it can do 
the same for proteomics, the next phase of genomic research.

Instrumentation in CE is remarkably simple in design (see Figure 6.1). 
The heart of the instrument is a thin capillary with the diameter between 
10 and 100 μm and length 20–100 cm. The ends of the capillary are placed 
in a separate buffer reservoir, each containing an electrode. The sample is 
injected onto the capillary by temporarily replacing one of the buffer reser-
voirs (normally at the anode) with a sample reservoir and applying either 
an electric potential or pressure for a few seconds. Electric fi eld is generated 
by a high-voltage power supply which delivers bipolar voltage up to 30 kV. 
The applied higher voltages require special precautions for isolation. Also, 
a detector is needed to monitor the results of the separation processes. An 
optical or contactless conductivity detector can be placed directly through 
the capillary wall near the opposite end (normally near the cathode). Usually 
the absorbance of the analytes is measured by an UV–Vis spectrophotom-
eter but fl uorescence, electrochemical and mass spectrometric detectors are 
needed when detection limit requirements are not met by UV absorbance. 

Figure 6.1 A schematic representation of the arrangement of the main components 
of the capillary electrophoresis instrument.
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188 Ionic liquids in chemical analysis

Although conceptually simple, the instrumentation for CE is still rather 
 complex and expensive (about 50 K Euros) due to the high cost of detectors 
and sampling systems included in contemporary instruments.

6.2 Mobility in capillary electrophoresis
The movement of the charged analyte in the electric fi eld can be described in 
the simplest way by balancing two forces that infl uence the ion  movement. 
Ions are accelerated by the force of the electric fi eld Fe equal to Fe = zE, where 
z is the charge of the analyte and E is the electric fi eld strength. This accelera-
tion is balanced by the frictional resistance Ff of the environment, for which 
a spherical particle equals Ff = 6πηrν, where η is the viscosity of the medium, 
r is the radius of the analyte and v is the velocity of the analyte. If the two 
forces are equal, the analyte moves at the constant electrophoretic velocity 
 proportional to the strength of the electric fi eld as follows:
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In Equation 6.1 the proportionality constant
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is known as mobility.
It must be noted that the separation medium itself moves at a certain 

velocity. When a voltage is applied to the buffer-fi lled capillaries, a bulk 
fl ow appears, carrying the buffer through the capillary. This phenomena is 
known as electroosmotic fl ow (EOF) and is the result of the surface charge 
on the inside of the capillary wall. Most surfaces possess a negative charge 
which results from the ionization of the surface or the adsorption of ionic 
species. In fused-silica capillaries both processes occur and result in a nega-
tively charged capillary wall. Due to the negative charge of the capillary a 
layer of cations builds up near the surface to maintain the charge balance. 
This  creates a double layer of ions near the surface and an electrical potential. 
This is known as the zeta potential. When the voltage is applied across the 
capillary, the cations forming the double layer are attracted to the cathode. 
They therefore move through the capillary, and as they are solvated, drag the 
bulk solution behind them.

Equation 6.1 is valid for a macroscopic particle moving in a continuous 
medium. In electrophoresis where the analyte ion moves in the media where 
particle size is comparable with that of the analyte size, this is defi nitely not 
the case. Also, analyte ions are not spherical and the term of the ionic radius, 
the value of which is diffi cult to estimate, becomes ambiguous. Thus, even in 
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Chapter six: Ionic liquids as background electrolyte additives 189

the simplest case in the separation of Li+, Na+, and K+ ions, the elution order 
does not correspond to that predicted by Equation 6.1. Various improvements 
of Equation 6.1 have been provided (for discussion see [9]). For a reasonable 
approximation, the mobility of the analyte seems to be frequently propor-
tional to the following (charge–molar mass) ratio:

 
� ∝ z

M23
 

(6.3)

where the proportionality constant has to be determined experimentally 
and depends on the class of substances. 

If the analyte molecules cannot be charged, the electrophoretic separation 
of them is impossible. However, if some charged ingredient is added into 
the separation buffer to which the analyte ions have affi nity, it is possible to 
 separate them by partitioning the analyte between the free buffer and the 
ingredient. Assuming a simple mass action law A + C ↔ AC, where A is 
the analyte and C is the buffer ingredient, the equilibrium constant is K = 
[AC]/[A][C], where the brackets denote the molar concentrations of A, C, and 
AC. Now the analyte moves part of the time with the velocity of the separa-
tion media vEOF and part of the time with the velocity of the separation media 
plus the velocity of the charged complex: vEOF + v[AC]. The total velocity of the 
analyte is as follows:
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taking into account of the equilibrium, we obtain
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The best known CE buffer ingredient is sodium dodecyl sulfate (SDS) 
 proposed by Terabe [10,11]. SDS forms micelles and the separation of  neutral 
analytes is achieved by their partitioning between the buffer and the SDS 
micelles, that is, by their hydrophobicity. This is the basis of MEKC and the 
mobility of analytes correlates linearly well with logP values, where P is 
the octanol/water partition ratio. Many other buffer ingredients have been 
proposed. Most of them implement hydrophobic interactions between the 
analytes and the buffer ingredients but also ciral selectors have been used 
as well as various affi nity probes. Interest in the ILs used as buffer addi-
tives in capillary electromigration methods is due to the fact that they could 
provide an alternative separation mechanism to two currently implemented 
 mechanisms in CE which are based either on the charge to mass ratio or on 
the hydrophobicity of the analytes.
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190 Ionic liquids in chemical analysis

6.3 Nonaqueous solvents in capillary electrophoresis
The most widely used separation medium in CE is water, that is, an aqueous 
medium. If an organic solvent has been used instead, the term nonaqueous CE 
(NACE) is used in order to make the difference. Nonaqueous solvents were 
fi rst applied to conventional electrophoresis in the early 1950s [12,13]. The fi rst 
NACE experiments were carried out in 1984 by Walbroehl and  Jorgenson [14] 
and since then they have served as alternative media to the water environ-
ment in many electrophoretic applications [15–17].

Nonaqueous background electrolytes (BGEs) broaden the application 
of CE, displaying altered separation selectivity and interactions between 
 analytes and buffer additives as compared to aqueous BGEs. The interactions 
that are very weak or nonexistent in amphiprotic solvents may be strong in 
aprotic solvents. In addition, NACE appears to be ideally suited for online 
coupling with mass spectrometry (MS) due to high volatility and low surface 
tension of many organic solvents [18,19].

The major criteria for solvent properties in CE are:

Wide liquid range
High relative permittivity, so that the number density of charge  carriers 
is given directly by the nominal concentration of the BGE
Low viscosity and small molar volume to ensure high mobilities of 
ions
Good solvating power for both cations and anions of the BGE and 
analytes
Low vapor pressure up to the maximal temperature application
Chemical stability and nontoxicity

Table 6.1 shows some typical CE solvents with their physical and chemical 
properties.

Among the solvents, meeting all or most of the above-mentioned 
 criteria are acetonitrile (ACN), formamide, dimethylformamide,  methanol, 
propylene carbonate, dimethylsulfoxide (DMSO), nitromethane, and 
N,N-dimethylacetamide.

Organic solvents can also be classifi ed according to their ability to accept or 
transfer protons (i.e., their acid–base behavior) [20,21]. Amphiprotic solvents 
possess donor as well as acceptor capabilities and can undergo  autoprotolysis. 
They can be subdivided into neutral solvents that possess approximately 
equal donor and acceptor capabilities (water and alcohols), acidic solvents 
with predominantly proton donor properties (acetic acid,  formic acid), and 
basic solvents with primarily proton acceptor characteristics (formamide, 
N-methylformamide, and N,N-dimethylformamide). Aprotic solvents are 
not capable of autoprotolysis but may be able to accept protons (ACN, DMSO, 
 propylene carbonate). Inert solvents (hexane) neither accept nor donate 
 protons nor are they capable of autoprotolysis.

•
•

•

•

•
•
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Table 6.1 Properties of Some Solvents Used in Capillary Electrophoresis

Solvent

Abbre-
viated 

symbol Bp (˚C)

Vapor 
pressure
(mmHg)

Density
(g cm−3)

Visco-
sity
(cP)

Conduc-
tivity

(S cm−1)

Relative  
permit-

tivity

Dipole 
moment 

(D) pKauto

Donor 
number

Acceptor 
number Toxicitya

Water – 100 23.8 0.9970 0.890 6×10−8 78.39 1.85 17.51 – 54.8 –
Formic acid – 100.6 43.1 1.2141 1.966 6×10−5 58.5 1.82 – – 83.6 5
Acetic acid HOAc 117.9 15.6 1.0439 1.130 6×10−9 6.19 1.68 – – 52.59 10
Methanol MeOH 64.5 127.0 0.7864 0.551 1.5×10−9 32.7 2.87 16.91 – 41.5 200,T
Ethanol EtOH 78.3 59.0 0.7849 1.083 1.4×10−9 24.6 1.66 19.10 – 37.1 1000
1-Propanol 1-PrOH 97.2 21.0 0.7996 1.943 9×10−9 20.5 3.09 19.40 – 33.7 200
2-propanol 2-PrOH 82.2 43.3 0.7813 2.044 6×10−8 19.9 1.66 21.08 – 33.5 400
Acetone Ac 56.1 231 0.7844 0.303 5×10−9 20.6 2.720 – 17.0 12.5 750
Acetonitrile ACN 81.6 88.8 0.7765 0.34130 6×10−10 35.9 3.53 32.2 14.1 18.9 40,T
Formamide FA 210.5 1 1.1292 3.30 2×10−7 11120 3.3730 16.80 – 39.8 10
N-Methyl-
formamide

NMF 180–185 0.444 0.9988 1.65 8×10−7 182.4 3.86 10.74 – 32.1 10

N,N-Dimethyl-
formamide

DMF 153 3.7 0.9439 0.802 6×10−8 36.7 3.24 ∼29 26.6 16.0 10, T

Dimethyl 
sulfoxide

DMSO 189.0 0.60 1.095 1.99 2×10−9 46.5 4.06 31.8 29.8 19.3 –

Nitro-methane NM 101.2 36.7 1.1313 0.614 5×10−9 36.7 3.17 – 2.7 20.5 20
Propylene 
carbonate

PC 241.7 1.255 1.195 2.53 1×10−8 64.92 4.94 – 15.1 18.3 –

Ethylene 
carbonate

EC 248.2 3.495 1.3383 1.940 5×10−8
40 89.840 4.9 – 16.4 – –

Note: Unless otherwise stated, the data are at 25˚C. The temperatures other than 25˚C are shown as subscripts.
a The numerical value shows the threshold limit value, which is defi ned as the maximum permissible vapor concentration that the average person can 

be exposed to for 8 h/day, 5 days/week without harm, in ppm (cm3 of solvent per 1 m3 of air). The mark T shows the solvent has listed in Title III of 
the Clean Air Act (42 U.S.C. 7401–7626; Public Law 159 from July 14, 1955; 69 Stat. 322) and the Amendments of 1990 as a hazardous air pollutant.

Source: Compton, S. and Brownlee, R., Biotechniques, 6, 432–440, 1988. With permission.
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192 Ionic liquids in chemical analysis

6.3.1 Homo- and heteroconjucation

Adequate choice of organic solvents offers a new possibility for CE  sepa -
 rat  ions based on interactions that cannot occur or that can hardly be detected 
in an aqueous medium. For instance, nondissociated Brønsted acids  (phenols, 
 carboxylic acids, and alcohols) have been separated in ACN by use of their 
heteroassociation with small anions like Cl–, ClO4

–, and CH3COO– (Ac–). 
Due to the low electron acceptor (or hydrogen-bond formation) ability of 
that aprotic solvent, the added anions experience very weak solvation and 
 interact preferably with stronger hydrogen donors, like the Brønsted acids, 
leading to the formation of heteroconjugated anions [22–24]. The occurrence 
of this type of complexation would not be favored in a solvent like water, that 
has a strong solvation ability for hard cations.

In that instance, polyethers are unable to replace the water molecules 
existing in the solvation shell of the cation. CE separation has been carried 
out in methanol (MeOH) by Okada [25] based on the complexation of the 
uncharged analytes with cations such as Na+, K+, and NH4

+, allowing migra-
tion of the neutral molecules to the cathode.

In the case of heteroconjugation, the following reaction occurs X– + HA ↔ 
HAX–, where X– is the BGE anion, HA is an uncharged molecule and AHX– 
is a heteroconjugated complex. In order to keep proton transfer negligible, 
HX must be a much weaker acid than HA. Conjugation constants are much 
greater in protophobic ACN than in protophilic (MeOH, EtOH, DMSO, H2O) 
solvents. This is because HA is greatly stabilized by hydrogen bonding in 
the protophilic and only poorly so in the protophobic solvents.

Formation constant (Kf) of the heteroconjugated complex (1:1  complexation 
of analyte-anion) is given by

 Kf [AHX ]/[X ][HA]� � �

 (6.6)

where the square brackets indicate the concentrations of the species. The 
electrophoretic mobility (μep) of the complex can be described as

 
µ µep f f AHX(K [X ]/1 K [X ])� � � �

 (6.7)

where μAHX 
 is the limiting mobility of the complex. Equation 6.7 is valid only 

when (HA) is much lower than (X–) [24].

6.4 Ionic liquids in capillary electrophoresis
The separation medium inside the capillary has to be electrically conduc-
tive. It is easy to manipulate the conductivity of aqueous solutions as there 
are numerous salts soluble in that medium. With organic solvents, the 
choice of suitable salts/electrolytes is limited. One of the most widely used 
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Chapter six: Ionic liquids as background electrolyte additives 193

 electrolytes in the NACE is ammonium acetate and to a lesser amount the 
quaternary ammonium salts due to their favorable solubility in organic 
 solvents. To expand the usability of nonaqueous solvents in CE, a search 
for new  alternative electrolytes compatible with organic solvents is of great 
interest. One of such compounds might be so-called ILs.

ILs have often been more appropriately called designer solvents to  indicate 
the large structural variability of either the cation or the anion of the salt, 
which accounts for their broad application area. Early application of ILs for 
analytical separations has been described in several reviews [26–30]. Here 
we report some recent developments in this fi eld putting them into the 
 context of earlier developments. ILs can be used with aqueous buffers as well 
as with nonaqueous media buffers. At room temperature these liquids are 
 miscible with ACN (and with many other organic solvents) which makes it 
easy to use them for adjustment of analyte mobility and separation. The use 
of  nonaqueous solvents in the analysis has become a distinct fi eld of  interest 
in CE and is referred to here as NACE. Organic solvents are of  interest in 
capillary electroseparations because they extend the range of  application 
of CE techniques to more hydrophobic species, addressing one of the 
main limitations of this method. Their properties are governed by strong, 
proton donor–acceptor and orientation interactions.

6.4.1 Ionic liquids in nonaqueous capillary electrophoresis

Among BGE additives, dialkylimidazolium-based ILs are more widely 
used. These liquid organic salts were fi rst proposed by Vaher et al. for 
the  nonaqueous BGE system [31–33]. In these studies ILs were used as an 
 electrolytic ingredient for the BGE. The miscibility of ILs with ACN makes 
it easy to use them for adjustment of analyte mobility and for separation in 
NACE. Various ILs [CnC1Im] [X] (n = 4,8); X = PF6

–, CH3COO–, CF3COO–, 
(CF3SO2)2N–, CF3(CF2)2COO–) have been used for the separation of insoluble 
dyes [31], phenols, aromatic acids [32], and polyphenols [34] in ACN. The 
works of Vaher et al. demonstrated that ILs cannot change the direction of 
EOF in the capillary (i.e., the bulk fl ow was toward the cathode) in  various 
organic solvents. The migration direction of the analytes gives an evidence 
that they are negatively charged because they eluted after the EOF  neutral 
marker (which indicates that the neutral analytes had interaction with IL 
anions). The studies also revealed that the nature of the anionic part of 
ILs affects slightly the electrophoretic mobility and the IL concentration 
 infl uences the general electrophoretic mobility of the separation media 
(BGE). Separation of the dyes was achieved because they dissociate in the 
presence of ILs (as well as in that of some phenolic compounds) or associate 
with the IL  (phenolphtalein, thymolphthalein) anion via a process known 
as heteroconjugation [35]. In other words, separation of otherwise neutral 
 analytes is achieved because they become charged in the presence of ILs in 
the separation media or form a complex with the IL anion, in both ways the 
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194 Ionic liquids in chemical analysis

mobility of the solute is changed. It was found that the migration order of the 
analytes is based on the differences in the effective charge to hydrodynamic 
radius ratio of the analytes and the ability to form heteroconjugates with 
IL anions. In CE ACN is the main solvent where heteroconjucation based 
separations are observed and measured [23,35]. As Miller et al. have shown, 
by the separation of acidic solutes the combination of heteroconjugation and 
deprotonation can take place [36,16]. 

It has been shown [37] that choosing MeOH as a solvent, alkylimidazo-
lium salts can be used to separate a metal cation. The separation of Na+, 
K+, Ca2+, and Mg2+ ions was achieved by using 20 mM 1-butyl-3-methy-
limidazolium heptafl uorobutanoate ([C4C1Im][C3F7COO]) in MeOH with 
indirect UV detection in mineral water. Under the described conditions 
alkali and alkaline earth metal cations are well separated without using 
the complexing agents.

Borissova et al. [38] demonstrated that contactless conductivity  detection 
may be applied to the monitoring of the separation process in  nonaqueous 
separation media, allowing the use of the UV light absorbing in  imidazolium-
based electrolyte additives. Attempts to separate cations of ILs in pure ACN 
have failed. When the sample consists of toluene as a neutral marker, and 
traces of the IL, then the IL migrates slower than the neutral marker. This 
suggests that some form of retention against a neutral marker of the IL may 
occur in pure ACN. This observation may be explained by the  adsorption–
desorption of the IL on the capillary wall. The IL may migrate in this 
medium in the form of ion pairs whose cations interact with the capillary 
surface. The retention of ILs against the neutral marker disappears when 
their  concentrations in the sample are increased. From Figure 6.2a it is seen 
that the EOF velocity follows a decreasing trend with the increasing additive 
concentration. As shown in Figure 6.2b, the change in the migration of the 
analytes with the change of the BGE concentration follows a trend similar 
to the conductivity of the electrophoretic medium described in Ref. 39. The 
addition of IL to ACN increases the conductivity of BGE. The conductivity 
then reaches the maximum and relatively slowly decreases as the IL concen-
tration in the separation medium increases.

As illustrated in Figure 6.3a, the addition of 7 mM 1-ethyl-3-methylimid-
azolium ethylsulfate ([C2C1Im][C2SO4]) to ACN results in perfect separation 
of 1-butyl-3-methylimidazolium methylsulfate ([C4C1Im][C1SO4]), 1-octyl-
3-methylimidazolium hexafl uorophosphate ([C8C1Im][PF6]), and 1-decyl-3-
methylimidazolium bis(pentafl uoroethansulfonyl)imide ([C10C1Im][Pf2N]) 
(electropherogram b). In another experiment (Figure 6.3b), the addition of 
20 mM of 1-butyl-3-methylimidazolium trifl uoroacetate ([C4C1Im][FAcO]) to 
ACN led to total resolving of fi ve different cations of ILs. The separation may 
occur due to the interaction of analytes with IL ions in the separation media. 
The cations of analytes with different lengths of alkyl side chains interact 
differently with the BGE additive.
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Chapter six: Ionic liquids as background electrolyte additives 195

Figure 6.2 The effect of the concentration of added IL ([C4C1Im][FAcO]) to ace-
tonitrile on the mobility of electroosmosis (a) and on the actual electrophoretic 
mobility of cations of (■)—[C2C1Im] [C2SO4], ●—[C8C1Im] [PF6] and ▲—[C10C1Im] 
[Pf2N] (b) Copyright Wiley-VCH Verlag GmbH & Co. KGaA. (From Borissova, M., 
Gorbatšova, J., Ebber, A., Kaljurand, M., Koel, M., and Vaher, M., Electrophoresis, 28, 
3600–3605, 2007. With permission.)
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196 Ionic liquids in chemical analysis

Our recent study demonstrate [40] that a thermo-marker makes it possible 
to observe the change in EOF during the separation process (Figure 6.4) in 
organic solvents where ILs are used as BGEs. The comparison of the EOF 
value of a chemical marker with that of a thermo-marker showed that they 
are almost identical.

The separation mechanism in CE with IL ingredients has recently been 
studied very thoroughly by help of powerful mathematical tools like 
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Figure 6.3 Separation of ionic liquids in acetonitrile modifi ed with an IL  additive. 
(Reproduced from Borissova, M., Gorbatšova, J., Ebber, A., Kaljurand, M., Koel, M., 
and Vaher, M., Electrophoresis, 28, 3600–3605, 2007. Copyright Wiley-VCH Verlag 
GmbH&Co. KGaA. With permission.) (a)—additive is [C2C1Im] [C2SO4] (a—0.15 mM, 
b—7 mM, c—11 mM), 1—[C4C1Im] [MeSO4], 2—[C8C1Im] [PF6], 3—[C10C1Im] [Pf2N]; 
(b)—additive is [C4C1Im] [FAcO] (20 mM), 1—[C1C1Im] [C1SO4], 2—[C2C1Im] [C2SO4], 
3—N-butyl-3-methylpyridinium dicyanamide [C4C1py] [dca], 4—[C8C1Im] [PF6], 
5—[C10C1Im][Pf2N]. Applied voltage 18 kV; injection hydrodynamically h = 15 cm 
for 5 s.
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Chapter six: Ionic liquids as background electrolyte additives 197

 experimental design and solvatation linear free energy formalism. The 
aim of a study by Francois et al. was to elucidate the infl uence of the IL 
 concentration on the electrophoretic behavior of four arylpropionic acids and 
to identify the interaction between the analytes and the IL cation [41]. The 
presence of 1-n-butyl-3-methylimidazolium bis(trifl uoromethanesulfonyl)
imide ([C4C1Im][Tf2N]) in ACN/alcohol BGEs was investigated in this work. 
The infl uence on the mobility of the IL concentration, the nature and the pro-
portion of the organic solvents, and the concentration of the ionic components 
of the BGE was studied by a four-factor D-optimal experimental design. It 
provided a deeper insight into analyte interaction with the IL cation present 
both in the BGE solution and adsorbed onto the capillary wall. It was found 
that the electrophoretic mobilities of the analyte pass through a maximum for 
a given IL concentration (∼7 mM). Such a behavior was not anticipated from a 
simple possible interaction between the anionic analytes (profens) and the IL 
cation present in the BGE since it would have led to a monotonous decrease in 
the electrophoretic mobilities of profens. Instead, it may rather be explained 
by competitive interactions between the profen and the IL cation adsorbed 
onto the capillary wall or into the free IL cation present in the BGE. In effect, 
for the lowest IL concentrations, a chromatographic like interaction between 
the profens and the IL cations adsorbed onto the  capillary wall should lead 

Figure 6.4 Monitoring of electroosmosis stability during separation of derivatives 
of benzoic acid using a thermo-marker. TM1—fi rst thermo-marker, TM2—second 
thermo-marker; 1—aminobenzoic acid, 2—benzoic acid, 3—3,5-dihydroxybenzoic 
acid, 4—salicylic acid, 5—3,5-dinitrobenzoic acid. Background electrolyte: 5 mM 
[C4C1Im][FAcO] in acetonitrile.
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198 Ionic liquids in chemical analysis

to increased migration times which, in the counterelectroosmotic migration 
mode, may be interpreted as an apparent increase in  electrophoretic  mobility. 
Conversely, for IL concentrations higher than ca. 7 mM, the decrease in elec-
trophoretic mobility suggested that an ion-pair interaction between the 
anionic profen and the free IL cations in the BGE might become prevailing, 
after the capillary wall had been fully coated with the IL cation.

As it follows from the discussion above, to design the relevant separation 
protocol for given analytes in CE, it is required to develop a method by choos-
ing suitable ILs or mixtures of ILs and organic solvents, with exactly the right 
properties for chromatography and electrophoresis, especially in terms of vis-
cosity, conductivity, and absorbance of UV light. Determining these properties 
in ILs can be rather time-consuming and expensive, requiring individual tests 
for each property and large sample sizes (several  millilitres). To address this 
issue, a team of chemists from the École Nationale  Supérieure de Chemie de 
Paris, France, led by Pierre Gareil, has  developed a single test for measuring 
these properties, by taking advantage of CE [39]. In their test, a CE tube was 
fi lled with an IL and then its UV absorbance was measured using a standard 
diode array detector (DAD). To measure the viscosity, they introduced a plug 
of the fl ow marker (benzyl alcohol) into the tube and then injected the IL until 
the marker reached the end of the tube and was  spotted by the DAD. Using 
the Hagen–Poiseuille law, the time taken for the fl ow marker to reach the 
detector can be used to calculate the viscosity. Finally, the conductivity was 
calculated by simply applying a voltage across the tube and measuring the 
electric current after the fl ow marker had been pushed out. The test, which 
can be used with both pure ILs and mixtures of ILs and organic solvents, is 
quick and simple, and requires a sample volume of only 50 µL. The possibil-
ity of modeling viscosity of the mixtures of a given IL with various molecular 
solvents by a unique exponential function was  confi rmed and extended. For 
any IL, viscosity variations are practically independent of the organic solvent 
nature. A tendency was observed according to the  solvation ability of the IL 
anion by the solvent and according to the strength of the anion–cation inter-
action for the IL cation. The conductivity of IL–molecular solvent mixtures 
exhibits a nonmonotonous variation  whatever the couple tested, due to an 
overlay of ion-pairing loosening and dilution effects. Additional modeling 
of conductivity accounting for ion-pairing phenomena is clearly needed. The 
availability of these data should be a great support in various application 
areas, including the screening of new separation media for CE.

In the last years, ILs have been applied as matrices for matrix-assisted laser 
desorption/ionization (MALDI) MS [42], thus expanding the use of MALDI. 
In Ref. 38 the suitability of alkylammonium- and alkylimidazolium salts of 
α-cyano-4-hydroxycinnamic acid was investigated as a MALDI matrix and 
at the same time as the additive of BGE. The alkylammonium salt produced 
better separation of phenolic compounds than the alkylimidazolium salt. 
The investigation suggests that it is possible to synthesize ILs suitable for 
electrophoretic analysis as well as for online MALDI–MS analysis.
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Chapter six: Ionic liquids as background electrolyte additives 199

6.4.2  Ionic liquids as background electrolyte 
additives in aqueous media

Yanes and coworkers [43] demonstrated an application of IL for aqueous CE 
for the separation of phenolic compounds (fl avonoids) found in grape seed 
extracts. By using [CnC1Im]− (n = 2, 4) ILs as additives for the  running elec-
trolyte, a simple and reproducible electrophoretic method for the  separation 
of polyphenols was developed. It was speculated that the  separation mecha-
nism was based on an association between the imidazolium cations and the 
polyphenols. The role of the alkyl substituents on the imidazolium cations 
was investigated and discussed [43]. The anion has little effect on the separa-
tion while a related study demonstrated that interaction between phenolic 
compounds and the IL cations in water occurred through π–π interactions.

The imidazolium ions present in the CE BGE coat the capillary walls, 
 generating an anodic EOF at low pH values (see Figure 6.5). The direction 
and magnitude of EOF essentially depend on pH of BGE. The change of 
direction of EOF takes place between pH 7.5 and 8 in the case of 1-ethyl-3-
methylimidazolium tetrafl uoroborate ([C2C1Im][BF4]) [44].

The neutral polyphenols (pKa = 9.5 – 10.5) can associate with either the 
imidazolium cations coating the capillary wall or with the free cations in the 
bulk solution and thus be separated. Experiments show that the association 
of the polyphenols with the free imidazolium ion seems to dominate [43].

The species of both cation and anion of ILs have also a signifi cant  infl uence 
on separation. The increase of the carbon chain length of the cationic part of 

Figure 6.5 Mechanism of polyphenols’ separation using 1-alkyl-3-methylimidazo-
lium-based ionic liquids.
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200 Ionic liquids in chemical analysis

the IL [C2C1Im][BF4] versus [C4C1Im][BF4] provided better resolution and a 
wider separation window, but needed a longer analysis time. The infl uence 
of the anionic part for the separation was even more drastic: for the same 
organic cation, [C2C1Im]+, no separations were obtained with [TfO]– and 
NO3

– as counterions, while the counterion [BF4]– provided good,  reproducible 
separation.

Further research has supported previous fi ndings by Stalcup et al. [43]. 
It is well established now that with the presence of ILs as a running  buffer 
ingredient, the imidazolium ions coat the capillary walls. This fact can be 
advantageously implemented for improving the CE analysis. A common 
problem in the CE separation of basic proteins is the negatively charged 
surface, caused by the presence of silanol groups of the fused-silica 
 capillary material, which electrostatically attracts the positively charged 
sites of  proteins. When ILs were added to the running electrolyte, the basic 
proteins were repelled by the capillary wall because of the surface charge 
reversal, which improves the separation effi ciency and repeatability. Jiang 
et al. [45] added imidazolium-based ILs into the running electrolyte to 
dynamically coat the capillary for successful CE separation of basic pro-
teins (lysozyme, cytochrome c,  trypsinogen, and α-chymotrypsinogen A). 
Baseline  separation, high effi ciency, and symmetrical peaks were obtained 
during the separation of the four proteins. Again, the separation mecha-
nism that involves association between imidazolium cations and proteins 
was suggested.

In other applications, Cabovska et al. [46] investigated the CE behavior of 
monohalogenated phenols in the presence of [C2C1Im][BF4] and  compared 
the results with those obtained with tetraethylammonium  tetrafl uoroborate 
([(C2)4N][BF4]) electrolytes. CE results indicate that the interactions between 
halophenols and cations of the IL or tetra-alkylammonium salt are  similar 
to those reported previously for polyphenols. The halophenols behave as 
though carrying a positive charge through association with the cation of the 
 electrolyte. Separation was achieved for some bromo- and  iodophenols using 
both electrolytes, and partial separation was achieved for some  chlorophenols. 
The electrophoretic mobility of the fl uorophenols was too close to obtain 
 separation in every case. The affi nity toward the cations depends on the size 
of the halogen as well as the site of the substituents. Iodophenols have the 
largest negative electrophoretic mobility and the highest affi nity for the cat-
ions. In all cases, 2-substituted halophenols came out after the 4-substituted 
halophenols. In both cases, increased halogen size correlated with increased 
affi nity for the electrolyte cation. For isomers, the ortho-substituted isomer 
exhibited higher affi nity than the para isomer.

ILs were tested as additives to the phosphate–acetate buffer for the separa-
tion of chlorophenoxy and benzoic herbicide acids [47]. Again, it was found 
that in the 40 mM phosphate–acetate BGE containing 10% ACN and having 
pH 4.5, the addition of 10 mM 1-butyl-3-methylimidazoium could reverse 
EOF. The shoulder-merged peaks of two herbicide acids, 2,4-dichlorobenzoic 
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Chapter six: Ionic liquids as background electrolyte additives 201

acid and 3,5-dichlorobenzoic acid were successfully resolved by the addition 
of the IL cation. Apart from this, the results showed that different IL cations 
had different infl uences on the migration behavior of some of the analytes, 
while IL anions did not introduce any obvious difference to the separation.

In another study, Mwongela and coworkers reported the use of ILs as 
modifi ers in the separation of achiral and chiral analytes in MEKC together 
with polymeric surfactants [48]. IL appears to assist the separation of 
hydrophobic mixtures by maintaining adequate background current. ILs 
([CnC1Im][X] (n = 2,4, X = BF4

−, PF6
−, CF3SO3

−, Cl−) were applied to sepa-
rate two achiral mixtures (alkyl aryl ketones and chlorophenols) and one 
chiral mixture (binaphthyl derivatives). Their investigation showed that the 
presence of ILs rendered improved resolution and peak effi ciency. The poly-
meric surfactants and ILs were added to a low-conducting buffer s olution 
as a pseudostationary phase and its modifi ers, respectively. The separation 
of the analyte mixture depended on the interaction of the analytes with the 
polymeric surfactants, whereas the ILs infl uenced the migration time and 
peak effi ciency.

ILs have been used to separate and determine the purity of anthraqui-
nones. Rapid and sensitive determination of anthraquinones in Chinese herb 
using 1-butyl-3-methylimidazolium-based IL with β-cyclodextrin (β-CD) 
as a  modifi er in CZE was provided by Qi et al. [49]. Successful  separation 
and identifi cation of four anthraquinones of Paedicalyx attopevensis Pierre 
ex Pitard extracts has been achieved. In the running electrolyte the anthra-
quinones may associate with the imidazolium ions or with the β-CDs. 
They may be entirely or partly embedded in the cavity of the β-CDs, so the 
association with the free imidazolium ions in the bulk solution was weak 
and those  analytes, that were not embedded in the cavity of the β-CDs had 
rather  stronger  association with the imidazolium ions in the system. The 
 mechanism of separation is illustrated in Figure 6.6.

In another application, the IL was used to determine eight carboxylates 
as copper complexes [50] when a new IL dimethyldinonylammonium bro-
mide (DMDNAB) was compared to a common fl ow modifi er tetradecyltri-
methylammonium bromide (TTAB). As the metal complexes were negatively 
charged, the measurements were carried out in an anion mode with the fl ow 
reversal in the capillary. Better separation was achieved when DMDNAB 
was used as the fl ow modifi er. In both CE methods all the peaks in the 
 electropherograms were properly separated, the calibration plots gave good 
correlation coeffi cients and all eight carboxylates were detected in <7.5 min. 
The two methods were tested with natural water samples and a paper mill 
sample, and proved to be feasible.

In the study of Wang et al. [51], an IL ([C2C1Im][BF4]) and HP-β-CD as 
modifi ers were added to the buffer to separate hyperoside, luteolin, and 
chlorogenic acid. Experiments explored the effect of concentration of 
[C2C1Im][BF4] and HP-β-CD on separation. The results indicated that a 
simultaneous use of 1.0 mmol/L HP-β-CD and 1%(v/v) [C2C1Im][BF4] in the 
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202 Ionic liquids in chemical analysis

separation buffer enables one to achieve a good compromise in resolution 
and analysis time. 

ILs have been used for MEKC as modifi ers for the quantifi cation of the 
active components of lignans found in the medicinal herbs Schisandra species 
[52]. Preliminary investigations employing SDS alone as a surfactant did not 
lead to the necessary resolution of the studied compounds but the addition of 
[C4C1Im][BF4] to the SDS micellar system resulted in the complete s eparation 
of all the compounds. The method was successfully applied to determine 
lignans in extracts of Schisandra chinensis (Turcz.) Baill. and Schisandra  henryi 
C.B. Clarke in <13 min (5 mM borate–5 mM phosphate buffer in the  presence 
of 20 mM SDS and 10 mM [C4C1Im][BF4]). 

Speculating about the effect of ILs on the MEKC separation, the authors 
suggest that the addition of [C4C1Im][BF4] to typical anionic surfactant sys-
tems could dramatically affect MEKC separations. In SDS micelle solutions 
with only sodium counterions present, these positively charged i midazolium 
cations could be electrostatically attracted to the negatively charged SDS 
micelle surface. This would cause a neutralization of the effective head 
group charge and a reduction of the electrostatic repulsion between the 
charged hydrophilic headgroups of the surfactant molecules, thus affecting 
the size and shape of the micelles formed and thereby altering the sepa-
ration. According to Ref. 53, the lower electrostatic repulsion between the 
charged hydrophilic headgroups of ionic surfactants has caused a remark-
able decrease in the critical micelle concentration (CMC), as compared to that 
in pure water (8.1 mM). In this study, separation of the compounds could 
still be achieved even with 5 mM SDS, which is below the CMC of SDS. One 
possible explanation for the separation was the presence of some micellar 

Figure 6.6 Mechanism of separation of anthraquinones using [C4C1Im]-based IL 
and β-CD as BGE additives. (Adapted from Yu, L., Qin, W., and Li, S. F. Y., Anal. Chim. 
Acta, 547, 165–171, 2005. With permission.)
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Chapter six: Ionic liquids as background electrolyte additives 203

aggregate, which indicates the possibility that imidazolium cations have 
the ability to bind SDS. 

Marszałł et al. demonstrated that ILs are suitable modifi ers of the BGE 
for pharmaceutical analysis of the closely related drug analogs [54]. The 
study demonstrates the use of [C2C1Im][BF4] as modifi ers in the separation of 
nicotinic acid and its structural isomers by CE. The separation mechanism 
involved the free imidazolium ions which can interact with the inner  surface 
of the capillary wall. At certain IL concentrations (70 mM of IL), it stops 
the EOF. Increased [C2C1Im][BF4] concentration to 150 mmol/L caused a 
decrease of migration times of the analytes, an improvement of peak’s 
shape, and an increase in separation performances, however, in contrast to 
the  fi ndings of Yanes and Yu [43,47] this did not reverse the direction of 
EOF. Neither did the authors consider the possibility of heteroconjugation 
between the IL cation and the analytes (on improving separation but only on 
the basis of the charge to mass ratio).

Separation mechanism in CE with IL ingredients was further studied 
by Yue and Shi in the application of [CnC1Im] ILs for the separation of bio-
active fl avonoids as analytical probes [55]. In this study, a CZE method 
was established to resolve natural fl avonoids, quercetin, kaempferol, and 
isorhamnetin in the Chinese herbal extract from Hippophae rhamnoides and 
its medicinal preparation (Sindacon Tablet). The effects of the alkyl group, 
 imidazolium counterion (anionic part), along with the concentration of IL 
were investigated and discussed. When most of the authors have simply 
stated the association process occurring between the analytes and either 
IL cation or anion, Yue and Shi moved a bit further in their discussions of 
the separation mechanism. According to them the separation mechanism 
seems to be the hydrogen-bonding interaction between the imidazolium 
cations of the IL and the fl avonoids. To test the deduction, [C4C1C1Im][BF4], 
in which the hydrogen atom at C2 of the imidazolium cation was substi-
tuted by a methyl group, was added as an additive instead of the above IL. 
The resolution of fl avonoids was destroyed completely. The phenomenon 
illuminated that the interaction between the H2 and the analytes plays 
an important role in the separation of all fl avonoids. The possibility of 
formation of a complex between the fl avonoids and the borate anions was 
also studied. The experiments showed that the peaks of kaempferol and 
quercetin overlapped and migrated together when no IL was added in the 
buffer. The association of the fl avonoids and the imidazolium cation was 
demonstrated to be dominant. In case the IL concentration had been higher, 
the formation of micelles could have been the cause for separation. How-
ever, in this study, the formation of the pseudostationary phase seemed 
to be impossible because of the very low concentrations of IL. The resolu-
tion was improving with the increasing length of the alkyl group. This 
suggests that the strength of hydrogen bonding between hydrogen atom at 
C2 of the imidazolium cation with fl avonoid compounds is increasing with 
the increasing alkyl chain length in the  imidazolium cation. The comparison 
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204 Ionic liquids in chemical analysis

of [CnC1Im][BF4] (n = 2,3,5) and [C4C1Im][BF4] showed that the resolution 
with the latter additive yielded better separation. The reason could be the 
steric hindrance that prevented the [C5C1Im][BF4] from forming the hydro-
gen bonding with analytes. The role of hydrogen atom at C2 position was 
confi rmed further by a recent independent study of Jiang et al. [56]. In this 
work, [C2C1Im][BF4] was used for the coating of a silica capillary to reduce 
or invert the EOF in CZE. Excellent separations of amino acids and arylal-
kanoic acids were obtained. Such separations could not be obtained in a 
naked (an untreated) capillary in the presence of the cationic surfactants like 
cetyltrimethylammonium bromide (CTAB) or  polycationic polymer hexadi-
methrine bromide (HDB). The results indicate that [C2C1Im][BF4] does not 
only modulate the EOF but also acts as a discriminator. Further experiments 
indicated again that the interaction between hydrogen atom at C2 carbon 
of imidazolium ring and acid drugs plays an important role in the separa-
tion. The following experiments proved the theory assumed above. Instead 
of [C2C1Im][BF4], [C4C1C1Im][BF4], in which the hydrogen on the C2 carbon 
of the imidazolium cation was replaced by methyl, was added to the elec-
trolyte solution. The results showed that the resolution of acid compounds 
was completely destroyed. The phenomenon revealed that the interaction 
between the C2 carbon hydrogen and the analytes plays an important role in 
the separation of acidic drugs. The acceptor of hydrogen interaction between 
the C2 carbon hydrogen and the analytes was the atom of oxygen in amino 
acids and in arylalkanoic acids.

Simultaneous determination of bioactive fl avone derivatives in Chinese 
herb extraction by CE by using IL electrolyte systems was proposed by Qi 
et al. [57]. For comparison, the same study was carried out with borate as 
an electrolyte. IL was used as the main electrolyte for running buffer and 
β-CD was used as a modifi er. As a result of the study, the difference of ILs 
and borate in CE was discussed and the advantage of the IL was shown. The 
separation mechanism was based on the interaction between the negatively 
charged fl avone derivatives and the imidazolium cations as well as the β-CD. 
Successful identifi cation and separation of four bioactive fl avone derivatives 
of S. santolinum (Schrenk) Poljak extraction has been achieved. It was found 
that [C2C1Im][BF4] and [C4C1Im][BF4], used as the running electrolytes in CE, 
are better than the borate, especially at high ionic strength.

ILs have been used in the CE-electrochemiluminescence (ECL) method 
to determine bioactive constituents in Chinese traditional medicine [58]. 
CE/Tris(2,2-bipyridyl) ruthenium(II) (Ru(bpy)3

2+) ECL, CE-ECL, with an 
IL detection system was established to determine bioactive constituents in 
Chinese traditional medicine opium poppy, which contains large amounts 
of coexistent substances. Running buffer containing 25 mM borax–8 mM 
[C2C1Im][BF4] (pH 9.18) was used, which resulted in signifi cant changes in 
separation selectivity and obvious enhancement in ECL intensities for those 
alkaloids with similar structures. Quantitative analysis of four alkaloids was 
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achieved in <7 min. Detection limits of thebaine, codeine, morphine, and 
narcotine were 0.25, 0.25, 0.001, and 1 µM level, correspondingly. The method 
was successfully applied to determine the amounts of opium alkaloids in 
real poppy samples. 

The individual solutepseudo-hase interactions of aqueous micellar assem-
blies of (N-alkyl-N-methylpyrrolidinium bromide ([CnC1pyr]Br) were evalu-
ated based on the Abraham solvation parameter model correlations approach 
using MEKC [59]. The IL cation-derived surfactants examined in this study 
provided highly effi cient MEKC separations and, as with conventional surfac-
tants, the magnitudes of the linear solvatation free energy relationship (LSFER) 
coeffi cients showed that lipophilicity and hydrogen-bond acidity still play the 
most important roles in MEKC retention. Using CTAB as a point of reference, 
however, [CnC1pyr]Br micellar pseudophases provide unique solvent charac-
teristics and are less hydrophobic (i.e., have better ability to interact with polar 
compounds), more cohesive, and less polarizable. Surprisingly, no trends were 
found with alkyl tail length, showing the primary infl uence exerted by the 
nature of the head group on the chemical selectivity. Authors speculate that 
one can tailor the structure of IL-based surfactants in order to solve different 
separation problems requiring varied chromatographic selectivity. Further, 
their utility could be expected to be translated to other fi elds such as materials 
engineering and biotechnology. For example, the relatively high cohesivity of 
[CnC1pyr]Br micelle systems justifi es a moderate optimism in regard to their 
possible application as cationic detergents for the isolation, extraction, and/or 
solubilization of membrane receptors and proteins or these surfactants and 
subsequent IL analogs may one day fi nd use as emulsifi ers and dispersion 
agents in a wide range of areas from cosmetics to (possibly) biomedical use.

Last but not least, IL mixtures can also be analyzed by using CE [60]. The 
method, where citric buffer is used as the running electrolyte, is simple and 
reproducible. The separation of a standard mixture is in linear accordance 
with the relative molecular mass (Mr) of solutes regardless of the type of 
substitution (alkyl or aryl). The paper also discussed the applicability of a 
method for tracking the photo degradation kinetics of an exemplary IL.

6.4.3 Ionic liquids as modifi ers of capillary wall

To reverse the EOF direction in the silica capillary, ILs were also covalently 
bound to the internal capillary surface (by static coating). This approach was 
applied to separate positively charged drugs [61], DNA [62] and ammonium 
and metal ions by CE–potential gradient detection using ILs as BGE and 
covalent coating reagent [63,64]. Experiments showed that the covalently  ILs-
coated capillary could be used for at least 80 h with relatively stable EOF. 
Another advantage of covalent coating of capillary inner surface with ILs 
is the fact that the system becomes compatible with MS; whereas, dynamic 
coating is not compatible with MS (because the ILs are nonvolatile).
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To reduce the interaction between the analytes and the capillary wall, as 
well as to modify the magnitude and direction of EOF, the imidazolium-
based ILs were permanently bounded to the capillary wall in two different 
ways (Figure 6.7, heterogenous and homogenous) [65].

The effectiveness of the coating has been investigated by separating phe-
nolic compounds in the nonaqueous media. The EOF was found to be anodic 
and dependent on the pH of the separation buffer. In another study [66], 
imidazole containing zwitterionic salt (N-3-(-triethoxysilylpropyl)-4,5-dihy-
droimidazole) was attached to the silica capillary wall via the formation of a 
covalent bond (Figure 6.8).

In this case, the EOF was cathodic and its velocity remained almost  constant 
in the pH range of 4–7. The separation performance of IL-coated capillary 
in an aqueous buffer (sorbic acid) was proved by the separation of seven 
 alkylphosphonic acids and their esters. The separation was  accomplished in 
<6 min.
For more comprehensive coverage of the topic see the corresponding chapter 5 
in this book and reviews [26–29].

6.5 Concluding remarks
In conclusion, as follows from the discussion above, the chemistry of ILs 
as buffer systems in CE is rich and promising. Many questions remain still 
unanswered and the area of further research is extensive. IL applications have 
demonstrated its usefulness for separating diffi cult analytes like  positional 
isomers and for charging neutral hydrophobic analytes in NACE. 

Figure 6.7 The binding of ionic liquid to capillary wall by heterogenous way.
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Another important feature of ILs is that they can effectively reduce or 
reverse the EOF in the capillary. The latter is more pronounced if an IL is 
covalently attached to the capillary wall.
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212 Ionic liquids in chemical analysis

7.1 Introduction
Countercurrent chromatography (CCC) is a separation technique that uses 
a support-free liquid stationary phase [1]. Since the mobile phase is also 
 liquid, biphasic liquid systems are used. Ionic liquids (ILs), as a new class 
of solvents, should be evaluated in CCC.

CCC is that uses multipartitioning of solutes between two liquid phases to 
separate them. The affi nity of the solutes for the two liquid phases, called sol-
ute partitioning, will be the only physicochemical parameter responsible for 
solute separation by CCC. Since the CCC technique is not yet well known in 
the scientifi c community, it will be briefl y described and its capabilities will 
be exposed: why is it so interesting to work with a liquid stationary phase?

The properties of the ILs are extensively described by experts in other 
chapters of this book, so, only the specifi c properties essential when working 
with CCC will be briefl y tackled.

7.2 Countercurrent chromatography
7.2.1 A liquid stationary phase

CCC works with a liquid stationary phase and a  biphasic liquid system. 
Actually this is the main advantage and, at the same time, the main problem 
of the technique. The liquid stationary phase is used for its loading proper-
ties. Since the solutes have access to the volume of the liquid phase, slight 
overload problems occur. In the preparative liquid chromatography (LC) with 
the classical solid stationary phase, the solutes exchange between the mobile 
phase volume and the surface of the solid stationary phase. So this surface is 
rapidly saturated and overload problems occur. In high performance liquid 
chromatography (HPLC), the active stationary phase has a very limited vol-
ume (Figure 7.1).

Mobile
phase

Stationary
phase

CCC HPLC

Stagnant mobile
phase

Silica skeleton

Figure 7.1 Comparison of phase volumes inside  CCC and  HPLC column. The 
phase ratio, VS/VM is between 0.9 and 9 in a CCC column and 0.01 and 0.1 in a silica-
based HPLC column.
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In CCC, there are nothing else but mobile and stationary phases inside 
the column. Since it is possible to work with very high concentrations of 
solutes in CCC, the technique is mainly used in the preparative conditions. 
If the liquid nature of the stationary phase is the main advantage of CCC, 
it is also its main problem. Two frits at both ends of the column are what 
is needed to maintain a solid stationary phase. A liquid stationary phase, 
 without any support, is diffi cult to maintain really stationary.

7.2.2 A very simple retention mechanism

Partitioning of the solutes between the two liquid phases is the only 
 chemical mechanism responsible for solute separation. The retention 
equation is

 VR = VM + KDVS (7.1)

where VR, VM, and VS denote retention, mobile, and stationary phase 
 volumes, respectively. KD is the solute distribution ratio or partition coef-
fi cient in the biphasic liquid system used for separation. It is expressed 
as the ratio of the solute concentration in the stationary phase over the 
solute concentration in the mobile phase. As shown in Figure 7.1, the sum 
VS + VM is actually the column volume VC. So Equation 7.1 can be equally 
written as

 VR = VC + (KD – 1)VS (7.2)

The retention equation allows us to understand the fi rst major differ-
ence between the CCC solute retention and the retention obtained with 
any other chromatographic technique. Usually, in chromatography, the 
same solute mixture separated on the same column and using the same 
mobile phase produces the same chromatogram. If it is not the case, it is a 
sign of column wearing or problems in the hardware (pump, detector, or 
injector).

Figure 7.2 shows that in CCC, the observed chromatogram signifi cantly 
depends on the VS/VM phase ratio that is expressed using the stationary 
phase retention parameter Sf as

 Sf = VS  /VC (7.3)

For any CCC column, Sf is between 0 (no stationary phase is retained) and 1 
(no mobile phase inside the column). Often, Sf is expressed in percentage. 
Figure 7.2 also shows clearly that the resolution between peaks drastically 
depends on Sf. Naturally, if there is no stationary phase retained in a CCC 
column, there is no possible separation. All injected solutes will elute together 
at the column volume (VC).
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7.2.3 Two types of countercurrent chromatography columns

As noted previously, it is diffi cult to maintain a liquid stationary phase  without 
any support, especially when an immiscible liquid mobile phase is passed 
through it. It is for this reason that centrifugal fi elds are used in all modern CCC 
column applications. There are two types of CCC columns: a  hydrodynamic 
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Figure 7.2 Separation of a 10-solute sample with the same liquid system and the 
same 120 mL CCC column. (a) 108 mL of stationary phase are retained at 1400 rpm 
and 1 mL/min mobile phase fl ow rate. (b) VS = 84 mL at 1100 rpm, 1 mL/min. (c) VS = 
60 mL at 800 rpm, 1 mL/min. (d) VS = 36 mL at 600 rpm, 1 mL/min. The dotted 
 vertical line corresponds to the column volume and compound 7 with KD = 1 
 (Equation 7.2). (Adapted from Berthod, A., Countercurrent Chromatography: The 
Support-Free Liquid Stationary Phase, Elsevier, Amsterdam, 2002.)
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Chapter seven: Ionic liquids as stationary phases in CCC 215

column and a hydrostatic column, because there are two ways to contain a 
liquid stationary phase. Figure 7.3 is an oversimplifi ed sketch illustrating the 
two hydrodynamic and hydrostatic principles.

In hydrodynamic columns, there are spools of coiled tube that rotate on 
themselves and around a central axis. These combined rotations create a 
planetary motion with a highly variable centrifugal fi eld that produces 
 mixing zones followed by decantation zones (Figure 7.3). The stationary 
phase is partly retained inside the coils if the mobile phase is fl own the 
right way. The coil rotation produces an Archimedean force that pushes the 
liquid phases toward one end of the coil called the head (higher pressure). 

Mobile phase

Stationary phase

Connecting ducts contain the mobile phase only

Hydrodynamic succession of mixing and decantation zones 

Figure 7.3 Sketch illustrating the two kinds of CCC columns. (Top) Hydrodynamic 
columns contain a long coiled tube rotating in a planetary way that creates a succes-
sion of mixing and decantation zones always having the two liquid phases in contact. 
(Bottom) In hydrostatic columns, the stationary phase is contained in channels inter-
connected by ducts in which there is only mobile phase.
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216 Ionic liquids in chemical analysis

The other end is called the tail (lower pressure). If the mobile phase is the 
lighter (upper) liquid, it should be fl own entering the CCC column tail side 
and exiting from the head side. If the mobile phase is the denser and lower 
liquid phase, it should be fl own in the head-to-tail direction [1].

In hydrostatic columns, also called centrifugal partition chromatographs 
[2], there are disks containing engraved chambers or channels intercon-
nected by ducts. The stationary phase is maintained in the channels by a 
constant centrifugal fi eld produced by the disk rotation. Here also, the mobile 
phase should be fl own in the right direction. Figure 7.3 shows in black the 
light upper mobile phase that should enter through the channel bottom to 
move against the constant centrifugal fi eld G in an ascending way. The 
 bottom-to-top ascending way is similar to the tail-to-head way of the hydro-
dynamic column. It would be the opposite or descending way with a denser 
or lower mobile phase [2].

Table 7.1 compares the properties and features of the two types of CCC col-
umns and Figure 7.4 shows two examples of such different chromatographs.

The good points of the hydrostatic columns are their silent and smooth 
running and their ability to retain any biphasic liquid system, including the 
aqueous two-phase systems (ATPS). However, there is a pressure build-up 
in hydrostatic columns. Indeed, to force the liquid mobile phase through 
the liquid stationary phase contained in a particular channel, a small hydro-
static pressure is needed. This small pressure depends on the centrifugal 
fi eld (rotor rotation speed), liquid density difference, and the height of the 
stationary-phase liquid inside the channel. Since liquids transmit pressure, 
this small hydrostatic pressure adds up channel after channel and becomes 
signifi cant inside the hydrostatic column. Eventually, a pumping system 

Table 7.1 Main Features of the Two Types of Countercurrent 
Chromatography Columns

Countercurrent 
chromatography 
column Hydrostatic Hydrodynamic

Name and acronym Centrifugal partition 
chromatograph (CPC)

High-speed countercurrent 
chromatograph (HSCCC)

Liquid phase retained in Channels and ducts Coiled tubing
Number of axes of 
rotation

1 2

Centrifugal fi eld Constant Variable
Pressure Moderate (10–60 kg/cm2) Low (0.5–5 kg/cm2)
Noise Silent centrifuge Noisy gear assembly
Maintenance Rotating seals to lubricate 

and check
Flying leads to change 
every ∼500 h

General comments Good liquid phase 
retention, lower plate 
number or effi ciency

Diffi cult retention of some 
liquid systems, higher 
plate number or effi ciency
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Chapter seven: Ionic liquids as stationary phases in CCC 217

able to produce 20/50 kg/cm2 is needed to operate the column. Hydrostatic 
columns have a limited effi ciency (relatively low plate number per column 
volume) compared to the hydrodynamic columns that have a better plate 
number per column volume and work at a very low pressure (few kilograms 
per square centimeters) and no rotary seals. But there are biphasic liquid 
systems, such as the ATPS, that hydrodynamic columns have serious prob-
lems to retain and these columns generate a signifi cant amount of noise due 
to the gear assembly needed to produce the planetary motion. At the moment, 
both types of CCC columns have been equally developed and several com-
panies produce different column sizes, from the low analytical volume 
(~20 mL) up to the high preparative column volume (25 L).

7.2.4 The biphasic liquid system

A major difference between CCC and HPLC is the choice of chromato-
graphic conditions. In HPLC, the column (=the stationary phase) is selected: 
particle size, pore size and volume, bonding chemistry, column length, and 
diameter. For example, very often an octadecyl (C18)-bonded silica column is 
selected when working in the reversed phase LC (RPLC). Next, the mobile 
phase is prepared, independently selecting an organic modifi er, methanol 
or acetonitrile, a pH value, and a working temperature. This is absolutely 
not the way to work in CCC. Both the mobile and the stationary phases must 
be selected together. Since CCC works with biphasic liquid systems in equi-
librium, any change in one phase will induce a change in the other phase.

Figure 7.4 (See color insert following page 414.) (Left) The fast centrifugal parti-
tion chromatograph (FCPC) 100 chromatograph with hydrostatic column of 100 mL 
with integrated alternating pump and pilot electronics (www.armen-instrument.
com, Vannes, France); the upper inset shows a part of a disk with the engraved dou-
ble channels and connecting ducts. (Right) The Milli chromatograph with hydrody-
namic CCC column of 18 mL (www.DynamicExtractions.com, Uxbridge, UK).
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218 Ionic liquids in chemical analysis

Biphasic liquid systems used in CCC may have a wide variety of polarities. 
The most polar systems are the ATPS made by two aqueous-liquid phases, 
one containing a polymer, for example, polyethylene glycol (PEG), the other 
one being a salt solution, for example, sodium hydrogen phosphate. The 
less polar systems do not contain water; there can be two-solvent systems, 
such as heptane/acetonitrile or dimethylsulfoxide/hexane systems or mix-
tures of three or more solvents. Intermediate polarity systems are countless 
since any proportion of three or more solvents can be mixed.  Ternary phase 
diagrams are used when three solvents are mixed together.

7.3 Liquid systems with ionic liquids
7.3.1 A new class of solvents

As abundantly exposed in other chapters of this book, ILs are a new class of 
solvents. Recently, Seddon stated: Years ago, I predicted that ionic liquids would 
change the face of organic chemistry. It is clear now that they have the potential to 
revolutionize all activities where liquids can be used [3]. Since CCC uses liquid 
systems to separate molecules, ILs should be considered.

Pure ILs have a dual nature since they are actually molten salts or a 
 mixture of cations and anions. They were found to have a relatively high 
 solvent polarity, comparable to that of short-chain alcohols [4–5]. Since CCC 
needs to work with a biphasic liquid system, water-insoluble ILs should be 
selected if an aqueous phase is desired. 1-butyl-3-methylimidazolium hexa-
fl uorophosphate ([C4C1Im][PF6]) has limited water solubility (18 g/L or 1.3% 
or 63 mM [5]) and is easy to synthesize. It was the fi rst IL used in CCC [6].

An important property of ILs is their viscosity often higher than 
that of common molecular solvents. Liquids having viscosity >5–10 cP 
(0.005–0.01 Pa s) cannot be handled conveniently by classical chromatogra-
phic pumping equipment. Practical fl ow rates (1–5 mL/min) would generate 
very high pressure. It is possible to fi ll the CCC columns with ILs at low fl ow 
rates or by gravity and then to work using the ILs as stationary phases push-
ing the less-viscous liquid mobile phases at reasonable fl ow rates.

IL viscosity is extremely sensitive to additives [5]. Mixtures of IL and 
compatible solvents and water may produce biphasic liquid systems usable 
in CCC. The short-chain alcohol–[C4C1Im][PF6]–water and acetonitrile–
[C4C1Im][PF6]–water ternary phase diagrams have been studied [7]. Alcohols 
were found to have a tendency to dissolve preferentially in the aqueous 
upper phase producing an IL lower phase of limited volume and high viscos-
ity [7]. Acetonitrile partitions well between the upper aqueous phase and the 
lower IL phase, greatly reducing the viscosity of the IL-rich lower phase.

7.3.2  The acetonitrile–[C4C1Im][PF6]–water ternary phase diagram

Figure 7.5 shows the acetonitrile–[C4C1Im][PF6]–water ternary phase dia-
gram [7]. The three apexes of the right-angle triangle correspond to the 

CRC_46462_CH007.indd   218CRC_46462_CH007.indd   218 8/6/2008   2:52:25 PM8/6/2008   2:52:25 PM

© 2009 by Taylor & Francis Group, LLC



Chapter seven: Ionic liquids as stationary phases in CCC 219

0

10

20

30

40

50

60

70

80

90

100

0 10 20 30 40 50 60 70 80 90 100

BMIM PF6 (%)

A
C

N
 (

%
)

Binodal
40/20/40

30/40/30

45/10/45

100%
Water  

Figure 7.5 The acetonitrile–[C4C1Im][PF6]–water ternary mass phase diagram 
at room temperature. Closed symbols: compositions belonging to the 50:50 w/w 
[C4C1Im][PF6]–water initial mixtures (dotted line) that separate in two phases whose 
compositions are listed in Table 7.2 and located by the corresponding open symbols 
and tie-lines. (Adapted from Berthod, A. and Carda-Broch, S., J. Liq. Chromatogr. & 
Rel. Technol., 26, 1493–1508, 2003.)

three pure solvents. The thick line, called a binodal line, delineates the 
 compositions producing a single phase and those producing two phases. 
Three compositions were studied. Each composition separates in two liquid 
phases.

Table 7.2 shows full compositions and properties. The partition of ace-
tonitrile is about one-third in the upper aqueous phase and two-thirds in 
the lower IL phase. Then starting with an equal mass of IL and water, the 
upper phase occupies always a lower volume or has a lower mass than the 
lower phase. The best composition selected for CCC was water–acetonitrile–
[C4C1Im][PF6] (40:20:40 % w/w). This composition produced a good density 
difference between the two liquid phases (0.13 g/cm3, Table 7.2) as well as an 
IL lower phase viscosity of 3 cP (0.003 Pa s), low enough to allow for smooth 
pump operation.
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Table 7.2 Compositions of the Acetonitrile/[C4C1Im][PF6]/Water Biphasic Liquid Systems Shown in Figure 7.5

Point ● Point ■ Point ▲

H2O Acetonitrile
[C4C1Im]

[PF6]
H2O Acetonitrile

[C4C1Im] 
[PF6]

H2O Acetonitrile
[C4C1Im] 

[PF6]

% w/w 45 10 45 40 20 40 30 40 30

Aqueous upper liquid phase
Density (g/cm3)                             0.975 0.96 0.94
% w/w 96.8  2.5  0.7 92.2  7.8  1.0 75.5 20.0  4.5
% v/v 96.3  3.2  0.5 90.7  8.6  0.72 72.3 24.6  3.1
Molecular 
fraction

98.8  1.1  0.04 96.8  3.1  0.07 89.3 10.4  0.33

Ionic liquid-rich lower liquid phase
Density (g/cm3)                             1.19 1.09 0.96
Viscosity (cP or mPa s)               14        3 n.d
% w/w  4.5 16.0 79.5  7.0 28.0 65.0 16.0 48.0 36.0
% v/v  5.4 25.0 69.6  7.8 40.1 52.1 15.5 59.5 25.0
Molecular 
fraction

27.0 42.5 30.5 29.8 52.6 17.6 40.7 53.5  5.8

Upper over lower phase ratio
In mass 0.785 (44%/56%) 0.639 (39%/61%) 0.333 (25%/75%)
In volume 0.639 (39%/61%) 0.563 (36%/64%) 0.316 (24%/76%)
∆d g/cm3 0.215 0.31 0.02

Note: Viscosity is expressed on centipoises (cP) or millipascal second (mPa s); n.d.: the viscosity was not determined because it was too low for our 
apparatus (lower than 2 cP or mPa s).
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Figure 7.6 The [C4C1Im]Cl–K2HPO4–water ternary mass phase diagram at room 
temperature. Closed symbols: compositions prepared by weighting proportions 
that separate in two aqueous phases whose compositions are listed in Table 7.3 and 
located by the corresponding open symbols and tie-lines. (Adapted from Ruiz-
Angel, M.J., Pino, V., Carda-Broch, S., Berthod, A., J. Chromatogr., A, 1151, 65–73, 2007. 
With permission.)

7.3.3 An aqueous two-phase system with an ionic liquid

The two liquid layers of ATPS are aqueous solutions. Since their introduc-
tion by Albertson, ATPS have proved extremely useful to separate and 
purify biological material, especially proteins [8]. Earlier they were used in 
CCC for this purpose [9–10]. It has been reported recently that [C4C1Im]Cl, a 
fully water-soluble IL, is able to form two aqueous phases when K2HPO4 is 
added to its solution [11]. This biphasic system was used to fractionate opium 
 alkaloids, demonstrating its ability to dissolve molecules of intermediate 
polarity differently [12].

Figure 7.6 shows the [C4C1Im]Cl–K2HPO4–water mass ternary phase 
 diagram at room temperature. In that case there are three different zones: 
a single phase zone toward the water apex; a biphasic zone containing 

CRC_46462_CH007.indd   221CRC_46462_CH007.indd   221 8/6/2008   2:52:25 PM8/6/2008   2:52:25 PM

© 2009 by Taylor & Francis Group, LLC



222 Ionic liquids in chemical analysis

intermediate amounts of IL and phosphate salt, and a zone with saturated 
salts and the two liquid phases close to the hypotenuse of the diagram. The 
bimodal curve delineates the two liquid-phase zone usable in CCC.

Two compositions marked by close symbols were prepared and the two 
liquid phases obtained were fully analyzed as listed in Table 7.3.

The IL is mainly located in the upper phases of the ATPS. The lower 
phases contain the phosphate salt. Water is partitioning almost evenly 
between the two-liquid phases. By defi nition, all initial compositions belong-
ing to the same tie-line split into two liquid phases of identical composition; 
only the volume amounts (and the phase ratios) change. Since the tie-lines 
are, by chance, almost parallel to the water hypotenuse, the phase diagram 
clearly shows that the chemical composition of the two liquid phases crucially 
depends on the water content of the system.

7.4 Ionic liquids and countercurrent chromatography 
Pure ILs and liquid phases with viscosities higher than 5 cP (0.005 Pa s) 
cannot be used easily in CCC. The mobile phase has a problem when mov-
ing through a viscous stationary phase and vice versa. The two systems 
 presented in Figures 7.5 and 7.6 form the liquid phases of usable viscosities. 
Their capabilities were studied with CCC columns.

7.4.1 Liquid stationary-phase retention

A necessary condition to separate solutes in CCC is that the column retains 
some stationary phase. Equation 7.3 defi nes the stationary phase retention 

Table 7.3 Chemical Compositions of the Aqueous Two-Phase Systems 
[C4C1Im]Cl/K2HPO4/Water Corresponding to the Two Tie-Lines 

Determined and Presented in Figure 7.6

Point ● Point ◆

[C4C1Im]Cl K2HPO4 Water [C4C1Im]Cl K2HPO4 Water

% w/w 18 25 57 22 45 33

Upper phase ○ d = 1.095 (∆d = 0.147 g/mL) ◇ d = 1.072 (∆d = 0.595 g/mL)
% w/w 36  7.5 56.5 58.5  1.0 40.5
Molecular fraction  6.1  1.3 92.6 12.9  0.2 86.9

Lower phase ○ d = 1.242 g/mL ◇ d = 1.667 g/mL
% w/w  5 38 57  4 66 30
Molecular fraction  0.8  6.4 92.8  1.1 18.3 80.6

Upper over lower phase ratio
In mass 0.736 (42.4%/57.6%) 0.50 (33.3%/66.7%)
In volume 0.834 (45.5%/54.5%) 0.776 (43.7%/56.3%)

Note: [C4C1Im]Cl = 1N-butyl-3N-methylimidazolium chloride.
 ∆d is the density difference between the lower and the upper phase.
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Chapter seven: Ionic liquids as stationary phases in CCC 223

parameter Sf. It was demonstrated that Sf depends on the CCC column used 
and the CCC conditions: rotor rotation speed and mobile phase fl ow rate. 
The Sf parameter depends on the mobile phase fl ow rate F according to

 Sf = A – BF1/2 (7.4)

where A and B are constants that depend on the strength of the centrifugal 
fi eld (or on the rotor rotation speed). A is equal to or very close to unity or 
100% [13].

7.4.1.1 [C4C1Im][PF6]–Acetonitrile–water liquid system
The denser IL-rich liquid phases were used as the stationary phase and 
the upper aqueous phase was the mobile phase pumped in the tail-to-head 
(ascending) direction.

Table 7.4 lists the IL-rich stationary phase retention obtained with a 
53 mL hydrodynamic CCC column rotating at difference speeds. As expected, 
the constant A is close to 1, and the  constant B decreased from 0.76 to 

Table 7.4 Regression Parameters of the Sf = A − BF1/2 Lines

[C4C1Im][PF6]–Acetonitrile–water system

% w/w Rotor speeda

(rpm)
A B r2 Sf at 1 mL/

min (%)
FSf = 0

b

(mL/min)

40:20:40 519 0.94 0.76 0.998 18  1.5
626 1.01 0.44 0.989 57  5.3
727 1.04 0.40 0.989 64  6.8
829 1.03 0.32 0.981 71 10.4
928 0.94 0.17 0.975 77 30.6

45:10:45 534 0.98 0.67 0.984 31  2.1
631 1.04 0.54 0.986 50  3.7
731 0.96 0.35 0.992 61  7.5
835 0.91 0.25 0.991 66 13.2
932 0.86 0.17 0.999 69 25.6

[C4C1Im]Cl 15.6–K2HPO4 23.1–water 61.3% w/w aqueous two-phase systems
Hydrodynamic 
columna

500 0.66 0.36 0.91 30  3.3

900 0.80 0.41 0.94 39  2.0
Hydrostatic 
columnc

500 0.99 0.29 0.988 70 11.6

900 1.03 0.31 0.991 72 11.0
a Hydrodynamic CCC column of 53 mL, IL-rich stationary phase; the fl ow rate, F, was in the 

0.5–3 mL/min range in the tail-to-head direction.
b FSf = 0 = (A/B)2 is the fl ush away fl ow rate.
c Hydrostatic CCC column of 101 mL, 1060 channels. The fl ow rate was in the range of 0.5–3 mL/

min in the head-to-tail (hydrodynamic) or descending (hydrostatic CCC columns).
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224 Ionic liquids in chemical analysis

0.17 mL–1/2min1/2 as the rotor rotation increased from 520 to 930 rpm. From a 
practical point of view, it means that the CCC column was able to retain more 
than 70% of its volume in the stationary phase when it was rotating at more 
than 800 rpm and when the mobile phase fl ow rate was ≤1.5 mL/min.

7.4.1.2 [C4C1Im]Cl–K2HPO4–water aqueous two-phase systems
With the ATPS, the IL-rich phase is the lighter upper phase (Table 7.3). It 
implies that the denser mobile phase should be fl own in the head-to-tail 
direction in a hydrodynamic CCC column or in the descending direction in 
a hydrostatic column. Table 7.4 (bottom) shows that the IL phase retention 
by our hydrodynamic CCC column was extremely limited (less than 40% at 
900 rpm and 1 mL/min). It has always been observed that ATPS with PEG 
and phosphate salts are diffi cult to retain in hydrodynamic CCC columns 
[10,14]. Hydrostatic columns are more effi cient in retaining the IL-rich aque-
ous phase. Fifty percent of the hydrostatic column  volume was the IL-rich 
aqueous phase when the descending phosphate-phase fl ow rate was ≤1 mL/
min and the rotor rotation was at least 500 rpm (Table 7.4).

The study of the IL-rich upper aqueous phase retention of the [C4C1Im]
Cl–K2HPO4–water ATPS shows that hydrostatic columns are able to retain 
liquid systems poorly retained by hydrodynamic CCC columns. A few trials 
were done using the IL-rich phase as the mobile phase pushed in the ascend-
ing way. An acceptable retention of the phosphate-rich aqueous phase (72% 
at 1 mL/min and 900 rpm) was obtained with the hydrostatic column when 
no retention (Sf = 0%) could be obtained in all conditions with the hydrody-
namic column.

7.4.2 Solute partitioning in ionic liquid-containing liquid systems

Equation 7.1 shows that the retention volume of a solute can be used to 
 estimate its distribution constant, or the partition coeffi cient in the liquid 
system used in the CCC column:

 KD = (VR – VM)/VS (7.5)

Table 7.5 lists the partition coeffi cients KIL/w of a variety of chemicals 
obtained in the 40/20/40 [C4C1Im][PF6]–acetonitrile–water system [6]. Figure 7.7 
is a typical example of the KIL/w measurement for 4-nitrobenzoic acid.

A 53 mL hydrodynamic CCC machine was equilibrated with the 
40/20/40 biphasic liquid system. The results at equilibrium and 830 rpm 
were: VM = 15 mL and VS = 53−15 = 38 mL of IL-rich liquid stationary phase 
retained in the hydrodynamic column. The injection of the 4-nitrobenzoic 
solution at a mobile phase fl ow rate of 1 mL/min produced the chromato-
gram in Figure 7.7. The retention volume of 4-nitrobenzoic acid is 18.6 mL. 
Equation 7.5 gives the KIL/w coeffi cient of (18.6−15)/38 = 0.095.
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Chapter seven: Ionic liquids as stationary phases in CCC 225

Table 7.5 Solute Partition Coeffi cients Measured by Countercurrent 
Chromatography in Two Ionic Liquid-Containing Biphasic Liquid Systems

Solute KIL/w Log KIL/w Log Koct

[C4C1Im][PF6]–acetonitrile–water system 40/20/40
Aniline 12.4 1.09 0.915
Benzonitrile 37.2 1.57 1.575
3-Chlorophenol 28.6 1.46 2.485
Histidine 0.14 −0.85 −3.727
4-Hydroxybenzoic acid 1.3 0.11 1.557
2-Nitroaniline 35.4 1.55 1.798
4-Nitrobenzoic acid 0.095 −1.02 1.838
2-Nitrophenol 40 1.60 1.854
Phenol 11.3 1.05 1.475
Phthalic acid 1.4 0.15 0.732
2-Toluidine 21.6 1.33 1.364
Sulfacetamide 6.9 0.84 −0.976

[C4C1Im]Cl 15.6–K2HPO4 23.1–water 61.3 % w/w
Methanol 4 0.60 −1.00
Ethanol 7 0.85 −0.22
Propanol 13 1.11 0.26
Butanol 30 1.48 0.80
Pentanol 60 1.78 1.30
Hexanol 110 2.04 1.82
Penicillin G 120 2.08 1.83

Log KPEG
Cytochrome c 90 1.95 −1
Myoglobin 140 2.15 −0.5
Ovalbumin 180 2.26 0.08
Hemoglobin 220 2.34 1.5

Notes: KIL/w is the partition coeffi cient expressed as the solute concentration in the IL-rich liquid 
phase over the solute concentration in the other (acetonitrile or phosphate-rich) liquid 
phase. (Berthod, A. and Carda-Broch, S., Anal. Bioanal. Chem., 380, 168–177, 2004.)

  Log Koct is the octanol/water partition coeffi cient. (Berthod, A. and Carda-Broch, S., Anal. 
Bioanal. Chem., 380, 168–177, 2004.)

  Log KPEG is the protein partition coeffi cient obtained in the PEG–K2HPO4–water ATPS. 
(Wood, P.L., Hawes, D., Janaway, L., Sutherland, I.A., J. Liq. Chromatogr. & Rel. Technol., 26, 
1373–1396, 2003.)

The KIL/w coeffi cients of nonionizable solutes were all signifi cantly higher 
than their respective coeffi cient in the octanol/water reference system. 
Ionizable compounds have KIL/w coeffi cients close or lower to their Koct coef-
fi cients. However, since the liquid system was not buffered, they may be partly 
ionized that would decrease the measured coeffi cient. The ionized forms have 
a greater affi nity for the aqueous phase than for the IL-rich phase. The conclu-
sion of the study done with the [C4C1Im][PF6]–acetonitrile–water system was 
that the polarity of the IL phase is higher than that of ethanol or propanol [6].
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226 Ionic liquids in chemical analysis

Table 7.5 also lists the coeffi cients obtained in the IL-based ATPS for pro-
teins and short-chain linear alcohols [14]. The protein coeffi cients are two 
orders of magnitude higher than those obtained in the classical PEG 1000–
K2HPO4–water ATPS. The short-chain alcohols, a homologous series, have 
coeffi cients about one order of magnitude higher than their Koct coeffi cient. 
The partitioning of Penicillin G was recently studied in the same ATPS and 
similar results were obtained (Table 7.5) [15]. These results indicate that the 
IL-rich phase of the [C4C1Im]Cl–K2HPO4–acetonitrile–water system has a 
polarity much lower than the octanol phase of the reference system and also 
much lower than the PEG aqueous phase obtained with classical ATPS made 
with PEG 1000 and the same potassium hydrogeno phosphate salt [10,13,16].

7.5 Conclusion
CCC works with biphasic liquid systems. Since ILs are able to form such 
biphasic systems with a number of solvents, they have some potential uses 
in CCC. A low viscosity is desirable; this point is a serious problem preclud-
ing the use of ILs in CCC: many ILs have a viscosity >5 mPa s. Solvents such 
as acetonitrile can dramatically reduce ILs viscosity. Other potential draw-
backs in the use of ILs in LCs are the problems that could be encountered 
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Figure 7.7 CCC chromatogram of the 4-nitrobenzoic elution. Hydrodynamic CCC 
column 53 mL; rotor speed: 830 rpm; liquid system [C4C1Im][PF6]–acetonitrile–water 
40/20/40 %w/w; stationary phase IL-rich lower phase, VS = 38 mL; mobile phase: 
acetonitrile-rich upper phase, F = 1 mL/min in the tail-to-head direction; injection 
volume: 500 μL of a mixture of 6 ppm of 4-nitrobenzoic acid (retention time 18.595 
min) + 2.5 ppm phenylalanine (retention time 15.02 min) as a hold-up volume tracer; 
UV detection 254 nm.
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Chapter seven: Ionic liquids as stationary phases in CCC 227

in  continuous detection. Many ILs have a signifi cant UV absorbance (imid-
azolium or pyridinium rings) that limits the use of the most widely used 
UV detector. All ILs have a very low volatility that precludes the use of the 
evaporative light scattering detector and mass spectroscopy since these two 
detection techniques need to evaporate the mobile phase.

Compositions of the system [C4C1Im][PF6]–acetonitrile–water form two 
liquid phases that were used with hydrostatic and hydrodynamic CCC 
 columns. The polarity of the IL-acetonitrile liquid phase is as high as that 
of ethanol without being soluble in water. In another example, [C4C1Im]Cl, 
a fully water-soluble IL, was able to form an aqueous solution nonmiscible 
with a K2HPO4 aqueous solution. The separation capabilities of these two 
biphasic liquid systems were not fully exploited in CCC. It was shown that 
the polarity of the IL-based ATPS was very much different from that of 
the PEG 1000–K2HPO4–water ATPS commonly used in protein separation. 
Proteins as well as short-chain alcohols greatly favor the IL aqueous phase 
rather than the phosphate salt aqueous phase. Further studies are needed 
since it was found that the IL aqueous phase was very rapidly saturated by 
proteins. The CCC technique is mainly used to produce signifi cant amounts 
of purifi ed chemicals using as little solvent as possible. So the two liquid 
phases of the biphasic system selected must be able to dissolve signifi cant 
amount of the material to be purifi ed; otherwise it will not be possible to 
purify a large amount of material in one run.

Acknowledgments
Alain Berthod thanks the CNRS UMR 5180 (P. Lanteri) for fi nancial  support. 
Maria-Jose Ruiz-Angel thanks the Spanish Ministerio de Educación y Ciencia 
for a Ramón y Cajal contract. Samuel Carda-Broch thanks the Conselleria 
d’Empresa de la Universidad de la Generalitat Valenciana for a short stay 
fi nancing.

References
 1. Berthod, A., Countercurrent Chromatography: The Support-Free Liquid Stationary 

Phase, Comprehensive Analytical Chemistry, Vol. 38, Elsevier, Amsterdam, 2002.
 2. Foucault, A., Centrifugal Partition Chromatography, Chromatographic Science 

Series, Vol. 68, Marcel Dekker, New York, 1995.
 3. Seddon, K.R. cited in Freemantle, M., New frontiers for ionic liquids, C & EN, 

Jan. 1, 23–27, 2007.
 4. Waichigo, M.M., Riechel, T.L., and Danielson, N.D., Ethylammonium acetate as 

a mobile phase modifi er for RPLC, Chromatographia, 61, 17–23, 2005.
 5. Carda-Broch, S., Berthod, A., and Armstrong, D.W., Solvent properties of 

1-butyl-3-methylimidazolium hexafl uorophosphate ionic liquid, Anal. Bioanal. 
Chem., 375, 191–196, 2003.

 6. Berthod, A. and Carda-Broch, S., Use of the ionic liquid 1-butyl-3-methylimid-
azolium hexafl uorophosphate in CCC, Anal. Bioanal. Chem., 380, 168–177, 2004.

CRC_46462_CH007.indd   227CRC_46462_CH007.indd   227 8/6/2008   2:52:27 PM8/6/2008   2:52:27 PM

© 2009 by Taylor & Francis Group, LLC



228 Ionic liquids in chemical analysis

 7. Berthod, A. and Carda-Broch, S., A new class of solvents for CCC: The room 
temperature ionic liquids, J. Liq. Chromr.  Relat. Technol., 26, 1493–1508, 2003.

 8. Albertson, P.A., Partition of Cells and Macromolecules, Wiley, New York, 1971.
 9. Sutherland, I.A., Heywood-Waddington, D., and Ito, Y., Countercurrent 

 chromatography: Applications to the separation of biopolymers, organelles 
and cells using either aqueous—organic or aqueous—aqueous phase systems, 
J. Chromatogr., 384, 197–207, 1987.

 10. Knight, M., in Mandava, N.B., and Ito, Y. (Eds), Countercurrent Chromatography: 
Theory and Practice, Chromatographic Science Series, Vol. 44, Ch. 10, Marcel 
Dekker, New York, 1988.

 11. Gutowski, K.E., Broker, G.A., Willauer, H.D., Huddelston, R.P., Swatloski, 
J.D., Holbrey, J.D., Rogers, R.D., Controlling the aqueous miscibility of ionic 
 liquids: Aqueous biphasic systems of water-miscible ionic liquids and water-
structuring salts for recycle, metathesis and separations, J. Am. Chem. Soc., 
125, 6632–6633, 2003.

 12. Li, S.H., He, C.Y., Liu, H.W., Li, K., and Liu, J., Ionic liquid-based aqueous 
two-phase system, a sample pretreatment procedure prior to high-performance 
liquid chromatography of opium alkaloids, J. Chromatogr. B, 826, 58–62, 2005.

 13. Wood, P.L., Hawes, D., Janaway, L., and Sutherland, I.A., Stationary phase 
 retention in CCC: Modelling the J-type centrifuge as a constant pressure drop 
pump, J. Liq. Chromatogr. & Rel. Technol., 26, 1373–1396, 2003.

 14. Ruiz-Angel, M.J., Pino, V., Carda-Broch, S., Berthod, A., Solvent systems for 
CCC: An aqueous two phase liquid system based on a room temperature ionic 
liquid, J. Chromatogr., A, 1151, 65–73, 2007.

 15. Liu, Q., Yu, J., Li, W., Hu, X., Xia, H., and Yang, P., Partitioning behavior of 
 penicillin G in aqueous two phase system formed by ionic liquid and phosphate, 
Sep. Sci. Technol., 41, 2849–2858, 2006.

 16. Sutherland, I.A., Mandava, N.B., and Ito, Y. (Eds), Countercurrent Chromatography: 
In Theory and Practice, Chromatographic Science Series, Vol. 44, Ch. 11, Marcel 
Dekker, New York, 1988.

CRC_46462_CH007.indd   228CRC_46462_CH007.indd   228 8/6/2008   2:52:27 PM8/6/2008   2:52:27 PM

© 2009 by Taylor & Francis Group, LLC



229

chapter eight

Gas solubilities in ionic 
liquids and related 
measurement techniques
Joan Frances Brennecke, Zulema K. Lopez-Castillo, 
and Berlyn Rose Mellein

Contents

8.1 Introduction .......................................................................................229
8.2 Stoichiometric technique .................................................................230
8.3 Pressure drop technique ................................................................. 232
8.4 Gravimetric methods .......................................................................233
Summary .................................................................................................... 240
References ................................................................................................... 240

8.1 Introduction
There has been tremendous growth in interest in the solubility of various 
gases in ionic liquids (ILs), especially since the discovery that CO2 has a 
 relatively high solubility in these interesting materials [1]. However, even 
prior to that time there was a need for gas solubility measurements since a 
variety of reactions involving permanent gases had been performed in ILs. 
In fact, the use of ILs for gas separations and the possibility of doing reac-
tions that involve permanent gases in ILs are the two main reasons why gas 
solubilities in ILs have been studied extensively since 2000.

For gas separation and storage applications, one needs to know gas 
 solubilities to determine carrying capacities and selectivities. Since CO2 is 
 relatively soluble in ILs, they have been suggested for the removal of CO2 
from postcombustion fl ue gas, natural gas, and hydrogen [2]. They may also 
be suited for olefi n/paraffi n separations and drying of gases. Air Products 
has developed ILs for safe storage, transportation, and use of toxic gases, 
such as BF3 and PF3, used in the microelectronics industry [3].

Reactions that have been performed in ILs involving permanent reactions 
include oxidations, hydrogenations, and hydroformylations. In all cases, 
one must know the solubility in the IL solutions at the experimental partial 
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230 Ionic liquids in chemical analysis

pressure to determine the kinetics and obtain quantitative values of the reac-
tion rate constants.

One of the main impetuses for using ILs for gas separations and as 
a solvent for reactions involving permanent gases is that most ILs have 
extremely low-vapor pressures at normal operating conditions. Thus, one 
will not lose any of the solvent in the purifi ed gas stream or in the products. 
Another attractive feature is that ILs are highly tunable by varying the cat-
ion, anion, and substituents. Thus, they can be tailored for specifi c applica-
tions to optimize selectivity, capacities, reactant or product solubilities, and 
rates.

For real reaction and separation systems, one is frequently interested in 
the solubility of gases when they are present in a mixture. Thus, both pure 
gas and mixed gas solubilities are of importance. Here we will focus on 
the solubility of pure gases in ILs. We will describe various methods that 
have been used to measure the solubility of pure gases in ILs. Some of 
these  methods are general techniques for measuring gas solubility in liq-
uids. However, some are uniquely suited for determining gas solubilities in 
ILs, which frequently have negligible volatility at the temperatures under 
investigation. The techniques described include the stoichiometric tech-
nique, the pressure drop technique, and various gravimetric methods. Of 
course, one can also determine gas solubilities with various in-situ spectro-
scopic techniques, such as Fourier transform infrared spectroscopy (FTIR) 
for CO2. However, quantitative measurements require knowledge of how 
 extinction coeffi cients vary with temperature and pressure, which intro-
duces  additional complexity into the measurements and thus are not cov-
ered here.

8.2 Stoichiometric technique
The stoichiometric (or synthetic) method, and variations thereof, involves 
metering in known amounts of liquid and gas into a high-pressure viewcell 
and determining the gas solubility in one of several ways. One technique is 
to accurately measure the volume of the cell and the volume of the vapor and 
liquid phases. This information is used to determine the number of moles of 
gas remaining in the gas phase and, subsequently, the number of moles of 
gas dissolved in the liquid, by difference. A typical apparatus based on this 
technique is shown in Figure 8.1. The main components of the system are a 
feed pump to deliver the gas, temperature, and pressure indicators and 
 controllers, a water bath to maintain the cell at constant temperature, a 
 cathetometer to measure the volume of the liquid in the cell, an optically 
transparent cell and cell holder (a sapphire tube rated to several hundred 
bars can be obtained readily), and an agitation system to stir the sample. In a 
typical experiment, the dry IL is loaded into the cell in a glove box under a 
dry nitrogen atmosphere to avoid inadvertent sorption of water from the 
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Chapter eight: Gas solubilities in ionic liquids and related measurement techniques 231

atmosphere. The cell is then attached to the apparatus and placed in the 
 constant-temperature water bath to reach thermal equilibrium. A known 
amount of gas is added to the cell and the liquid is stirred until equilibrium 
is attained (i.e., no further change in pressure). An accurate equation of state 
for the pure gas is used to determine the number of moles of gas remaining 
in the gas phase. Since the IL is nonvolatile at test conditions, the gas phase 
is, in fact, pure gas. Knowing the number of moles of gas that have been 
introduced into the cell, the amount of gas dissolved in the liquid can be 
determined by difference.

Another variation of the stoichiometric method involves loading known 
amounts of gas and IL into the cell and then increasing the pressure (at con-
stant temperature) until all the gas dissolves in the liquid and, consequently, 
the vapor phase disappears. Using different loadings of the gas, one can 
determine the solubility at various different pressures and temperatures. 
Mercury was used as the pressurization fl uid by Peters and coworkers to deter-
mine gas solubilities in ILs [4]. Maurer and coworkers used a similar method, 
but they introduced and withdrew additional known amounts of the IL to 
pressurize or depressurize the mixture and observe the phase change [5].

Representative data for CO2 solubility in various ILs obtained in a high-
pressure stoichiometric apparatus is shown in Figure 8.2. We compare the 
solubility of CO2 in four different imidazolium-based ILs [6,7]. While the 

Pressure gauge
Pressure gauge

Gas vessel water bath

Sample cell

IL

Hand pump

Gas in

Figure 8.1 Simplifi ed schematic of the stoichiometric gas solubility apparatus.
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232 Ionic liquids in chemical analysis

 solubility is quite substantial in all the ILs, it is lowest in 1-butyl-3-methyl-
imidazolium hexafl uorophosphate ([C4C1Im][PF6]). The solubility increases 
substantially when the [PF6]− anion is replaced by the [Tf2N]− anion in 
1-butyl-3-methylimidazolium bis(trifl uoromethylsulfonyl)imide ([C4C1Im] 
[Tf2N]). Increasing the length of one of the alkyl chains from butyl to hexyl 
in 1-hexyl-3-methylimidazolium bis(trifl uoromethylsulfonyl)imide ([C6C1Im] 
[Tf2N]) increases the solubility slightly, likely due to the concomitant decrease 
in density and increase in free volume. Even further increases in CO2 solu-
bility can be achieved by replacing the anion with a fl uoroalkyl phosphate. 
Specifi cally, CO2 solubility in 1-hexyl-3-methylimidazolium tris(pentafl uo-
roethyl)-trifl uorophosphate ([C6C1Im][eFAP]) is shown in the Figure 8.2.

8.3 Pressure drop technique
In the pressure drop technique, a known number of moles of gas (determined 
by accurate measurements of temperature and pressure in a precalibrated vol-
ume) is secured in one section of the apparatus. The IL is metered into another 
section, whose volume is also known accurately. Then a valve is opened and 
the gas is allowed to expand into the entire apparatus, dissolving in the IL. 
Measurement of the full pressure drop when equilibrium is reached allows the 
number of moles of gas to be determined in the vapor phase and, subsequently, 
the number of moles in the liquid phase to be determined by difference.
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Figure 8.2 CO2 solubility in [C4C1Im][PF6], [C4C1Im][Tf2N], [C6C1Im][Tf2N], and 
[C6C1Im][eFAP] at 60ºC. (From Aki, S. N. V. K. et al., J. Phys. Chem. B, 108, 20355, 2004; 
Muldoon, M. J. et al., J. Phys. Chem. B, 111, 9001, 2007.)
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Equilibration vessel

Gas vessel

Vacuum pump

Gas in

IL in

Figure 8.3 Pressure drop apparatus for determining gas solubilities.

While this technique can be used for gas solubility in volatile liquids, 
where the vapor pressure of the liquid is determined prior to the introduc-
tion of the gas, it is uniquely suited for the measurement of gas solubilities in 
ILs because the gas phase remains pure. This is the technique used by Costa 
Gomez and coworkers [8–10] to measure the solubility of various gases in 
ILs and a schematic of the apparatus is shown in Figure 8.3. These appara-
tuses are frequently made entirely from glass and, therefore, are limited to 
low-pressure operation. Nonetheless, this makes them ideal for determining 
Henry’s law constants.

Data determined by the pressure drop technique [9] are shown in Figure 8.4. 
The solubility of CO2, CH4, and O2 in 1-butyl-3-methylimidazolium tetra-
fl uoroborate [C4C1Im][BF4]) at 303 K shows the much greater solubility of 
CO2 compared to CH4 and O2. Henry’s law constants can be determined 
from the slopes of these graphs.

8.4 Gravimetric methods
The method most widely used to determine gas solubilities in ILs is gravi-
metric. As we fi rst showed in 2001 [11] gravimetric techniques are unique, suited 
to measure the solubility of gases and vapors in ILs because the liquid does not 
evaporate into the vapor, complicating the measurements. Thus, apparatuses 
designed to measure gas sorption on solids can be used readily for ILs.
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234 Ionic liquids in chemical analysis

The simplest form of gravimetric determination of gas solubility is to 
 bubble the gas through a cylinder containing the IL and to weigh the cyl-
inder before and after. While somewhat crude, this is one of the methods 
used by Davis and coworkers to determine large uptake of CO2 by an IL that 
had been functionalized with a free amine [12].

More accurate gravimetric measurements can be made with gravimetric 
microbalances. For instance, a schematic of the Hiden Intelligent Gravimetric 
Analyzer (IGA003) is shown in Figure 8.5. A schematic of another gravimet-
ric balance is shown in Figure 8.6.

The Hiden microbalance consists of a sample pan and counterweight 
 symmetrically confi gured to minimize buoyancy effects. Since the balance 
has a 1 µg stable resolution, IL samples as small as 75 mg can be used. The IL 
samples should be predried, but they can be further dried in-situ by evacuat-
ing the chamber (to a ca. 10−9 bar with a turbomolecular pump) and heating, 
if  necessary. After a steady weight is obtained, gas is introduced into the 
chamber at a specifi ed pressure and the chamber is maintained at the set 
point temperature. The weight is monitored as a function of time as the IL 
sample absorbs the gas. The weight change is monitored until the mass did 
not change signifi cantly for a signifi cant period, after which the sample is 
deemed to have reached equilibrium, thus yielding a single point on the 
absorption isotherm. This process can be repeated through a predetermined 
set of pressures until the maximum pressure is reached. Following this, it is 
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Figure 8.4 Solubility of CO2, CH4, and O2 in [C4C1Im][BF4] at 303 K, as determined 
by the pressure drop technique. (From Jacquemin, J. et al., J. Chem. Thermodyn., 38, 
490, 2006.)
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Figure 8.5 Schematic of intelligent gravimetric analyzer (Hiden Analytical Limited, 
England).
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Figure 8.6 Schematic of Rubotherm magnetically coupled microbalance (Rubotherm, 
Germany).
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236 Ionic liquids in chemical analysis

advisable to reverse the process; lowering the gas pressure above the sample 
gradually in a series of small desorption steps, during which the decrease in 
sample mass is recorded. This yields a complete absorption/desorption 
 isotherm. The degree of hysteresis between the two isotherm branches gives 
an indication of the accuracy of each value.

There are two factors critical in performing experiments with a gravi-
metric microbalance. Firstly, great care must be taken to account for buoyancy 
effects in the system, even when a symmetric balance is used. This requires 
accurate knowledge of the gas density, which can be determined from an 
accurate pure component equation of state. One must also know the density 
of the IL as a function of temperature and make the assumption that the 
sorption of gas into the IL does not dramatically change the density (unless 
independent measurements of IL/gas mixture densities are available). 
Secondly, suffi cient time must be allowed for the system to reach equilib-
rium. The microbalance does not have any stirring and, therefore, relies 
on the diffusion of gas into the IL. Since ILs can be somewhat viscous, 
 equilibrium time can be several hours per point, depending on the IL.

The Rubotherm magnetic suspension balance (Rubotherm, Germany) 
works on a similar principle, except that it is equipped for a high-pressure 
(to 500 bar) operation. In addition, the balance is magnetically coupled to 
the sorption chamber, so the balance is not contacted by the gas, allowing 
investigation of more toxic and corrosive gases, such as SO2 [13]. To obtain 
accurate results typical sample sizes are on the order of a gram, which trans-
lates to longer diffusion times.
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Figure 8.7 Absorption and desorption curves for CO2 in [C6C1Im][Tf2N] at 25ºC.
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Chapter eight: Gas solubilities in ionic liquids and related measurement techniques 237

Absorption and desorption curves for CO2 sorption into ([C6C1Im][Tf2N]) 
at 25ºC, for the Hiden IGA003 are shown in Figure 8.7. Clearly, the data 
points are at equilibrium, with no hysteresis apparent. Comparative data of 
the solubility of CO2 in [C6C1Im][Tf2N] and in ([C4C1Im][Tf2N]) at 25ºC [7,14] 

from this apparatus are shown in Figure 8.8.
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Figure 8.8 CO2 solubility in [C4C1Im][Tf2N] and [C6C1Im][Tf2N] at 25ºC. (From 
 Muldoon, M. J. et al., J. Phys. Chem. B, 109, 6366, 2005.)
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Figure 8.9 Schematic of quartz crystal microbalance apparatus.
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Table 8.1 Examples of Henry’s Law Constants for Gas Solubilities in Various Ionic Liquids

Cation Anion Gas
Henry’s law 

constant (bar) References

[C2C1Im] [Tf2N] CO2  35.6 17
[C2C1C1Im] [Tf2N] CO2  39.6 17
[C3C1Im] [PF6] CO2  52.0 15
[C3C1Im] [Tf2N] CO2  37.0 15
[C4C1Im] [PF6] CO2  53.4 18

 57.1 19
[C4C1Im] [BF4] CO2  59.0 14

 60.2 19
[C4C1Im] [Tf2N] CO2  33.0 14

 37.0 15
[C4C1C1Im] [PF6] CO2  61.8 17
[C4C1C1Im] [BF4] CO2  61.0 17
[C5C1Im] Tris(nonafl uorobutyl)trifl uoro-

phosphate
CO2  20.2 7

[C6C1Im] Tris(pentafl uoroethyl)trifl uoro-
phosphate

CO2  25.2 7

[C6C1Im] Tris(heptafl uoropropyl)trifl uoro-
phosphate

CO2  21.6 7

[C6C1Im] [Tf2N] CO2  35.0 15
 31.6 20

[C8C1Im] [Tf2N] CO2  30.0 15
1-Methyl-3-(3,3,4,4,5,5,6,6-nonafl uorohexyl)
imidazolium

[Tf2N] CO2  28.4 7

1-Methyl-3-(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafl uorooctyl)
imidazolium

[Tf2N] CO2   4.5 15

  6.0 16
 27.3 7

C
R

C
_46462_C

H
008.indd   238

C
R

C
_46462_C

H
008.indd   238

8/7/2008   3:23:13 P
M

8/7/2008   3:23:13 P
M

©
 2009 by T

aylor &
 Francis G

roup, L
L

C



C
hapter eight: 

G
as solubilities in ionic liquids and related m

easurem
ent techniques 

239

1,4-Dibutyl-3-phenylimidazolium [Tf2N] CO2  63.0 15
1-n-Butyl-3-phenylimidazolium [Tf2N] CO2 180.0 15
Methyl-tri-butyl-ammonium [Tf2N] CO2  43.5 14
1-n-Butyl-methylpyrrolidinium [Tf2N] CO2  38.6 14
1-n-Hexyl-3-methylpyridinium [Tf2N] CO2  32.8 7
(1-Methylimidazole) (triethylamine)boronium [Tf2N] CO2  33.1 7

[C4C1Im] [Tf2N] CO  950 (295 K) 21
N-Hexylpyridinium [Tf2N] CO 1140 (295 K) 21
1-n-Hexyl-3-methylpyridinium [Tf2N] CO  880 (295 K) 21
1-n-Butyl-methylpyrrolidinium [Tf2N] CO 3260 (295 K) 21
(2-Hydroxyethyl)butyl dimethylammonium [Tf2N] CO 1240 (295 K) 21

[C4C1Im] [BF4] O2  368 (314 K) 8

[C4C1Im] [BF4] H2 5800 (293 K) 22
1630 23

[C4C1Im] [PF6] H2 6600 (293 K) 22
5380 23

[C4C1Im] [Tf2N] H2 4500 22
N-Butylpyridinium [Tf2N] H2 3900 22

[C6C1Im] [Tf2N] SO2 1.64 13
1-n-Hexyl-3-methylpyridinium [Tf2N] SO2 1.54 13

Note: Values are at 298 K, unless otherwise noted.
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240 Ionic liquids in chemical analysis

Another type of microbalance that has been used to determine gas 
 solubilities in ILs is a quartz crystal microbalance [15]. A schematic of the 
apparatus used by Baltus and coworkers is shown in Figure 8.9.

The principle of operation in a quartz crystal microbalance is based on 
the piezoelectric effect. When a voltage is applied to the crystal, it oscillates 
at its resonance frequency. If mass is added to the crystal, its resonance 
 frequency changes in direct proportion to the mass, as described by the 
Sauerbrey equation. Care must be taken to ensure that the thickness of the 
fi lm satisfi es the thin fi lm limit and it may be necessary to correct for 
 damping. While data for the gas solubilities in some ILs obtained by this 
method agree with data from other sources (e.g., [C4C1Im][Tf2N] in Ref. 15), 
other data [15,16] deviate by a factor of more than four [7].

Examples of Henry’s law constants measured by the various techniques 
described above are shown in Table 8.1.

Summary
Measurements of the solubility of gases in ILs are increasingly important 
as researchers explore the use of ILs for gas separation and gas storage, as 
well as a solvent media for reactions involving permanent gases. Here we 
present several different methods that have been used to obtain these 
 measurements. These include traditional synthetic and pressure drop meth-
ods, as well as gravimetric methods that are particularly well-suited for the 
measurement of gases in nonvolatile liquids.
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9.1 Introduction
Among the separation techniques, liquid–liquid (solvent) extraction is one of 
the best-known, well-established, versatile, and easy to use. However, tradi-
tional extraction employs conventional organic solvents immiscible with water, 
which are typically volatile, fl ammable, and health hazardous. This makes 
extraction inappropriate for modern and future environmental-friendly 
technologies and analysis processes. Another problem with conventional 
solvents is that their number is rather limited, so it may be diffi cult to fi nd 
the solvent ideally suited for a particular application (even considering sol-
vent mixtures).
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244 Ionic liquids in chemical analysis

Room-temperature ionic liquids (ILs) are extensively investigated as a 
replacement for organic solvents in chemistry, in general, and in  chemical 
analysis, in particular. ILs have a considerable potential as solvents for 
 separations. It is believed that, being typically nonfl ammable and  nonvolatile 
compounds, they may help to design environmentally safe processes. Another 
quite attractive feature of IL solvents is that their polarity, hydrophobicity, 
viscosity, and other physical and chemical properties may be relatively easily 
altered by changing the nature of the cationic or anionic constituent. Also, 
high solvation ability and ionic nature of ILs make them promising candi-
dates for solving a challenging problem of effi cient extraction of ionic and 
zwitterionic compounds from aqueous solutions, including bio liquids. Evi-
dently, an IL solvent may act as a provider of hydrophobic counterions for 
extraction, supplying them in high concentration.

Additionally, ILs may serve as a convenient medium for analysis after 
extraction. For example, their ionic nature opens an exciting opportunity of 
direct electrochemical analysis of the extract, impossible for most of the con-
ventional water-immiscible solvents.

Given all these attractive features, it is easy to understand the  increasing 
interest in the application of ILs in solvent extraction. The review gives an 
introduction into the rapidly growing area; it focuses on the extraction of 
organic compounds, metal ion extraction being considered in  Chapter 10 of 
this book.

9.2  Extraction of organic compounds 
from aqueous solutions

Rogers et al. [1] were the fi rst to report about the use of ILs as extractants of 
organic compounds. The authors investigated the distribution of aniline, aro-
matic carboxylic acids, and other aromatic compounds in the biphasic system 
water/1-butyl-3-methylimidazolium hexafl uorophosphate. Still today, this 
IL, [C4C1Im][PF6], is the most popular IL for extraction (although it is now 
well-known that this solvent is not so green, mainly due to the slow hydro-
lysis of the anion). The distribution ratios were determined radiometrically, 
using labeled compounds. It was shown that the distribution ratios (D) in the 
water/IL system correlate with the corresponding water/1-octanol partition 
coeffi cients (P), but are about an order of magnitude lower. As with common 
solvents, distribution ratios of ionizable solutes highly depend on the pH of 
the aqueous phase, and maximal values correspond to the uncharged form 
of the extracting compounds.

Rogers et al. [2] demonstrated the reversible pH-dependent liquid– liquid 
partitioning of the well-known indicator thymol blue between water and 
[C4C1Im][PF6]. Neutral (zwitterionic) form of the dye partitions mostly to 
the IL phase, while the charged forms prefer the water phase. To adjust pH, 
the authors used mineral acids and bases; no signifi cant difference in the 
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Chapter nine: Liquid–liquid extraction of organic compounds 245

 extraction dependent on the nature of that acid or base was observed (inter-
estingly, it was also suggested to use gaseous CO2 and NH3 as pH adjusters). 

Rogers and coworkers published the results concerning the extraction of 
aromatic compounds to ILs which consist of N-alkylisoquinolinium cation 
(Alkisoq+; C8− and C14−derivatives were used) and bis(perfl uoroethylsulfonyl) 
imide (BETI)−, anion [3]. The extended aromatic system presented in the IL 
structure would presumably lead to specifi c interactions with other aro-
matics, thus enhancing the effi ciency of extraction. Indeed, the distribution 
ratios for the substituted aromatic compounds were generally higher than 
those obtained with imidazolium liquids (1,2,4-trichlorobenzene: D = 1280, 
[C14isoq][BETI]; D = 524, [C4C1Im][PF6]). In general, distribution ratios increase 
in parallel with solute’s hydrophobicity. The exception is carboxylic acids 
(probably, due to hydrogen bonding and partitioning of complex species).

The extraction of aliphatic alcohols with alkyl chain lengths from 1 to 
5 is covered in the paper [4]. The distribution ratios of alcohols increased 
with increasing alkyl chain length but were lower than those of aromatic 
nonionizable compounds. This should be due to relative hydrophilicity of 
the studied alcohols. The authors of [5] investigated the recovery of butyl 
alcohol from fermentation broth to [C4C1Im][PF6] and [C8C1Im][PF6]. The dis-
tribution ratios of butanol for both ILs were similar (ca. 0.9, room tempera-
ture). At the same time, in the case of [C8C1Im][PF6] the extraction selectivity 
(DBuOH/DH2O) was higher than that for [C4C1Im][PF6]. Higher tempera-
tures improved the extraction selectivity. The authors also covered the use of 
pervaporation through polydimethylsiloxane membrane for the separation 
of liquid mixtures.

Armstrong et al. measured distribution ratios for 40 compounds, including 
organic acids, organic bases, amino acids, and neutral compounds, between 
water and [C4C1Im][PF6], as well as between hexane and [C4C1Im][PF6] [6] 
(measurements were performed by liquid chromatography). The distribu-
tion ratios for ionizable compounds were strongly dependent on pH of the 
aqueous phase (pH values 2, 5.1, and 10 were used), which allowed the deter-
mination of both molecular and ion distribution ratios for each substance. 
Probably, the data reported on charged forms need additional examination, 
as the used pH values do not always correspond to the predominance of the 
single ionic form in the aqueous solution.

The distribution ratios obtained were compared to the corresponding 
distribution ratios between water and 1-octanol. The authors also calcu-
lated solvent parameters of [C4C1Im][PF6] (Section 9.3). It was shown that 
phenolate-ion associates with [C4C1Im][PF6] more strongly than other ions. 
The authors also mention the possibility of extraction of amino acids into 
[C4C1Im][PF6] in the presence of crown ether dibenzo-18-crown-6, though 
at rather moderate effi ciency.

MacFarlane et al. [7] have investigated the extraction of polar organic 
compounds (acids, alcohols, and functionalized aromatic compounds) into 
nine hydrophobic ILs, namely, [C4C1Im][PF6]; [C4C1Im][Tf2N], [C6C1Im][Tf2N], 
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246 Ionic liquids in chemical analysis

[C8C1Im][Tf2N]; [(C6)3C14P][Tf2N] and [C4C1pyr][Tf2N],  trihexyltetradecylphos-
phonium and 1-butyl-1-methyl-pyrrolidinium bis(trifl uoromethanesulfonyl)
amides; [(C6)3C14P][C12PhSO3] and [(C4)3C14P][C12PhSO3], trihexyltetradecy-
lphosphonium and tributyltetradecylphosphonium dodecylbenzenesulfo-
nates; [(C6)3C14P][C1SO3], trihexyltetradecylphosphonium methanesulfonate. 
The effect of salinity, temperature, concentration, and pH on the distribution 
ratios was studied.

Acetic acid did not signifi cantly partition into the IL phase, except for the 
sulfonate ILs. The extraction of much more hydrophobic hexanoic acid is sig-
nifi cant, molecular form being effi ciently recovered by all the ILs studied. 
Other organic compounds also showed high distribution ratios, up to 500. 
The distribution ratios for toluene, 1-nonanol, cyclohexanone, and hexanoic 
acid were independent of the phase/volume ratio in the range 0.02–1.0. The 
authors studied the regeneration of the ILs by rinsing and heating. Regenera-
tion did not prove successful in all the cases. The fi nal conclusion was that, 
despite the high effi ciency of extraction, practical use of ILs in the intended 
application, detection and removal of organic compounds from water, 
appears to be hard due to small but signifi cant solubility of ILs in water and 
due to diffi culty in solvent regeneration.

The distribution of several organic acids (acetic, glycolic, propionic, lac-
tic, pyruvic, and butyric) between water and 1-alkyl-3-methylimidazolium 
 hexafl uorophosphate ILs—[C4C1Im][PF6], [C6C1Im][PF6], and [C8C1Im][PF6] 
is described in the paper [8]. The distribution constants of all the organic 
acids were low, their values roughly correlating with the water/1-octanol 
partition coeffi cients for the acids (i.e., with solute hydrophobicity). The high-
est distribution constant was observed for butyric acid (1.06, extraction into 
[C6C1Im][PF6]), the most hydrophobic one; the most hydrophilic glycolic acid 
has not been extracted yet. The general order of IL extraction ability, with 
minor exceptions, is as follows: [C8C1Im][PF6] < [C4C1Im][PF6] < [C6C1Im][PF6] 
(however, the difference is rather small). In the case of lactic acid  recovery, 
additional extractant, tri-n-butylphosphate, was used. This resulted in effi -
cient extraction, comparable with that characteristic of the combination of 
conventional organic solvents and tri-n-butylphosphate. 

Several studies are devoted to the extraction of phenolic compounds. 
These compounds are particularly interesting from a practical viewpoint, 
as  phenol derivatives are toxic pollutants that have marked detrimen-
tal effects on  living organisms in general; therefore, the development of 
 effective  methods of phenols recovery is a long-standing problem of ana-
lytical  chemistry. To determine phenolic compounds at the trace level, typi-
cally preconcentration and separation from accompanying substances is 
required, but the extraction of phenolic compounds with conventional sol-
vents is often not quantitative. From a more theoretical viewpoint,  phenolic 
compounds exhibit a wide structural variability, thus, a study of their 
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extraction may give important highlights concerning the solvation/extrac-
tion ability of ILs.

The present authors studied the extraction of various phenol derivatives 
to a number of imidazolium-based ILs [9]. Extraction of most phenols is 
effi cient at pH < pKa, as illustrated in Figure 9.1 for the case of [C4C1Im][PF6]. 

Figure 9.1 Extraction of phenols (5 ⋅ 10−5 to 2 ⋅ 10−4 M) into [C4C1Im][PF6] versus pH. 
(From Khachatryan, K.S., Smirnova, S.V., Torocheshnikova, I.I., Shvedene, N.V., 
 Formanovsky, A.A., and Pletnev, I.V. Anal. Bioanal. Chem., 381, 464–470, 2005. With 
permission.)
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248 Ionic liquids in chemical analysis

The pH values of effi cient extraction correspond to the pH range where the 
molecular form of the respective phenol dominates. The recovery of 4-nitro-
phenol, 2,4-dinitrophenol, 2,6-dinitrophenol, 4-chlorophenol, 1-naphthol, 
and 2-naphthol is above 90% (the ratio of aqueous: organic phase volume 
is 3:1). The extraction of naphthol and 4-chlorophenol is signifi cant even at 
pH > pKa, more than 40 and 24% at pH > 10, respectively. Recovery of picric 
acid (2,4,6-trinitrophenol) is about 90% at pH 1.5–12.0, where the anionic 
form of picric acid dominates. Obviously, the high extraction is caused by 
high hydrophobicity of picrate anions. Recovery of the phenol itself and 
diatomic phenols, catechol and resorcinol is rather moderate (79, 58, and 20%, 
 respectively; pH 1–7), which could be explained by relatively high hydrophi-
licity of these compounds.

To summarize, the more hydrophobic phenolic compounds are extracted 
better than the less hydrophobic ones, and the extraction is maximal at pH < 
pKa. In general, for all the compounds distribution ratios are relatively 
high and comparable to those achieved with conventional active solvents like 
1-octanol. This may be attributed to the ability of IL’s imidazolic proton at 
C2 to hydrogen bonding and specifi c solvation of the phenolic molecule.

In this work it was also shown that [C4C1Im][PF6] is suitable for extraction-
voltammetric determination of phenols without back-extraction or adding a 
support electrolyte.

The paper [10] is devoted to the extraction of chlorophenols (2-chlorophenol, 
2,4-dichlorophenol, 2,4,6-trichlorophenol, 2,3,4,5-tetrachlorophenol, penta-
chlorophenol; also, unsubstituted phenol) from an aqueous solution to two 
room-temperature ILs, [C4C1Im][PF6] and 1-ethyl-3-methylimidazolium bis
(perfl uoroethylsulfonyl)imide ([C2C1Im][BETI]). The partitioning was moni-
tored by both aqueous and IL phases with high pressure liquid chromatogra-
phy (HPLC). Extraction effi ciency was found to be higher for [C4C1Im][PF6]. 
Maximal recovery was attained if the pH of the aqueous solution was at least 
one unit below the pKa value of the solute, once again indicating that neutral 
forms were extracted. Partitioning to both ILs increased as the number of chlo-
rine atoms in the chlorophenol increased, in parallel with the hydrophobicity 
 measured by logP(water/1-octanol). Notably, distribution ratios of chlorinated 
phenols to the studied ILs are nearly an order of magnitude lower than those 
for extraction to 1-octanol. It is noted that the ionic strength of the aqueous 
phase had no signifi cant effect on the IL-water distribution ratios of chlori-
nated phenols but had a dramatic effect on the solubility of ILs in water.

The present authors studied the extraction of aromatic amines into ILs. 
As is seen from experimental data for [C4C1Im][PF6] (Figure 9.2), aniline, 
 napthylamine, and o-toluidine are effi ciently extracted from the alkaline 
aqueous solution. Thus, as in the case of phenols, neutral (molecular) forms of 
solutes were extracted. Another example of the same behavior is given by many 
polyfunctional compounds, for example, 8-hydroxyquinoline (Figure 9.3 pres-
ents a comparison of extraction pH-profi le with the distribution diagram for 
ionic forms of the solute).
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Figure 9.2 Extraction of aromatic amines (5 ⋅ 10−5 to 2 ⋅ 10−4 M) into [C4C1Im][PF6] 
 versus pH.
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Figure 9.3 Distribution diagram for the ionic forms of 8-hydroxyquinoline in 
 comparison with pH-profi le of its extraction into [C4C1Im][PF6].
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9.3  Comparison of [C4C1Im][PF6] with conventional 
extraction solvents

As the reader may notice, most of the described extraction systems are based 
on [C4C1Im][PF6]. The amount of data available for this IL on the extraction 
of neutral organic compounds allows one to compare it with other solvents 
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250 Ionic liquids in chemical analysis

by the extraction ability (naturally, a number of publications compare the 
 solvents by other parameters, like polarity derived from solvatochromic 
data, and so on—for example, see Refs 11–13).

An opinion often quoted in the literature is that by its extraction ability 
[C4C1Im][PF6] is mainly similar to 1-octanol, and typically the effi ciency of 
extraction is somewhat lower. However, at closer examination, the  correlation 
of the distribution ratio for the same compounds extracted from the  aqueous 
solution to [C4C1Im][PF6] and to 1-octanol seems to be not  particularly 
 impressive (Figure 9.4; see Refs 14 and 15).

By the use of the multiple linear regression, Abraham and Rogers [16] 
determined the parameters of the Abraham linear solvation free energy rela-
tionship (LSFER) equation [17,18]

 lg D c eE sS aA bB V            � � � � � � �

for [C4C1Im][PF6] and compared them with the parameters for the conven-
tional extraction solvents.
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Figure 9.4 Correlation between distribution ratios of various neutral organic 
 compounds from aqueous solution to 1-octanol (Korenman, Ya.I., Distribution Ratios 
of Organic Compounds, Voronezh University Press, Voronezh, Russia, 1992. p. 336) 
and to [C4C1Im][PF6] (literature and our own data, [Huddleston, J.G., Visser, A.E., 
Reichert, V.M., Willauer, H.D., Broker, G.A., Rogers, R.D., Green Chem., 3, 156–164, 
2001; Carda-Broch, S., Berthod, A., Armstrong, D.W., Anal. Bioanal. Chem., 375, 
191–199, 2003; Pletnev, I.V., Smirnova, S.V., Khachatryan, K.S., Zernov, V.V., Rus. Chem. 
J.–J. Russ. Chem. Soc., 48, 51–58, 2004]).
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Here E is the solute excess molar refractivity, S is the solute dipolarity/
polarizability; A and B are the overall or summation hydrogen-bond  acidity 
and basicity, respectively; and V is the McGowan characteristic volume; 
lower-case letters stand for respective coeffi cients which are characteristic of 
the solvent, c is the constant. By help of statistical methods like the  principal 
component analysis and nonlinear mapping, the authors determined the 
mathematical distance (i.e., measure of dissimilarity) from an IL to seven 
conventional solvents immiscible with water. It appears that the closest to 
the IL conventional solvent is 1-octanol. Even more close to IL is an  aqueous 
biphasic system based on PEG-200 and ammonium sulfate (and even closer 
are ethylene glycol and trifl uoroethanol, as calculated for hypothetical 
water–solvent systems involving these solvents).

Notably, Armstrong et al. [6] performed a similarly targeted  independent 
study and also reported on the LSFER parameters for [C4C1Im][PF6]. In 
Table 9.1 are the data from both groups, as well as the known parameters for 
1-octanol.

It is worth mentioning that the coeffi cients for the same IL in Table 9.1 
 signifi cantly differ. Even the sign is different for the two coeffi cients.

One possible reason of such a discrepancy is that during regression  fi tting 
an experimental uncertainty may spread over various parameters, thus 
 leading to somewhat distorted fi nal picture. Probably, a more reliable way 
to measure similarity/dissimilarity of solvents would be to rely on the direct 
experimental measurements of the distribution ratios rather than on the 
derived quantities, that is, LSFER parameters. The present authors employed 
that approach [15].

We compiled literature and our own extraction data to compare the 
 distribution of the same solutes from water to [C4C1Im][PF6] and 48 various 
conventional solvents. As a measure of similarity of the extraction  properties 
of any two solvents, we used the Pearson correlation coeffi cient between lgD 
for the same solutes. Note that a high correlation coeffi cient does not mean 
that the distribution ratios determined with the two solvents are close by 
absolute value; rather, it means that the distribution ratios change in the 
same manner from one solute to another.

Table 9.1 The Abraham LSFER Parameters for [C4C1Im][PF6] [6,16] 
Compared to the Parameters for 1-Octanol [19]

Ref. [6] Ref. [16] Ref. [19]

c 1.79 –0.17 0.088
e 1.29 0.45 0.562
s –0.73 0.23 –1.054
a –0.76 –1.76 0.034
b –2.39 –1.83 –3.46
v 0.64 2.150 3.814
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252 Ionic liquids in chemical analysis

In total, 4,777 solutes and 10,198 lgD values were analyzed. From these data, 
the correlation matrix of size 49 × 49 (48 conventional solvents + IL) was 
derived. It appeared that the solvents most close to [C4C1Im][PF6] (i.e., hav-
ing the highest pairwise correlation coeffi cient solvent/IL) are esters with a 
short alkyl chain (ethyl acetate: correlation coeffi cient r = 0.95, as  determined 
by the distribution ratios for n = 11 solutes; butyl acetate: r = 0.92, n = 30) 
and substituted aromatic hydrocarbons (m-xylene: r = 0.92, n = 20). The most 
 distant from ILs are aliphatic hydrocarbons. Interestingly, the correlation with 
1-octanol is moderate, r = 0.76, n = 56.

These data allow one to suggest simple correlation equations to  predict the 
distribution ratios of neutral organic molecules between water and [C4C1Im]
[PF6] by the distribution ratios measured for conventional solvents:

 
lg lgD D n r[C C Im][PF ]
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4 1 6
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lg
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D
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 0.11 m-xy

� �

�

D

llene ( 18, .95)2n r� �

An overall picture of similarity between [C4C1Im][PF6] and conventional 
 solvents is given by the so-called nonlinear map, or Sammon map [20] in 
 Figure 9.5. The closer the points representing solvents on the map, the more 
similar the solvents are. As is seen, the position of the IL on the map is 
between esters and aromatic hydrocarbons.

Figure 9.5 Sammon map representing similarity of extraction ability of solvents 
(with respect to extraction of neutral organic compounds). The closer the points are 
on the map, the more similar are the corresponding solvents. Conventional solvents 
are designated by numbers, some representative numbers are: m-xylene—35, butyl 
acetate—9, 1-octanol—40. The point marked BMImPF6 represents 1-butyl-3-methyl-
imidazolium hexafl uorophosphate ([C4C1Im][PF6]).
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Chapter nine: Liquid–liquid extraction of organic compounds 253

9.4  Comparison of imidazolium-based 
ionic liquids as extraction solvents

One of the advantages often attributed to ILs as a class is that solvent 
 properties may be easily modifi ed, for example, through substitution of the 
 structure of the cationic or anionic constituent. This opens an avenue to the 
fi ne tuning of the solvent. In this context, it is interesting to compare how 
the change of the cation or the anion infl uences the extraction ability of 
 widespread imidazolium-based ILs.

Having this in mind, the present authors systematically studied the extrac-
tion of the same organic compounds into [C4C1Im][PF6], [C4C1C1Im][PF6], 
[C4C1Im][Tf2N], and [C4C1C1Im][Tf2N]. The representative solutes were phe-
nol, 4-nitrophenol, resorcinol, aniline, adrenaline, and dobutamine (1 · 10−5 to
1 · 10−4M); extraction was performed at the aqueous organic phase ratio equal 
to 3:1 and phase contact time of 10–15 min.

It appears that the extraction mechanism of various compounds does 
not change on the variation of solvent composition/structure. As is [C4C1Im]
[PF6], the related ILs [C4C1C1Im][PF6], [C4C1Im][Tf2N], and [C4C1C1Im][Tf2N] 
effi ciently recover phenolic compounds from an acidic aqueous solution at 
pH < pKa, where the neutral form of the solute dominates. Aniline is quanti-
tatively recovered into [C4C1C1Im][PF6], [C4C1Im][Tf2N], and [C4C1C1Im][Tf2N] 
from alkaline aqueous solutions at pH > pKa, also the region where a molec-
ular form of solute dominates. Recovery of catecholamines, adrenaline, 
dobutamine, and dopamine is nearly constant at pH 2–8, where catechol-
amines exist in the cationic form (they are extracted as cations). The more 
hydrophobic [C4C1C1Im] derivatives and, in particular, ILs containing bis-
(trifl uoromethanesulfonyl)imide anion, typically demonstrate higher distri-
bution ratios for the same solutes (Figure 9.6). In general, the extraction power 
of ILs decreases in the following series: [C4C1Im][PF6] ≈ [C4C1C1Im][PF6] < 
[C4C1Im][Tf2N] < [C4C1C1Im][Tf2N].

Naturally, the consideration above concerns only that particular set of 
ILs. In general, the potential of variations in IL’s nature is so high that one 
may expect much greater variations in extraction effi ciency and selectivity, 
as well as in extraction mechanisms, particularly if novel classes of ILs are 
synthesized and used.

For example, in our recent study of the tetrahexylammonium dihexyl-
sulfosuccinate IL (ILs comprising dihexylsulfosuccinate anion were fi rst 
synthesized by Kakiuchi et al. [21]) we found that its properties are quite dif-
ferent from those of [C4C1Im][PF6] and other conventional imidazolium ILs. 
In particular, it is a much more effi cient solvent for polar compounds, and it 
also demonstrates different pH-profi les of extraction [22].

Another example was given in the recent study [23] of the extraction of 
lactic acid into two phosphonium ILs incorporating trihexyltetradecylphos-
phonium cation and bis(2,4,4-trimethylpentyl)phosphinate (IL-104) and 
chloride (IL-101) anions. The behavior of the two ILs is quite different and 
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254 Ionic liquids in chemical analysis

complicated. Phosphinate IL effectively extracts only the dissociated form 
of lactic acid; the authors proposed a coordination mechanism of extraction 
via H-bonding solute-solvent. Interestingly, the solubility of water in hydro-
phobic IL-104 is surprisingly high, up to 14.4%, which is explained by the 
formation of reverse micelles. In the case of lactic acid extraction by IL-101 an 
ion-exchange mechanism (see the following sections for discussion) makes 
a remarkable contribution, especially at high pH values where the anionic 
form of lactic acid is dominant.

9.5 Ion-exchange extraction from aqueous solutions
The above consideration of the similarity and dissimilarity of ILs and con-
ventional extraction solvents ignores one particularly striking feature of ILs. 
In sharp contrast to common solvents immiscible with water, ILs are capable 
of ion exchange. We exemplify this very important ability by considering the 
extraction of amino acids on the basis of our work [24].

Practically motivated, the aim was to develop methods for recovery and 
determination of amino acids in the context of analytical  chemistry and 
biotechnology. Amino acids are hydrophilic compounds, which therefore 
are diffi cult targets for conventional solvent extraction. Extraction to an 
organic solvent may be enhanced by the addition of lipophilic cationic or 
anionic extractants, forming extractable complexes with amino acids, or by 
the use of macrocyclic compounds, which form stable hydrophobic host-
guest  complexes. The most popular reagents from the latter group are crown 

Figure 9.6 Effi ciency of extraction of various compounds into imidazolium ILs 
(optimal conditions). Abbreviations: BMIm—1-butyl-3-methylimidazolium, C4C1Im; 
BM2Im—1-butyl-2,3-dimethylimidazolium, C4C1C1Im.
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Chapter nine: Liquid–liquid extraction of organic compounds 255

ethers, which form complexes via hydrogen bonding of protonated amino 
groups.  However, even in the presence of crown ethers, extraction is not 
highly  effi cient, especially for the most hydrophilic amino acids like glycine.

Owing to their ionic nature, ILs seem promising candidates to facilitate 
the extraction of amino acids. As a solvent, we used [C4C1Im][PF6];  dicyclohexano-
18-crown-6, DC18C6, was also added. It was shown that the equilibrium is 
achieved within 15 min and the extraction of Trp, Gly, Ala, Leu, Lys, Arg 
(2 · 10−5 to 2 · 10−1 mol L−1) from acidic solutions is nearly  quantitative 
(Figure 9.7).

Most interestingly, the pH of maximal extraction corresponds well to the 
range in which the cationic form of amino acids dominates. With increas-
ing pH amino acids are transformed from cations to zwitterions and then 
to anions, which results in a progressive decrease of extraction. The range 
of effi cient extraction of arginine and lysine is much broader than in the 
case of Trp, Gly, Ala, and Leu, as Arg and Lys can form both cationic and 
 dicationic species; dicationic species dominate at low pH, whereas  increasing 
pH changes the state to the single-charged cation.

Figure 9.7 Extraction of amino acids (1 ⋅ 10−4M) with dicyclohexano-18- crown-6 
(1 ⋅ 10−1M) into [C4C1Im][PF6]. (From Smirnova, S.V., Torocheshnikova, I.I., Formanovsky, 
A.A., and Pletnev, I.V., Anal. Bioanal. Chem., 378, 1369–1375, 2004. With permission.)
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256 Ionic liquids in chemical analysis

The extraction becomes signifi cant only in the presence of crown ether, 
which strongly indicates that crown ether has a critical role as a complexing 
reagent. The ratio of the amino acid to crown ether in extractable species 
for Trp, Leu, Gly, Ala is 1:1 and for Arg and Lys 1:2. At pH 2 the dicationic 
forms of Arg and Lys dominate. It means that the extraction in ILs proceeds 
as in traditional solvents, where each ammonium group interacts with one 
 molecule of crown ether.

The most interesting point is that extraction of amino acids into IL 
occurs without addition of a counterion. Typically, for amino acid extrac-
tion into conventional solvents (including extraction with crown ether), 
a  hydrophobic counterion is required. Moreover, in most cases, even the 
presence of such a counteranion does not provide an effi cient recovery.

The following equilibrium equation can be used to describe the extraction 
of the cationic of amino acids (AmH2

+):

 AmH CE C C Im AmH CE C C Im2 o 4 1 o 2 o 4 1
� � � �� � � ��

This expression corresponds to the cation-exchange reaction in which the 
amino acid cation goes into the organic phase and the dialkylimidazolium 
cation into the aqueous phase. This scheme was confi rmed by  experimental 
data. The signifi cant leakage of the dialkylimidazolim cation into the  aqueous 
phase on the extraction of amino acids is confi rmed by monitoring the cor-
responding UV band. No infl uence of the foreign anions presented in the 
system was observed. The study of amino acids extraction from nitric and 
hydrochloric acids solutions reveals no infl uence of anions of the  aqueous 
phase on the extraction, moreover, the partition coeffi cients of amino acids 
were practically the same at different aqueous concentrations of the acid used 
to create an acidic medium, for example, HNO3, HCl (therefore, co extraction 
of aqueous phase anions does not occur). 

High distribution ratios and almost quantitative recovery were observed 
for all amino acids. In contrast to conventional solvents, the extraction of the 
most hydrophilic amino acids such as Gly is quantitative. Recovery of Trp, 
Leu, Ala, Gly, Lys, and Arg is 96, 93, 92, 95, 94, and 92%, respectively. Also, 
amino acids, including highly hydrophilic, can be extracted with high effi -
ciency from the mixture. For example, the recovery of Trp, Val, Gly from their 
equimolar mixture is equal to 99, 94, and 93%, respectively. Extraction was 
performed by adding 3 mL of IL with crown ether concentration 0.10 mol L 
with a 3 mL aqueous solution of amino acids (5 · 10−4 mol/L each; 1.8 pH) and 
shaking for 15 min.

Using the described extraction system, we developed methods of 
amino acid recovery from pharmaceutical samples and fermentation broth. 
Amino acids were extracted effi ciently from the diluted solution of fermen-
tation broth into [C4C1Im][PF6] in the presence of DC18C6 and may be well 
back-extracted by the alkaline aqueous solution (pH > 9). These methods 
served as a basis for the corresponding analytical procedures.
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Chapter nine: Liquid–liquid extraction of organic compounds 257

Interestingly, authors of a subsequent paper [25] studied the extraction 
of amino acids (Trp, Phe, Tyr, Leu, Val) into four imidazolium-based ILs 
([C4C1Im][PF6], [C6C1Im][PF6], [C6C1Im][BF4], and [C8C1Im][BF4]) in the absence 
of crown ether and observed the same pH-profi les of extraction (though, 
 naturally, distribution ratios were lower).

The ion-exchange mechanism of extraction does not occur only for amino 
acids. We observed it also for catecholamines [26]. These compounds are 
effi ciently extracted into ILs in the cationic form, at pH 1–8. At these pH, 
the primary (dopamine) or secondary (adrenaline and dobutamine) amino 
groups are protonated (catecholamines are oxidized in alkaline solutions at 
pH > 8). By analogy with amino acids, extraction may be described by the 
cation-exchange reaction:

 
R NH C C Im R NH C C Im2 2 4 1 o 2 2o 4 1

� � � �� ��

It should be noted that cation exchange is not the only possibility: as our 
results show, some anionic compounds are also extracted into ILs (at least, 
into [C4C1Im][PF6]) through the ion-exchange mechanism. The most strik-
ing example is the picric acid which is effi ciently extracted in the pH range 
from 1.5 to 12, where it exists in the anionic form. For some other phenols, 
 signifi cant extraction was also observed at high pH where anions dominate 
(e.g., are 1-naphthol and 4-chlorophenol at pH > 10 and 2,6-dinitrophenol 
at pH > 5). The experiments showed that an excess concentration of Na+ 
or [C4C1Im]+ does not infl uence extraction; in case of the ion-pair extraction 
mechanism, this excess of potential counterion should affect the recovery. 
Therefore, we concluded that the extraction of the mentioned phenolates 
proceeds via the anion-exchange path:

 PhO PF PhO PF6o 6
� � � �� �� o

presuming that when the phenolate goes to the organic phase, an equal 
amount of IL’s anion is transferred to water.

Evidently, the capability of cation-exchange and anion-exchange extrac-
tion, makes a great difference between ILs and conventional solvents. From 
a practical viewpoint, it may be both a benefi t and a disadvantage, depend-
ing on the particular task.

9.6  Practical applications: extraction of 
biologically important compounds

This section covers some recent practical applications of solvent extraction 
utilizing ILs in one particularly important area. Many biologically important 
compounds can hardly be recovered by using conventional solvents due to 
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258 Ionic liquids in chemical analysis

their high polarity, polymeric nature, instability, and so on. Given also high 
structural diversity of biologically relevant molecules, it is not surprising 
that using novel designer solvents for their isolation attracts more and more 
attention. Some representative examples are given below.

Biphasic IL/water system containing water-soluble [C4C1Im]Cl, and 
K2HPO4 (salting-out agent) was used to isolate testosterone and epitestos-
terone from human urine with subsequent determination by reversed-phase 
HPLC [27]. The optimal salt amount for phase separation and extraction of 
steroids was found. Under the optimal conditions, the extraction effi ciency 
for both steroids is ~80 to 90% (single-step extraction). The authors suggested a 
method of analysis for testosterone and epitestosterone, which requires 3.0 mL 
of urine, due sample preparation and single extraction step followed by the 
HPLC analysis. Detection limits were at the level of 1 ng/mL for both sub-
stances, and linear range was 10–500 ng/mL.

Soto et al. [28] investigated the extraction of two antibiotics, amoxicillin 
and ampicillin from water into the [C8C1Im][BF4], at pH 4 and 8. It was shown 
that for both antibiotics recovery is much higher in the alkaline region, 
where the compounds exist in the anionic form. Given that, the authors 
supposed that the extraction mechanism relies on the electrostatic interac-
tions between the IL ions and charged antibiotic molecules (alternatively, 
ion exchange may take place). The partition coeffi cients of ampicillin were 
higher than those of amoxicillin at both pH values studied (explained by 
higher hydrophilicity of the latter caused by an extra OH group).

The partition of penicillin G in the aqueous biphasic system comprising 
[C4C1Im]Cl and NaH2PO4 aqueous solution is described in Ref. 29. The effect 
of concentrations of NaH2PO4, penicillin G, and [C4C1Im]Cl on the partition 
coeffi cient and extraction yield of penicillin G was determined. The recovery 
in optimal conditions reaches 93%. The procedure is applied to the isolation 
of penicillin G from the fermentation broth.

[C4C1Im][PF6], a widespread IL, was recently used for the direct extrac-
tion of double-stranded DNA (dsDNA) [30]. The authors demonstrated that 
DNA may be extracted with high effi ciency, >95%, while proteins and metal-
loproteins do not interfere extraction. The back-extraction of DNA into the 
aqueous phase with the effi ciency of 30% was performed in the presence of 
 phosphate–citrate buffer solution (pH 4).

The extraction was shown to be endothermic with an enthalpy of 
34.3 kJ/mol. The mechanism of extraction was proposed and partially 
verifi ed by means of 31P nuclear magnetic resonance (NMR) and FT-IR 
spectra. This mechanism involves interactions between the IL cation and 
P–O bonds of phosphate groups in the DNA molecule. The authors also 
suggested an extraction-based procedure for the quantitative determina-
tion of dsDNA.

Several ILs incorporating [Tf2N] anion were shown to be capable of 
 quantitative partitioning of cytochrome c (cyt c) from the aqueous phase in 
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Chapter nine: Liquid–liquid extraction of organic compounds 259

the presence of crown ether DC18C6 [31]. The structures and abbreviations of 
the ILs employed in this work are as follows:

+
H3C

CH3

Tf2N−

EMImTf2N

+
H3C

OH

Tf2N−

n

CnOHMImTf2N

+
H3C

O
CH3

Tf2N−

C1OC1MImTf2N

n = 2, 3, 6, 8 

+
H3C

NH NH CH3

OTf2N−

C3UC4MImTf2N

In the absence of crown ether in the IL phase the extraction of cyt c 
was found to be negligibly small. However, the addition of crown ether 
to the extraction system improved the extractability. High recovery was 
observed for the ILs containing two hydroxyl groups, [C2OHMIm][Tf2N] 
and [C3OHMIm][Tf2N] (100.0 and 90.5%, respectively). The improvement of 
extraction in the presence of crown ether was explained by the complexation 
of crown ether molecule with positively charged lysine residues of cyt c. The 
extraction of cyt c into conventional organic solvents—chloroform, toluene, 
isooctane and 1-octanol—was also inspected; no transfer of cyt c to organic 
phase was observed. Interestingly, authors suggested a very practical way of 
cyt c isolation from the IL after extraction—the addition of potassium chlo-
ride, which forms a complex with crown ether.

An aqueous biphasic system based on the hydrophilic [C4C1Im]Cl and 
K2HPO4 was used for direct extraction of proteins from human body fl u-
ids [32]. Proteins present at low levels were quantitatively extracted into the 
[C4C1Im]Cl-rich upper phase with a distribution ratio of about 10 (between 
upper and lower phases) and an enrichment factor of 5. Addition of an 
appropriate amount of K2HPO4 to the separated upper phase again resulted 
in a phase separation, which improves the enrichment factor (up to 20). 
FT-IR and UV spectroscopies demonstrated that no chemical (bonding) inter-
actions between the IL and the protein functional groups were  identifi able. 
The authors suggested that the system could be useful for the quantifi cation 
of proteins in human urine after on-line phase separation in a fl ow system.

9.7  Practical applications: extraction 
from nonaqueous solutions

The consideration above was limited to the extraction from aqueous solu-
tions. However, nonaqueous systems are widely used in technology and 
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260 Ionic liquids in chemical analysis

analytical applications, so it is natural that ILs are now actively studied in 
the area. Distillation is a traditional and still very important technique of 
separation of the mixtures of organic compounds. Quite often, it is ham-
pered by the formation of azeotropes. In many cases, ILs have been shown to 
be effective azeotrope breakers; alternatively, they may present a possibility 
of extractive separations.

The paper [33] describes an extraction technique for the separation of 
 ethanol–heptane azeotropic mixture with the use of [C4C1Im][PF6]. The 
authors studied the liquid–liquid equilibrium (LLE) for the ternary system 
heptane-ethanol-IL at 298.15 K. Tie-line compositions were determined by 
measuring the density and applying the corresponding fi tting polynomials. 
The selectivity and the solute distribution ratio were determined from the 
tie-lines data, and their values were compared to the values obtained with 
[C8C1Im]Cl as a solvent [34]. After extraction heptane was collected at the top 
of the column and ethanol was separated from the mixture with the IL by 
distillation. The ethanol-free IL was recycled to the extractive column.

The LLE for another ternary system, ethyl tert-butyl ether (ETBE) + 
 ethanol + [C4C1Im][TfO], at 298.15 K was studied by Arce et al. [35]. To deter-
mine the tie-line compositions, they used the NMR spectroscopy. The values 
of the solute distribution ratio (β = xEtOH

II/xEtOH
I, where II refers to an IL-rich 

phase) and selectivity (S = βEtOH/βETBE) were calculated from tie-line data. 
In general, both the solute distribution ratio and the selectivity decreased 
as the molar fraction of ethanol in the organic-rich phase increased, the 
 maximal values being ca. 3.5 and ca. 22, respectively. The ETBE + ethanol + 
IL system was compared to the ETBE + ethanol + water system.

Arce et al. also investigated the effect of anion fl uorination in [C2C1Im] ILs 
on the extraction of ethanol from ETBE [36]. For this purpose, two anions, 
methanesulfonate and trifl uoromethanesulfonate, were selected. The corre-
sponding phase diagrams were plotted for both ternary ETBE + ethanol + 
IL systems. The solute distribution ratios for the IL with the  nonfl uorinated 
anion were higher, especially at low concentrations. As for the selectivities, 
better results were obtained for methanesulfonate IL at low solute concen-
trations, while at higher solute concentrations the selectivity was better for 
the fl uorinated analog.

The work reported in Ref. 37 is devoted to the extraction of terpenes from 
the model solution (a mixture of limonene and linalool) imitating  citrus-
essential oil. Arce et al. studied [C2C1Im][TfO], as well as conventional 
solvents—2-butene-1,4-diol and ethylene glycol. The ability of the organic 
solvents and the IL to extract linalool from the essential oil mixture was 
evaluated in terms of solute distribution ratio and selectivity. The results 
were compared with available data obtained with the use of other solvents—
diethylene glycol, 1,2-propanediol, 1,3-propanediol, and 2-aminoethanol. It 
was demonstrated that only the IL and 1,2-propanediol have a favorable 
 solute distribution ratio (though not in the entire concentration range). The 
best values of selectivity were observed for the IL.
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Several studies have analyzed the challenging problem of the isolation 
of aromatic hydrocarbons from their mixtures with alkanes. Their boiling 
points are often close and the formation of azeotropes of various composi-
tions is a common diffi culty.

Meindersma et al. [38,39] compared several ILs as solvents for the 
 extraction of toluene from toluene–heptane mixtures. The following ILs 
were tested: 1-methylimidazolium hydrogensulfate; 1,3-dimethylimidazolium 
methylsulfate and dimethylphosphate; 1-ethyl-3-methylimidazolium hydro-
gensulfate, methylsulfonate, ethylsulfate, diethylphosphate, tosylate and 
 tetrafl uoroborate; 1-butyl-3-methylimidazolium tetrafl uoroborate and meth-
ylsulfate; 1-octyl-3-methylimidazolium tetrafl uoroborate; N-butylpyridinium 
methylsulfate; 1-butyl-4-methylpyridinium methylsulfate and tetrafl uorobo-
rate; ethylisoquinolinium ethylsulfate; tributylmethylammonium methyl-
sulfate; tetrabutylphosphonium bis[oxalato(2-)]borate. The toluene/heptane 
selectivities at 40 and 75ºC for the ILs were 1.5–2.5 times higher than those 
achieved with sulfolane, which is the most common industrial solvent for 
the extraction of aromatic hydrocarbons from the aromatic– aliphatic hydro-
carbon stream. Of these ILs, 1-butyl-4-methylpyridinium tetrafl uoroborate, 
[4-C1C4py][BF4] appeared the most suitable, because of a high toluene distri-
bution ratio (D = 0.44) and a high toluene/heptane  selectivity (S = 53.6). For 
this reason, the additional extraction experiments with [4-C1C4py][BF4] and 
other aromatic/aliphatic mixtures were carried out. The obtained arene/
alkane selectivity was in the same range as for toluene/heptane mixture. 
The distribution ratios of aromatic or aliphatic compounds decreased with 
the lengthening of the alkyl chain in these compounds (for aromatics it 
means lengthening of the alkyl side-chain).

The separation of aliphatic and aromatic hydrocarbons, namely hexane 
and benzene, using [C2C1Im][Tf2N] was investigated by Arce et al. [40]. The 
LLE for the ternary system IL–benzene–hexane was studied at 25 and 40ºC. 
The obtained values of distribution ratio and the selectivity were found 
 better than those reached with sulfolane. Notably, the effect of temperature 
on the separation is very small, therefore the extraction process does not 
require high energy consumption.

Another and, probably, the most important area of application of ILs in 
extraction from nonaqueous media is the removal of sulfur-containing organic 
compounds from hydrocarbon fuels. Attention to this problem is growing 
 rapidly. The reason is the increasingly strict regulatory  requirements which 
are currently being placed on sulfur content in fuels. Naturally, these efforts 
are intended to decrease the emission of sulfur dioxide and to  prolong car 
engine lifetime; moreover, lower sulfur content in fuel would make it pos-
sible to diversify the set of catalysts available to reduce emission of  nitrogen 
oxides.

Common industrial procedures of desulfurization involve hydro genation 
that is generally good only for aliphatic and alicyclic sulfur compounds. 
Therefore, alternative approaches are of great value.
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Wasserscheid and coworkers were the fi rst to attempt to use ILs for the 
desulfurization of model solutions (dibenzothiophene [DBT], in n-dodecane) 
and real diesel fuels [41]. For extraction, the authors used ILs with 1-alkyl-3-
methylimidazolium cations ([CnC1Im], n = 2, 4, 6) and various anions. Also, 
binary mixtures of 1-alkyl-3-methylimidazolium chloride with AlCl3 (Lewis-
acidic ILs), the equimolar mixture of cyclohexyl diethylammonium and tri-
butylammonium methanesulfonates (Brønsted-acidic IL) and the equimolar 
mixture of cyclohexyldiethylmethylammonium and tributylmethylammo-
nium methanesulfonates were tested.

The best extraction of DBT was observed with the use of the binary mix-
ture [C4C1Im]Cl/AlCl3. For neutral imidazolium ILs the authors found that 
the bigger the cation or anion of IL, the better is the DBT extraction. It was 
shown that the extraction power of the ILs, at least for Brønsted-acidic ILs, 
does not uniquely depend on chemical interactions involving the acid  proton. 
Multistage desulfurization of real predesulfurized diesel oil was carried out 
using several ILs.

Despite the fact that the proposed Lewis-acid IL systems show a very good 
extraction of DBT, their use on industrial scale is not desirable since AlCl3 is 
hydrolytically unstable and can cause equipment corrosion. Many attempts 
have been made to fi nd better IL systems for the desulfurization of oil.

Zhand and Zhang [42] tested three ILs ([C4C1Im][PF6], [C2C1Im][BF4],
and [C4C1Im][BF4]) for removing sulfur from fuels. They measured the 
 absorption capacities of the ILs for eight model compounds (S-containing 
and S-free, aliphatic and aromatic). All the three ILs showed high selectivity 
for S-containing C5 aromatics over C6 aromatics, while S-containing non-
aromatic  compounds were absorbed poorly. To extract most of the aromatic 
compounds, ILs can be ordered by their absorption capacities as follows: 
[C4C1Im][PF6] > [C4C1Im][BF4] > [C2C1Im][BF4]. Experiments with real gaso-
lines showed quite satisfactory extraction of S-compounds. The sulfur-loaded 
ILs may be regenerated by distillation.

In their later paper [43], the same authors broadened the range of the 
tested ILs, adding [C8C1Im][BF4], [C6C1Im][PF6], and trimethylammonium 
chloroaluminate (binary mixtures of AlCl3 and trimethylammonium chlo-
ride with molar ratios 2:1 and 1.5:1). The extraction of nitrogen-containing 
compounds from fuels was also studied. It was found that 1-alkyl-3-methy-
limidazolium ILs have a good ability to extract aromatic compounds from 
the main aliphatic fuels, the absorption capacity decreasing as the aromatics 
become decorated with the side-chain alkyls. For example, the absorption 
capacity decreased in the order of benzene > toluene > xylene > cumene. 
A similar phenomenon was observed for S- and N-containing aromatics. 
Alkanes, cycloalkanes, and alkenes along with their S-containing analogs 
were absorbed poorly. The preferable extraction of aromatic compounds 
over aliphatic ones was explained by the favorable electronic interactions 
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between polarized aromatic molecules and the charged ion pairs of the IL. 
The comparison of gasoline and diesel fuel desulfurization showed that the 
removal of sulfur from the latter is more diffi cult than from the former.

Lo et al. [44] described a desulfurization procedure that involved a 
combination of chemical oxidation and liquid–liquid extraction using IL 
([C4C1Im][PF6] or [C4C1Im][BF4]). A mixture of 30% H2O2 and acetic acid was 
used as an oxidizer. The desulfurization procedure was applied to both 
the model solution of  DBT, in tetradecane and to the real light oil (sulfur 
 content 8040 ppm). The extraction effi ciency without oxidation step was 
47 and 39% for [C4C1Im][PF6] and [C4C1Im][BF4], respectively. To combine 
extraction and oxidation, DBT was oxidized in a solvent phase as it was 
extracted, and a continuous decrease in the sulfur content in tetradecane 
was observed. Interestingly, the oxidation step drastically improved sepa-
ration in the case of [C4C1Im][PF6], but had lower effect with [C4C1Im][BF4] 
used as a solvent.

The study of the desulfurization of model oils, predesulfurized diesel 
oil, and FCC-gasoline focused on extraction by halogen-free ILs (alkylsul-
fates of alkylmethylimidazoliums) was reported in Ref. 45. The highest DBT 
 partition coeffi cient was observed for [C4C1Im][C8SO4]. After four extraction 
steps,  sulfur concentration in the oil decreased from 500 to 10 ppm.

Huang et al. [46] synthesized metallated IL by mixing [C4C1Im]Cl with 
CuCl and used this IL to remove thiophene from model oil and gasoline. The 
extraction effi ciency for model oil was ca. 23%, while for thiophene-loaded 
gasoline it was slightly lower (this is explained by the interference of other 
gasoline components). Sulfur removal improved as the initial  sulfur content 
in the gasoline decreased. The author suggested that the mechanism of desul-
furization is related to the complexation of thiophene and Cu(I). Notably, 
extractive desulfurization with the use of CuCl-based IL does not generate 
side reactions (polymerization of olefi ns, alkylation of benzene derivatives, 
and so on) that are common with chloroaluminate ILs. Another recent work 
concerns the use of ILs containing alkyl phosphate anions [47]. The authors 
report that, considering relatively high sulfur removal ability, low fuel dis-
solvability, and low infl uence on the gasoline treated, 1-ethyl-3-methylimid-
azolium diethylphosphate [C2C1Im][2C2P] might be used as a promising 
solvent for the extractive desulfurization of gasoline.

9.8 Conclusions
As is seen from the presented data, ILs are true designer solvents. The 
 modifi cation of their constituents gives solvents with very different proper-
ties, namely, effi ciency and selectivity of extraction of various solutes. In the 
near future, it should have important implications, as more and more fi nely 
tuned solvents are likely to appear for a variety of tasks.
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For the chemists, this variability of ILs presents a challenge. As concerns 
extraction, it is associated with the possibility of different mechanisms of 
 solute transfer, different mutual solubilities in biphasic systems, different 
solvation abilities, and probably, even different bulk phase structures. We 
should develop a deeper understanding of IL-based extraction systems; 
undoubtedly technological and analytical applications will benefi t a great 
deal.
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10.1 Introduction
Separation of metal ions based on solvent extraction is widely used in 
 hydrometallurgy, environmental cleanup, and advanced fuel cycles. The 
focus of this chapter will be on the use of ionic liquids (ILs) as advanced and 
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 functional solvents for separation of metal ions related to fi ssion products. 
For example, the separation of radioactive cesium-137 and strontium-90 from 
high-level nuclear wastes and spent nuclear fuels is a serious priority envi-
ronmental problem related to contaminated nuclear sites and a requirement 
in advanced fuel cycles. Since the primary chemical components of nuclear 
wastes in contaminated facilities are sodium nitrate and sodium hydroxide, 
the majority of the wastes could be disposed of as low-level wastes and it 
would cost signifi cantly less to treat the rest of the wastes if cesium-137 and 
some strontium-90 could be selectively removed. The selective removal of 
cesium and strontium metal ions from nuclear wastes will also be essential 
to the safe and cost-effective production of associated waste forms for supe-
rior postclosure performance in a repository.

When compared to conventional solvent-extraction processes, which typi-
cally employ a somewhat volatile hydrocarbon diluent and a polar phase 
modifi er to improve solvation, using polar ILs as carriers for macrocyclic 
agents offers the promise of improved economics. Higher distribution coeffi -
cients (DM’s) are attainable for a given extractant concentration, so that less of 
the expensive macrocyclic agents are used to obtain the same level of decon-
tamination. Greater fl exibility in process fl ow-sheet design can be achieved 
if the IL-based process can be made tunable to allow for a larger ratio of DM 
between extraction and stripping. The general simplifi cation of the process 
with a smaller number of components is possible because a single IL could 
replace a two-component modifi ed diluent. In addition, the low volatility of 
ILs means that they would not need to be periodically replaced on account of 
evaporative losses, as would occur with hydrocarbon diluents typically used 
in conventional solvent extraction.

Crown ethers and other macrocycles have been used to extract Sr2+ 
and Cs+ from various types of aqueous media, including actual acidic and 
 alkaline nuclear wastes. For Sr2+, a great deal of work has been reported 
by both McDowell and coworkers [1–4] and Horwitz and coworkers [5,6]. 
Horwitz and coworkers showed that dicyclohexano-18-crown-6 (DCH18C6) 
and its di-tert-butyl derivative could successfully extract strontium ion from 
nitric acid media and they developed a process (the strontium extraction 
[SREX] process)  suitable for the extraction of Sr2+ from actual acidic nuclear 
tank waste. The Sr2+ distribution ratios (DSr) using the SREX process are typi-
cally in the range of 5–30, depending on the nitric acid concentration, the 
crown-ether concentration, and the makeup of the diluent. McDowell found 
that the extraction of Sr2+ could be enhanced by the addition of organophilic 
 alcohols [1], phenols [1], phosphoric acids, or (especially) carboxylic acids 
[4] to  solutions containing the organophilic crown ethers. The extraction 
of Sr2+ from 4.0 M sodium nitrate solution by a toluene solution of dicylco-
hexano-18-crown-6 (at 0.05 M) and Versatic acid 1519 (a branched carboxylic 
acid, at 0.10 M) gave Sr2+-distribution ratios of as high as 100 at pH 8, reach-
ing a maximum of slightly over 1000 at pH 9.4, after which the DSr value 
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began to drop [4]. At pH 9.4, the acid alone affords a DSr of about 100, through 
simple ion exchange. DSr values on the order of 103 appear to be the high-
est distribution ratios conventionally obtainable by solvent extraction that 
we are aware of. Despite the high DSr values obtainable from the combined 
crown ether–carboxylic acid solvent system, carboxylic acids have not been 
utilized in actual processes, because they tend to coextract large quantities 
of other metal ions such as sodium ion.

Cesium ion extraction using crown ethers has also been investigated 
by McDowell [7], Horwitz [8,9], and their coworkers, as well as many 
 others [10–13]. McDowell showed that the distribution ratio of cesium ion 
(DCs) from 0.1 M nitric acid solutions could be on the order of 102 when 
the crown ether bis(tert-butylbenzo)-21-crown-7 was used in  combination 
with the organophilic anion didodecylnaphthalenesulfonic acid (in tolu-
ene solution). Recently, a new class of extremely powerful macrocyles for 
the extraction of cesium ion, the calixarene-crown ethers, in particular 
 mono- and bis-crown derivatives of calix[4]arenes in the 1,3-alternate con-
formation, have been shown to  possess both extremely high extractive 
strength for cesium and excellent selectivity (generally exceeding 104) for 
cesium ion over sodium ion [14,15]. Without the aid of an organophilic 
anion, these calixarene crown ethers are capable of extracting cesium from 
both acidic and alkaline media with  distribution ratios more than unity 
and the D  values can be as high as 100, depending on the concentration 
of competitive cations such as potassium ion in the aqueous solution, the 
concentration of the calixarene crown, and the polarity of the diluent. By 
comparison, the crown ether bis(tert- butylbenzo)-21-crown-7 would give 
DCs values under the same conditions for at least two orders of lower mag-
nitude [15]. More lipophilic derivatives of the calixarene crown ethers, 
calix[4]-bis- crown-6, and calix[4]-bis-1,2-benzo-crown-6, are currently 
being investigated in solvent-extraction solvents for the removal of cesium 
ion from alkaline nuclear wastes [15]. Use of crown ethers for strontium 
ion extraction, and calixarene crown ethers for cesium ion extraction, in 
ionic- liquid media, can greatly increase the strontium and cesium distri-
bution ratios to 104 or more.

10.2  Rationale for lonic liquid-based extraction systems
The distribution ratios (DM’s) for crown-ether-based extraction processes 
using conventional solvents depend on two major factors: (1) the thermo-
dynamic driving force for cation complexation by a crown ether and (2) the 
 solvation of the cation and counter anion by the organic solvent [1,4]; the 
former  factor is usually thermodynamically favored (see Equation 10.3). 
Diffi culties in increasing the solvent-extraction effi ciency of  conventional 
solvent- extraction systems using crown ethers as extractants lie in the 
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272 Ionic liquids in chemical analysis

 unfavorable transport of cations and counter anions from aqueous phases 
to organic phases [16–19]. Limited solubilities of inorganic metal ions in 
 nonionic organic solvents (Equations 10.1 and 10.2) are the main problem 
associated with conventional solvent extraction. The inability of organic sol-
vents to solubilize ionic crown-ether complexes and their counter anions is 
one of the main obstacles in improving the separation effi ciency of fi ssion 
products based on conventional solvent extraction. Because the solvation of 
ion-pair species is more favorable than the solvation of individual ions in 
organic solvents, the crown-ether complexes and counter anions are com-
pelled to form ion pairs (Equation 10.4), despite the entropic cost [16–23]. 
Conventional organic solvent extractions using crown ethers fundamentally 
involve the transport of ion pairs from the aqueous phase to the organic phase. 
Although the formation of ion pairs helps to reduce the total thermodynamic 
cost of transporting ionic species into the organic phase, the free-energy gain 
in this process is not enough to make up its loss in solubilizing individual 
ions in the organic phase (Equations 10.1 and 10.2). Accordingly, this leads 
generally to a very small distribution ratio for the overall extraction process 
(Equation 10.5). For example, the distribution ratio for the extraction of stron-
tium nitrate into nonpolar organic phases from aqueous solutions by crown 
ethers is generally less than one [1,4,16–19], even though the thermodynamic 
driving force for the complexation of Sr2+ with a number of crown ethers is 
very favorable [16–19]. This distribution ratio is low because the solvation 
free energies for simple inorganic anions such as nitrate by organic solvents 
are extremely unfavorable [24].

A number of strategies have been proposed to address this problem, 
including the addition of hydrophobic anions to the aqueous solution or 
the addition of hydrophilic solvents to the organic phase. For example, 
 McDowell et al. [1–4] made use of lipophic carboxylic acids to enhance the 
 distribution ratio of Sr2+. The solvation of the carboxylic anion in organic 
phases is more favorable than those of simple inorganic anions. The 
 obvious drawback to these approaches is that more chemicals would have 
to be added to the system thereby increasing the complexity of the aqueous 
 solution. Another drawback to this approach is the loss of some selectivity 
due to the  nonselectivity of the ion-exchange capability of the ion exchanger 
(carboxylate anion).

 M aq M org Thermodynamiclly unfavorablen n� ��( ) ( )  (10.1)

 nA aq nA org Thermodynamically unfavorable� ��( ) ( )  (10.2)

 

crown org M org crown M org
Thermodynamically favora

n n( ) ( ) { }( )� �� �

bble  
(10.3)
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n n( ) ( ) { }( )� �� � �
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These key defi ciencies associated with current extraction processes based 
on crown ethers prompted us to search for alternative extraction media 
that could convert the solvation of ionic species into a more favorable thermo-
dynamic process. We and others [25] have demonstrated the basis for the 
use of hydrophobic ILs containing macrocyclic ligands as extraction solvents 
to selectively remove the fi ssion products (Sr2+ and Cs+) [26–28]. An ionic 
 liquid [29] is a fl uid phase, comprised only of cations and anions (Figure 10.1), 
which is formed by melting an organic salt, and is conveniently defi ned as an 
organic salt with a melting point below ∼100°C. ILs are liquid at 25°C. ILs are 
proving to be increasingly interesting fl uids for application in soft-matter sys-
tems from electrochemistry to energetic materials, and are rapidly becoming 
established as viable media for synthesis and separations  operations [30–33]. 
As a class of liquids, they are fundamentally different from molecular sol-
vents and from salt solutions. They are electrically conducting, nonvolatile 
fl uids and have, by defi nition, low melting points and wide liquid ranges. 
These unique properties have encouraged researchers around the world to 
explore the uses of ILs in place of volatile organic solvents. The most promis-
ing current developments, however, appear to be emerging not from the use 
of ILs as new solvents, but in utilizing the unique combinations of chemical 
and physical properties and characteristics of ILs. The key chemical, struc-
tural, and physical features of ILs have been widely described, most com-
prehensively in ILs in synthesis [29] and the general trends in the physical 

Figure 10.1 Comparison of the structures of an ionic liquid and an organic solvent. 
In the ionic liquid, cations are solvated by anions and vice versa.
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274 Ionic liquids in chemical analysis

properties of ILs are reasonably well established. For example, variation in 
the thermal-decomposition temperatures with anion type and melting points 
of alkyl-methylimidazolium salts with alkyl-chain length [34]. The intrinsic 
nonvolatile nature of these fl uids provides an opportunity to reduce, or even 
completely eliminate, hazardous and toxic emissions associated with the 
loss of volatile compounds to the atmosphere, thus providing the promise 
for signifi cant environmental benefi ts. A second consideration is that solva-
tion and dissolution characteristics of ILs vary signifi cantly when compared 
to conventional solvents such as water, dichloromethane, or hexane, with 
a number of different solvent characteristics, all contributing to the overall 
solvent properties. These solvent properties have been investigated using a 
range of techniques including the use of solvatochromic probes, linear sol-
vent free-energy relationships, and partitioning of organic solutes.

From a thermodynamic perspective, the solvation of ionic species 
(see Equations 10.6 and 10.7), such as crown-ether complexes, NO−

3 , and 
SO 24  −, in the ILs, should be much more favored thermodynamically than 
those of conventional solvent extractions (Equations 10.1 and 10.2). This is 
one of the key advantages of using ILs in separations involving ionic spe-
cies. In this case, cationic crown-ether complexes and their counter anions 
are not expected to form ion pairs, but to be solvated separately by ionic 
species from the ILs. Therefore, the extraction process using crown ethers 
in ILs may not be an ion-pair extraction process.

 

M aq M (IL) Thermodynamically much more 
favorable than

n n� ��( )
  Equation 10.1  

(10.6)

 

A (aq) A (IL) Thermodynamically much more
favorable than 

n n� ��

EEquation 10.2  
(10.7)

In contrast to molecular solvents used as extracting phases, ILs are com-
prised of two ions, rather than a single neutral molecule, and the ions can 
participate in the extraction process. Understanding, control, and utilization 
of the different solvent extraction, and cation- and anion-exchange mecha-
nisms possible in any one IL solvent system are both the challenge and the 
key to exploiting ILs in separation schemes. By adjusting the nature of the 
extracting phase through choice or modifi cation of the cationic or anionic 
components of ILs, the roles of solvent extraction and ion-exchange mecha-
nisms in the metal-ion separation process can be controlled.

Rhinebarger et al. [35] and Eyring et al. [36,37] have used lithium-7 nuclear 
magnetic resonance (NMR) chemical shift data to determine the stability 
constants for crown-ether complexes of Li+ in two IL systems consisting of 
55/45 mole% N-butylpyridinium chloride-aluminum chloride and 1-ethyl-3-
methyl-imidazolium chloride-aluminum chloride. The stability constants for 
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1:1 complexes between crown ethers and lithium ions in the ILs are greater 
than those in organic solvents. The unique solvation environment of those 
ILs enhances the stability of the crown-ether complexes. Accordingly, the 
extraction effi ciency and selectivity using ILs would be expected to be very 
high. This is an important rationale that compels us to develop an IL-based 
solvent-extraction process using macrocyclic ligands.

Figure 10.2 gives the structure templates of the two most common classes 
of ILs. The cation is usually a heterocyclic cation, such as a dialkyl imid-
azolium ion or an N-alkylpyridinium ion. These organic cations, which are 
relatively large compared with simple inorganic cations, account for the low 
melting points of the salts. Anions that yield ILs range from simple inorganic 
anions such as Cl− or [NO3]− to large complex anions such as the  carborane 
[CB12H12]− [38]. Introducing large, perfl uorinated anions, such as [PF6]−, or 
[Tf2N]− [25], can control the solvent’s reactivity with water, co ordinating 
 ability, and hydrophobicity; the [PF6]− and [Tf2N]− anions produce hydro-
phobic solvents due to their lack of hydrogen-bond accepting ability [39], 
though not all ILs containing perfl uorinated anions are hydrophobic [34]. 
Control over hydrophobicity and other physical properties is governed 
by cation–anion pair interactions, enabling the formation of two-phase in 
 contact with  aqueous phases, thereby making these systems available for 
aqueous liquid–liquid separations [40].

In comparison with conventional molecular solvents, ILs exhibit enhanced 
distribution coeffi cients (DM’s) for a number of complexing neutral ligands in 
extraction of metal ions from aqueous solutions. Such enhancements were 
 initially attributed to two major fundamental factors: (1) ion- recognition 
 capabilities of complexing ligands and (2) unique ionic solvation  environments 
provided by ILs for ionic species. Bartsch and coworkers [28] and Dietz 
and coworkers [41] reported very interesting results, in which the effect of 
 varying the alkyl group in [CnC1Im][PF6] on the effi ciency and  selectivity of 
 competitive extraction of fi ve alkali-metal cations by DCH18C6 was observed. 

N N
+R1

R2

X− (Anion) X− (Anion)
R3

N

R4

+

Imidazolium-based 
ionic liquid

Pyridinium-based 
ionic liquid

Figure 10.2 Structures of two basic kinds of ionic liquids. (Reproduced from the 
American Chemical Society from Luo, H. M., Dai, S., Bonnesen, P. V., Anal. Chem., 76, 
2773–2779, 2004. With permission.)
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276 Ionic liquids in chemical analysis

The  distribution coeffi cients have been found to decrease with the alkyl-chain 
length of the IL cations. This observation led Dietz [41] and his coworkers to 
propose that the extraction process also involves the exchange of the IL cations 
with metal ions (Equation 10.10). The longer the alkyl-chain lengths of the IL 
cations are, the more hydrophobic are the IL cations and more diffi cult to be 
transported into aqueous phases via ion exchange. Most recently, Dietz and 
coworkers have shown how the extracting mechanisms in ionic-liquid sys-
tems can be controlled and changes from solvent extraction to ion exchange 
selectively by changing the composition of the IL  extracting phase [42]. The 
two direct effects of the ion-exchange process are: (1) enhanced extraction via 
synergism of complexation and ion exchange and (2) some loss of ILs. Accord-
ingly, one of the key challenges associated with IL-based extraction is to mini-
mize the loss of ILs via ion-exchange processes and direct dissolutions. The 
partitioning of solutes in IL/aqueous systems [31,43] has been shown to fol-
low traditional octanol/water distributions [40], which is useful for applying 
hydrophobic ILs as direct replacements for solvents, such as benzene, tolu-
ene, dichloromethane, or chloroform in two-phase system separation schemes 
[44,45]. The overall analysis indicates that ILs are less polar than water (i.e., in 
terms of hydrogen-bond acidity and basicity), which is a reasonable conclusion, 
but has important implications for separations. Ions and ionic compounds will 
not partition to an IL from water in the absence of a complexing extractant.

 

[ ] [ ] [ min ] [ ]

[ mi

M Crown-Ether C M-Crown-Ether

C
aq IL IL IL

� � �� �

�

n

n

�

nn ]�
aq  

(10.8)

In following sections, the selected key recent results from our research group 
on the separation of fi ssion products (Sr2+ and Cs+) are outlined. For readers 
who are interested in IL-based extraction systems for other metal ions, several 
excellent reviews are very helpful. Rogers and coworkers [44] have written an 
excellent review on use of ILs for extraction of lanthanides and actinides.

10.2.1  Development of highly selective extraction 
process for Cs+ based on calixarenes

Extraction. We extended the original investigation of our IL-based extrac-
tion for Sr2+ to the extraction of Cs+. A lipophilic derivative of a calix[4]-
bis-crown-6, calix[4]arene-bis(tert-octylbenzo-crown-6) (BOBCalixC6), fi rst 
prepared for the caustic side solvent-extraction process for Cs removal from 
alkaline nuclear wastes [15,46,47] as shown in Figure 10.3 [48] was utilized 
as a cation receptor. These studies were directed primarily toward acquiring 
an understanding of the mechanism of extraction in the complex IL solvents, 
and secondarily toward determining if a Cs-removal technology utilizing 
ILs is possible. The cations of the ILs used in this work were [CnC1Im]+, where 
Cn = C2(ethyl), C4(butyl), C6(hexyl), and C8(octyl). The anion is [Tf2N]−.
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Chapter ten: Separation of metal ions based on ionic liquids 277

The DCs values of the plain ILs in the absence of an extractant are very low. 
The small amount of Cs+ which does partition into the ILs correlates with the 
observed hydrophobicities of the IL organic cations. The hydrophobicity is 
also inversely related to the solubility of the corresponding cation [CnC1Im]+ 
in the aqueous phase, and thus its ion-exchange capability. Accordingly, the 
selectivity of these plain IL solvents toward Cs+ is dominated by the hydro-
phobicity of the metal ions extracted (i.e., their Hofmeister selectivity) [49,50]. 
The solubilities of BOBCalixC6 in the ILs are quite high, even though this 
complexant was designed specifi cally for use in an organic extracting phase. 
As seen in Table 10.1 [48], the distribution coeffi cients (DCs) of Cs+ from water 
to ILs phase with BOBCalixC6 strongly depend on the concentration of BOB-
CalixC6 in the ILs and increase with the concentration of the extractant. 
This observation is very similar to that noted in the extraction of Sr2+ with 
cis-dicyclohexano-18-crown-6 (DCH18C6) in ILs, indicating that the com-
plexation of Cs+ plays a key role in the partitioning processes [26,51,52].
Selectivity. The selectivity for Cs+ was investigated using aqueous solutions 
containing competitive Na+, K+, and Sr2+ ions in contact with BOBCalixC6-
loaded [C4C1Im][Tf2N]. The selectivity coeffi cient for Cs+ in the presence of 
competitor cations can be obtained from the ratios of the DCs values to the 

Figure 10.3 Structure of BOBCalixC6. (Reproduced from the American Chemical 
Society from Luo, H. M., Dai, S., Bonnesen, P. V., Buchanan, A. C., Holbrey, J. D., 
Bridges, N. J., Rogers, R. D., Anal. Chem., 76, 3078–3083, 2004. With permission.)
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Table 10.1 Distribution Ratios (DCs) between the Ionic Liquids and 2.5 mM CsNO3

BOBCalixC6 
(mM)

DCs as a function of Cn in [CnC1Im][Tf2N]

Ethyl, 
C2

a

Propyl, 
C3

Butyl, 
C4

Butyl, 
C4

b

Hexyl, 
C6

c

Octyl, 
C8

c CHCl3
c

0 0.084 0.055 0.024 0.19 ud ud ud
1.00 1.61 1.36 0.77 0.95 0.56 0.45 ud
3.40 4.68 3.90 3.67 2.92 3.20 2.50 ud
7.71 15.3 14.6 13.8 11.7 11.5 8.10 ud
13.6 nm 137 131 63.8 57.4 17.9 0.034
a nm: Not measured because concentration of BOBCalixC6 could not be reached.
b Work conducted using radiotracer technique.
c ud: Undetectable via ion chromatography.

Source: Reproduced from the American Chemical Society from Luo, H. M., Dai, S., Bonnesen, 
P. V., Buchanan, A. C., Holbrey, J. D., Bridges, N. J., Rogers, R. D., Anal. Chem., 76, 
3078–3083, 2004. With permission.
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278 Ionic liquids in chemical analysis

 corresponding distribution coeffi cients of the competitive ions. The distribu-
tion coeffi cients for Na+ and Sr2+ using BOBCalixC6 in [C4C1Im][Tf2N] were 
too small to be detected by ion chromatography. This observation is consistent 
with what has previously been observed for BOBCalixC6 and related calix-
arene-crown ethers in conventional solvents [15,42]. Coextraction of K+ along 
with Cs+ has been observed, however, using BOBCalixC6 in conventional sol-
vents [15]. The concomitant extraction of K+ along with Cs+ is also observed in 
our studies. The selectivity coeffi cients determined under various conditions 
range from ∼3.94 to ∼68.7, which are lower than the selectivities of ∼220 seen 
in organic solvents such as 1,2-dichloroethane [53]. The lower selectivity of 
cesium over potassium may be attributable to the greater polarity of ILs than 
1,2-dichloroethane (dielectric constant 10.19 at 25°C). The distribution of Cs+ 
to the IL phase was observed to decrease with increasing chain length of the 
substituted alkyl group (R) in the organic cation of the IL. This observation is 
consistent with a mechanism of ion exchange during the extraction. The lon-
ger the alkyl chain is, the more hydrophobic the organic cation becomes, and 
accordingly the less the IL will partition to the aqueous phase [42].

10.2.2  Demonstration of facilitated sacrifi cial ion-exchange 
extraction processes to reduce the loss of ionic liquids 
and to increase extractive strength of ionic liquids

Based on the ion-exchange model, the imidazolium cations of ILs would 
be partitioned from the IL phase to the aqueous phase during extraction of 
metal cations from the aqueous phase to the IL phase (Equation 10.8). Thus, 
the addition of a sacrifi cial cationic species (e.g., Na+ and H+) to the IL phase 
that will preferentially transfer to the aqueous phase should reduce the loss 
of imidazolium cations. A sacrifi cial cation in the IL which has no affi nity 
toward BOBCalixC6 and which is more hydrophilic than the IL’s  imidazolium 
cation should result in an enhancement of DCs. Sodium tetraphenylborate 
(NaBPh4) was chosen in our experiments, as such a sacrifi cial hydrophilic 
cationic exchanger, to demonstrate the principle. The release of the [BPh4]− 
anion from the imidazolium-based ILs to aqueous solutions should be 
 negligible in the presence of the organic cations in aqueous phases.

Table 10.2 [48] compares the extraction results obtained using [C4C1Im][Tf2N] 
containing various concentrations of BOBCalixC6 without and with 0.12 M 
NaBPh4. As seen in Table 10.2, no signifi cant changes of the corresponding DCs 
values with the addition of NaBPh4 were observed. The small changes that were 
observed in DCs with the addition of NaBPh4 imply that high  concentrations of 
Na+ may compete with Cs+ for the co ordination with  BOBCalixC6 and that the 
extraction of Cs+ is not totally through the ion-exchange process. Support for 
the substitution of [C4C1Im]+ by Na+ in the ion-exchange process proposed ear-
lier comes from the analysis of the  concentration of [C4C1Im]+ released to the 
corresponding aqueous phases during extraction. As seen in Figure 10.4 [48], 
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Chapter ten: Separation of metal ions based on ionic liquids 279

the addition of NaBPh4 decreases the loss of ILs by about 24%, as determined by 
measuring the UV spectra of [C4C1Im]+ in the corresponding aqueous phases.

As originally revealed by Dietz and Dzielawa [41], the mechanism for 
the extraction of metal ions by extractants in ILs involves the ion-exchange 
 process (Equation 10.8). We have explored the concept of using sacrifi cial 

Figure 10.4 Comparison of UV absorption spectra of aqueous solutions equili brated 
with Cs+-containing ionic liquids with and without NaBPh4. (Reproduced from the 
American Chemical Society from Luo, H. M., Dai, S., Bonnesen, P. V., Buchanan, 
A. C., Holbrey, J. D., Bridges, N. J., Rogers, R. D., Anal. Chem., 76, 3078–3083, 2004. 
With permission.)
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Table 10.2 Effects of Extractable Counter-Anion on the Distribution 
Ratios (DCs) from [C4C1Im][Tf2N] Phases Containing BOBCalixC6 

with and without NaBPh4a

[BOBCalixC6] (mM)

Anion

7.71 10.0 13.8 20.0

0.0 M 
NaBPh4

0.12 M 
NaBPh4

0.0 M 
NaBPh4

0.12 M 
NaBPh4

0.0 M 
NaBPh4

0.12 M 
NaBPh4

0.0 M 
NaBPh4

0.12 M 
NaBPh4

NO−
3 10.9 9.76 22.4 21.9 97.6 92.7 629 608

Cl− 12.2 11.4 22.6 22.6 75.3 66.6 956 940
OAc− 12.8 13.4 24.9 22.6 120 85.4 925 798
a The initial aqueous concentration of Cs+ was 2.5 mM with the specifi ed anion.

Source: Reproduced from the American Chemical Society from Luo, H. M., Dai, S., Bonnesen, P. V., 
Buchanan, A. C., Holbrey, J. D., Bridges, N. J., Rogers, R. D., Anal. Chem., 76, 3078–3083, 
2004. With permission.
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metal ions (Na+) to replace alkylimidazolium cations in the ion-exchange 
process. The rationale behind this assertion is that sodium ions are more 
hydrophilic than imidazolium cations and therefore should replace the imid-
azolium cations in the ion-exchange process (Equation 10.8). As seen from 
Figure 10.4, we can  signifi cantly cut the loss of ILs through the ion-exchange 
process via this  sacrifi cial ion-exchange method. Another environmentally 
benign cation for the  sacrifi cial ion-exchanging process is proton. In fact, 
organic acids have been extensively explored for the synergistic effect on 
conventional  solvent  extractions via  proton transfer [54]. The preliminary 
experiments have been conducted to  evaluate weak organic acids to test this 
concept. A  signifi cant enhancement has been observed using the proton ions 
from oleic acid in [C4C1Im][Tf2N]. The pH dependence of this enhancement 
is correlated with the pKa value of oleic acid. The basic condition of aqueous 
phases can enhance this sacrifi cial ion-exchange process based on proton 
ions. Accordingly, the sacrifi cial ion-exchange process should be directly 
applicable to high pH waste compositions.

10.2.3  Development of recyclable ionic liquid-based 
extraction systems

A series of N-alkyl aza-18-crown-6 ethers were synthesized and  characterized. 
These monoaza-substituted crown ethers in ILs were investigated as 
 recyclable extractants for separation of Sr2+ and Cs+ from aqueous solutions. 
The pH- sensitive complexation capability of these ligands allows for a facile 
 stripping process to be developed so that both macrocyclic ligands and ILs 
can be reused.

Syntheses of N-alkyl aza crown ethers have been based on a  modifi ed proto-
col previously investigated for similar compounds [5,55,56]. The  reaction used 
for synthesizing recyclable monoaza crown ethers in this study is  illustrated in 
Scheme 10.1 [57]. Eight monoaza crown ethers were successfully synthesized 

O O

O

O O

HN

O O

O

O O

N
Na2CO3/CH3CN

80°C, 72 h
+ n-RX R

1. R = ethyl, X = Br
2. R = n-butyl, X = Br
3. R = n-hexyl, X = Br
4. R = n-octyl, X = Br

5. R = n -dodecyl, X = Br
6. R = n -hexadecyl, X = Br

7. R = CF3(CF2)5CH2CH2, X = I
8. R = 9-anthracenylmethyl, X = Cl

−

Scheme 10.1 The reaction used for synthesis of recyclable monoaza-substituted 
crown ethers. (Reproduced by permission of the American Chemical Society from 
Luo, H. M., Dai, S., and Bonnesen, P. V., Anal. Chem., 76, 2773–2779, 2004.)
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in good yield except for the fl uorinated alkyl crown ether (7). The basic reaction 
involves the alkylation of the monoaza group of 1-aza-18-crown-6. The hydro-
phobicity of the longer chain alkyl-group  substituents should signifi cantly 
reduce the solubilities of the aza-substituted crown ethers in water.

Figure 10.5 shows the variation of DSr and DCs as a function of the alkyl-
chain length on the aza group of the crown ethers. As seen from Figure 10.5, 
the value of DSr and DCs increases as the alkyl chain length on the aza group 
of crown ethers increases peaking with octyl substitution. This observation 
can be rationalized according to the hydrophobicity of the different alkyl-
substituted crown ethers. The longer the alkyl chain is, the less  partitioning 
of the crown ethers to the aqueous phases. Therefore, the enhanced DSr 
 values could be expected for the crown ethers with longer alkyl chains. 
DSr values as high as 1000 can be achieved with a concentration of 0.1 M of 
N-octyl aza-18-crown-6 in [C4C1Im][Tf2N], which is comparable to the extrac-
tion effi ciency of DCH18C6 at the same condition [26,41]. However, the DSr 
values decrease slightly as the alkyl chain length on the aza group of crown 
ethers increases from C8 to C12 and C16. This may be due to solubility problems 
associated with the latter compounds.

The cation-binding capabilities of monoaza-substituted crown ethers are 
extremely pH sensitive [58]. At low pH, the aza crown will be protonated, and 

Figure 10.5 Effect of N-alkyl group variation of monoaza crown ethers on extrac-
tion effi ciency of [C4C1Im][Tf2N] containing N-alkyl aza-18-crown-6 (0.1 M). (Repro-
duced from the American Chemical Society from Luo, H. M., Dai, S., Bonnesen, P. V., 
Anal. Chem., 76, 2773–2779, 2004. With permission.)
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282 Ionic liquids in chemical analysis

the binding constant for metal cations will be severely reduced,  relative to that 
of the neutral aza crown, due to charge repulsion. The binding  affi nity can 
accordingly be switched by varying the pH, with metal ion binding  taking 
place at neutral or high pH, and metal ion release taking place at low pH. 
This switchable binding property forms the main rationale for us to develop 
IL-based separation processes using monoaza-substituted crown ethers. The 
basic recycling strategy for the monoaza-substituted crown ethers is sum-
marized in Scheme 10.2 [57]. The recycling experiments with N-octyl aza-18-
crown-6 (4) or N-(9-anthracenylmethyl) aza-18-crown-6 (8) in [C4C1Im][Tf2N] 
for extraction of metal ions from the aqueous solution containing CsNO3 
or Sr(NO3)2 were conducted. In each case, more than 98% Cs or Sr cations 
were recovered. The IL phases containing N-alkyl aza crown ethers could be 
reused for solvent extractions after deprotonation with a base. No signifi cant 
changes of extraction effi ciencies were observed, indicating that a stripping 
process based on monoaza crown ethers and ILs is feasible.

10.2.4  Effect of 1-alkyl group of ionic liquids on extraction effi ciency 
of N-alkyl aza-18-crown-6 and comparison with DCH18C6

Table 10.3 shows the comparison of DSr and DCs for DCH18C6 and fi ve 
N-alkyl aza-18-crown-6 in four different ILs. The distribution coeffi cients 
for both Sr2+ and Cs+ increase with the decrease of the alkyl chain length 
in ILs. Such dependence can be attributed to the ion-exchange capability of 

O O

O

O O

N R

O O

O

O O

N R

Stripping
O O

O

O O

HN R Mn++
+

H+

+OH−+Mn+

Mn+

Scheme 10.2 The basic recycling strategy for the monoaza-substituted crown 
ethers. (Reproduced by permission of the American Chemical Society from Luo, H. M., 
Dai, S., and Bonnesen, P. V., Anal. Chem., 76, 2773–2779, 2004.)
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Chapter ten: Separation of metal ions based on ionic liquids 283

the corresponding cations of a specifi c IL. The DSr values obtained using 
N-alkyl aza-18-crown-6 in different ILs exhibit the same trend. In fact, the 
extraction effi ciencies of Sr2+ for the IL systems containing DCH18C6 and 
N-alkyl aza-18-crown-6 are very similar. For instance, as can be seen from 
Table 10.3, N-octyl aza-18-crown-6 gave DSr values of 8430 in [Tf2N] and 
1070 in [C4C1Im][Tf2N], which are comparable to 10,700 in [C2C1Im][Tf2N] 
and 935 in [C4C1Im][Tf2N] for the corresponding DCH18C6-based system. 
 Accordingly, the extractive strength of N-octyl aza-18-crown-6 for Sr2+ in ILs 
is very  similar to that of DCH18C6.

The extraction results for the competitive solvent extraction of the aqueous 
solution with DCH18C6 in four ILs are illustrated in Figure 10.6. (The data are 
corrected for the levels of metal cations that are extracted by the ILs alone.) 
As can be seen from Figure 10.6, there is a smooth decrease in the extraction 
effi ciency for each metal cation as the carbon chain length in ILs increases. 
Figure 10.7 shows the infl uence of varying the carbon chain length of ILs on 
the selectivities of Sr2+/Na+, Sr2+/Cs+, and Sr2+/K+ for competitive extraction 
by DCH18C6. With the exception of Sr2+/Na+ in [C2C1Im][Tf2N], the Sr2+/
Na+, Sr2+/Cs+, and Sr2+/K+ selectivities decrease as the 1-alkyl group of ILs 
is lengthened. The order of extraction effi ciency is K+ >> Sr2+ > Cs+ > Na+ 
in all four ILs. This observation is consistent with the reported results in Ref. 
28 for [CnC1Im][PF6]. The high extraction effi ciency for K+ signifi cantly ham-
pers the applications of these systems for extraction of Sr2+ in the presence 
of K+. The results for competitive extraction of the same aqueous solutions 

Table 10.3 Effects of Different Ionic Liquids on Extraction Effi ciency of N-alkyl 
aza-18-Crown-6 and Comparison with DCH18C6a

Concentration of 
crown ethers in 
ionic liquids

Aqueous 
phase 

(1.5 mM)

DM as a function of Cn in [CnC1Im][Tf2N]

Ethyl, C2 Butyl, C4 Hexyl, C6 Octyl, C8

0.10 M DCH18C6 CsCl 589 380 66.0 8.35
SrCl2 10700b 935 82.2 3.95

0.10 M N-dodecyl 
aza-18-crown-6

CsCl 45.5 30.5 19.4 6.66
SrCl2 3840b 982 209 17.5

0.10 M N-octyl 
aza-18-crown-6

CsCl 25.2 25.7 14.3 3.22
SrCl2 8430b 1070 169 5.29

0.10 M N-hexyl 
aza-18-crown-6

CsCl 24.4 22.0 14.3 4.31
SrCl2 2900 518 135 4.47

0.10 M N-butyl 
aza-18-crown-6

CsCl 17.4 13.7 6.59 2.74
SrCl2 1000 381 26.0 2.47

0.10 M N-ethyl 
aza-18-crown-6

CsCl 6.02 2.48 3.10 1.74

SrCl2 799 55.8 5.62 0.38
a Single species extraction.
b Determined by ICP-AE.

Source: Reproduced from the American Chemical Society from Luo, H. M., Dai, S., Bonnesen, P. 
V., Anal. Chem., 76, 2773–2779, 2004. With permission.
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284 Ionic liquids in chemical analysis

Figure 10.6 Effect of 1-alkyl group variation of ionic liquids on effi ciency of com-
petitive metal cation extraction from aqueous solutions by DCH18C6 (0.1 M) in 
[CnC1Im][Tf2N]. (Reproduced from the American Chemical Society from Luo, H. M., 
Dai, S., Bonnesen, P.V., Anal. Chem., 76, 2773–2779, 2004. With permission.)
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Figure 10.7 Effect of 1-alkyl group variation of ionic liquids on Sr2+/Na+, Sr2+/
Cs+, and Sr2+/K+ selectivities in competitive metal cation extraction from aqueous 
 solutions by DCH18C6 (0.1 M) in [CnC1Im][Tf2N]. (Reproduced from the American 
Chemical Society from Luo, H. M., Dai, S., Bonnesen, P. V., Anal. Chem., 76, 2773–2779, 
2004. With permission.)

1-Alkyl group of ionic liquids

C2 C4 C6 C8

S
el

ec
tiv

ity
 r

at
io

0

2

4

6

8

10

12

14

16

18

Sr/Na
Sr/Cs
Sr/K

CRC_46462_CH010.indd   284CRC_46462_CH010.indd   284 8/4/2008   7:04:35 AM8/4/2008   7:04:35 AM

© 2009 by Taylor & Francis Group, LLC



Chapter ten: Separation of metal ions based on ionic liquids 285

with N-octyl aza-18-crown-6 in the same four ILs are shown in Figure 10.8. 
With the exception of the DK value for [C4C1Im][Tf2N], extraction effi ciency 
for each metal cation decreases as the carbon chain length in ILs increases. 
The key change from the selectivity order of the DCH18C6 system is that the 
order of extraction effi ciency is Sr2+ >> K+ > Cs+ > Na+ for the N-octyl aza-
18-crown-6 extraction systems based on [C2C1Im][Tf2N] and [C4C1Im][Tf2N]. 
This observation clearly demonstrates the advantage of using N-alkyl aza-
18-crown-6 for extraction of Sr2+ based on ILs in the presence of other com-
petitive cations. Interestingly, the order of extraction effi ciency (K+ > Sr2+ > 
Cs+ > Na+) is the same as that of DCH18C6 for the N-octyl aza-18-crown-6 
extraction systems based on [C6C1Im][Tf2N] and [C8C1Im][Tf2N]. The reversal 
of the extraction effi ciency for Sr2+ and K+ induced by the variation of the IL 
cations further demonstrates the strong role played by ILs in determining 
not only distribution coeffi cients but also orders of the selectivities. Such an 
effect is unusual in solvent extractions based on conventional solvents.

Figure 10.9 shows the infl uence of varying the carbon chain length of ILs 
on the Sr2+/Na+, Sr2+/Cs+, and Sr2+/K+ for competitive metal cation extrac-
tion by N-octyl aza-18-crown-6. The Sr2+/Na+, Sr2+/Cs+, and Sr2+/K+ selectiv-
ities increase as the carbon chain length in ILs decreases. For [C2C1Im][Tf2N], 
a Sr2+/Na+ selectivity of more than 300 can be achieved. Similar trends were 
observed for other four N-alkyl aza-18-crown-6, where the alkyl groups are 
n-dodecyl, n-hexyl, n-butyl, and ethyl. For the most part, DSr/DK is relatively 
constant in a given IL as the alkyl chain on the aza crown is varied.

Figure 10.8 Effect of 1-alkyl group variation of ionic liquids on effi ciency of com-
petitive metal cation extraction from aqueous solutions by N-octyl aza-18-crown-6 
(0.1 M) in [CnC1Im][Tf2N]. (Reproduced from the American Chemical  Society from Luo, 
H. M., Dai, S., Bonnesen, P. V., Anal. Chem., 76, 2773–2779, 2004. With permission.)
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286 Ionic liquids in chemical analysis

Figure 10.9 Effect of 1-alkyl group variation of ionic liquids on Sr2+/Na+, Sr2+/Cs+, 
and Sr2+/K+ selectivities in competitive metal cation extraction from aqueous 
 solutions by N-octyl aza-18-crown-6 (0.1 M) in [CnC1Im][Tf2N]. (Reproduced from 
the American Chemical Society from Luo, H. M., Dai, S., Bonnesen, P. V., Anal. Chem., 
76, 2773–2779, 2004. With permission.)
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10.2.5  Effects of anions of ionic liquids on 
extraction of fi ssion products

The extraction effi ciency of crown ethers in ILs has been demonstrated to be 
highly correlated to the hydrophilicity of IL cations. Dietz and coworkers 
[41] demonstrated that this dependence is controlled by the ion-exchange 
capabilities of the corresponding IL cations. Our recent experiments [59] 
have showed that the distribution ratios of the ILs with bis[(trifl uoromethyl)
sulfonyl] imide anion are much larger than those with hexafl uorophosphate 
anion (see Figure 10.10). This indicates that the anion also plays a key role in 
 solvent extraction involving ILs. This dependence is opposite to that found 
for IL cations, indicating a signifi cant advantage of using ILs with hydropho-
bic anions for cation extraction [59]. Furthermore, the extraction selectivity 
for Sr2+ over Na+, K+, and Cs+ can be signifi cantly improved through the use 
of hydrophobic anions for the ILs containing 1-ethyl-3-methylimidazolium 
or 1-butyl-3-methylimidazolium cations. The application of Le Chatelier’s 
principle [60] to Equation 10.8 indicates that as the concentration of [CnC1Im]+ 
in aqueous solution increases, Mn+ partitions less into ILs. The concentration 
of [CnC1Im]+ in aqueous solution results mainly from the solubilization of 
ILs into aqueous phases. Therefore, the organic cations dissolved in  aqueous 
phases through solubilization have an adverse effect on the transport of 
Sr2+ and Cs+ from aqueous phases into ILs. The enhanced  hydrophobicity 
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Chapter ten: Separation of metal ions based on ionic liquids 287

of the conjugate anions in ILs can give rise not only to greater distribu-
tion  coeffi cients but also to decreased losses of ILs, as revealed by the ion-
exchange model.

To further confi rm the validity of the proposed rationalization of the 
anion effect via the ion-exchange model, the organic cations ([CnC1Im]+) were 
deliberately added to the aqueous phases in the form of the corresponding 
bromide salts ([CnC1Im]Br) to shift the equilibrium of Equation 10.8) to the 
left side [61]. The concomitant signifi cant reduction of Sr2+ extraction was 
observed consistent with Le Chatelier’s principle based on the ion-exchange 
model. For example, the addition of [C4C1Im]Br (19.0 mM) into the aqueous 
solution in the extraction system based on [C4C1Im][BETI] (bis(perfl uoroet
hanesulfonyl)imide [BETI]) reduces DSr from 3950 to 357. The value of DSr 
decreased to 23.1 on further addition of [C4C1Im]Br (85.9 mM). Accordingly, 
the intrinsic solubilities of ILs in aqueous solutions have an adverse effect on 
the extraction of cationic species.

10.2.6  Electrochemical method for recycling ionic 
liquid–ionophore extractant phase in ionic 
liquid-based extraction of Cs+ and Sr2+

To develop an effi cient and economical method for the extraction of radio-
active Cs+ and Sr2+ from nuclear waste with an IL, a nondestructive process 
must be developed for removing the captured Cs+ and Sr2+ so that the IL can 
be recycled. This method must also concentrate the recovered Cs+ and Sr2+ 

Figure 10.10 Dependence of Log (DSr) on ionic liquid anions of [C4C1Im]+-based 
ionic liquids.
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288 Ionic liquids in chemical analysis

into the smallest volume possible. The electrochemical reduction of these 
ions into a liquid electrode material, such as Hg, is an attractive candidate 
for this process. However, the reduction of Cs+ and Sr2+ in both native form 
and complexed with the ionophores of interest, BOBCalixC6 and DCH18C6, 
respectively, is observed close to the negative potential limit of the di- and 
 trialkylimidazolium [Tf2N]− or [PF6]− salts that have been used as extraction 
solvents for these ions [26]. Thus, the prospects for the development of a simple, 
effi cient electrochemical method for the removal of these captured ions from 
imidazolium ILs is not good. However, it was recently demonstrated that ILs 
based on [Tf2N]− anions and quaternary tetraalkylammonium cations such as 
tri-1-butylmethyammonium [(C4)3C1N]+ are hydrophobic liquids at room tem-
perature and exhibit much greater cathodic stability than the corresponding 
imidazolium salts [62–65]. Thus, at the University of Mississippi, Hussey and 
his coworkers [66–68] have investigated mixtures of this IL with the ionophores, 
BOBCalixC6 and DCH18C6, to determine if these extraction mixtures can be 
used to selectively extract Cs+ and Sr2+ from simulated nuclear wastes and to 
assess the prospects of using electrochemical methods to selectively remove 
the extracted Cs+ and Sr2+ so that the IL–ionophore extraction solvent can be 
recycled. They have found that the [(C4)3C1N][Tf2N] containing BOBCalixC6 
and DCH18C6 is an excellent solvent for the extraction of Cs+ and Sr2+ from 
simulated aqueous wastes. The extraction effi ciency is comparable to the cor-
responding imidazolium-based ILs under active investigation at our research 
institute. Furthermore, it is possible to effi ciently remove the Cs+ and Sr2+ com-
plexed by BOBCalixC6 and DCH18C6, respectively, from the [(C4)3C1N][Tf2N] 
IL by electrochemical reduction at a mercury fi lm electrode (MFE). In addi-
tion, because of the difference in the reduction potentials of Cs+ complexed by 
BOBCalixC6 and Sr2+ complexed by DCH18C6, it is also possible to selectively 
remove either Cs+ or both Cs+ and Sr2+ from the extraction mixture by  careful 
control of the reduction potential during controlled-potential electrolysis, 
leaving the unaltered ionophores in the IL. Thus, they have demonstrated the 
 feasibility of an IL-based process for removing Cs+ and Sr2+ from aqueous 
simulated nuclear wastes by extraction and electrochemical concentration of 
the extracted Cs and Sr into a liquid–metal electrode. This process permits 
recycling of the IL–ionophore mixture and provides a route for transporting 
the recovered radioactive Cs and Sr from the extraction facility.

10.2.7  Ionic liquids based on metal complexes of crown ethers

We have developed a new strategy for synthesizing a new class of ILs [69]. 
The basic concept and proof-of-principle experiments have been summarized 
in a patent application, which was fi led on December 2, 2003 by UT-Battelle, 
LLC. The conventional formation of ILs can be regarded as the complexation 
reactions of simple anionic species and neutral compounds.

 AlCl EMI Cl EMI AlCl3 4� � � � ��  
(10.9)
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Chapter ten: Separation of metal ions based on ionic liquids 289

The most classic example is the formation of the ILs [C2C1Im]Cl/AlCl3 [32]. 
When two solids are mixed stoichiometrically, the complexation of Cl− by 
AlCl3 gives rise to an IL composed of [C2C1Im][AlCl4] (Equation 10.9). The 
reaction is thermodynamically favored, resulting in the release of heat. The 
essence of our new strategy for synthesizing a new class of ILs is through 
the complexation reactions of metal cations by neutral ligands.

Crown ethers are well-known neutral ligands for their strong  complexation 
of metal ions to form cationic coordination complexes. The preliminary 
experiments have been conducted to test the aforementioned new strategy 
for formation of ILs based on asymmetric neutral crown ethers. The sys-
tems we chose to demonstrate the basic principle of our strategy consist of a 
 neutral asymmetric crown ether and a metal-organic salt. The crown ether 
we used in our preliminary experiments is cyclohexano-15-crown-5, which 
is very asymmetric and known to complex strongly with Li+. N-lithiotri-
fl uoromethanesulfonimide (Li[Tf2N]) was used as an alkaline organic salt 
to provide cations (Li+) to be complexed by the crown ether and conjugate 
anions [Tf2N]−. When the above crown ether and Li[Tf2N] were mixed, a 
release of heat was observed, resulting in a clear solution. This observation 
is reminiscent of [C2C1Im]Cl/AlCl3 reaction. The basic reaction is given by 
Equation 10.10.

 

O

O O

O O

+

O

O O

O O

L i+

RTIL

Li + Tf2N−
 Tf2N−

  
 (10.10)

This new IL also has negligible vapor pressure at ambient conditions. No 
reduction of mass has been observed under vacuum rotary evaporation at 
100°C. The miscibilities of this IL with a number of organic solvents (e.g., 
acetonitrile and acetone) are very good. However, it is immiscible with aque-
ous solutions. Accordingly, it can be utilized as a potential new solvent for 
solvent extraction of ionic species. Our preliminary experiments have shown 
that Cs+ can be quantitatively extracted to this new IL.

10.2.8  Task-specifi c ionic liquids containing 
an aza crown-ether fragment

Davis fi rst introduced the term task-specifi c ILs (TSILs) to describe ILs 
 prepared using the concept of increasing the ILs affi nity of the extractants by 
incorporating the complexing functionality as an integral part of the IL [44]. 
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290 Ionic liquids in chemical analysis

Thus, ILs with built-in extracting capability, and differentiation from both 
aqueous and organic phases, through modifi cation of the IL comiscibility can 
be prepared. Based on our current success in development of a  stripping pro-
cess with N-alkyl aza crown ether [56], we have synthesized several new ILs 
covalently attached with an aza crown-ether fragment [70]. These new ILs can 
function as both extractant and solvent. The solvation properties of these ILs 
can be systematically infl uenced by both the carbon chain length between the 
aza crown ether and IL fragment and alkyl substituents (R) on organic cations 
[70]. The ILs containing the aza crown ether with various combinations of 
substituent groups R and different carbon chain length (n) were synthesized 
and characterized for solvent-extraction applications. As our preliminary 
results, we have successfully synthesized an IL covalently attached to an aza 
crown (Figure 10.11). The extraction result was very promising.

Conclusions
In this chapter, we provide an overview of our recent research on  solvent 
extraction of fi ssion products based on ILs. Since the inception of the 
IL-based extraction system for metal ions in 1999, this approach has proven 
to be highly effi cient for the extraction of metal ions. The success of the 
IL-based extraction systems lies in its ionicity, tunability, ion exchangeabil-
ity, and nonvolatility. Although this review is focused on the recent research 
activities of our research groups, we hope to convince readers that the 
 separation of metal ions based on IL is a fascinating research arena. Existing 
achievements and many anticipated future advances in this area will have 
fundamental and practical impacts on separation sciences.
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Figure 10.11 Structure of a new ionic liquid containing the aza-crown fragment.
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11.1 Introduction
Molecular systems can be characterized by using a wide range of spectro-
scopic methods that describe their energy term schemes in the form of spec-
tra. Usually ultraviolet–visible (UV–Vis) spectra are obtained by measuring 
the intensity of the absorption of the monochromatic radiation with a wave-
length of 190–1100 nm passing through a solution in the cuvette. It means 
that usually for UV–Vis measurements the sample or chromophore is in a 
liquid state or solvated in certain solvent. On typical chromophore, tran-
sitions in molecular orbitals and in the ligand fi elds of metal chelates and 
charge-transfer (CT) bands can be observed. The solvents can actively inter-
act with certain solutes and thus change the UV–Vis spectra formed by either 
removing vibrational fi ne structures or shifting absorption band maxima, or 
both. In case of the molecular photoluminescence (fl uorescence, phospho-
rescence) and chemiluminescence, the emission spectra are obtained in the 
above-mentioned wavelength range when the excited molecules decay to 
their ground states.

Pure ionic liquids (ILs) are solvents that remain colorless and transpar-
ent throughout almost the whole visible and near-infrared (NIR) spectral 
regions. This property coupled with excellent stability makes ILs very 
attractive  optical solvents that may be used for the absorption and fl uores-
cence  studies of dissolved substances, as well as for monitoring the reactions 
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 performed in these solvents. Also, the UV–Vis spectroscopy can be and is 
widely used to analyze the properties/behavior of ILs, as well as to conduct 
theoretical studies to get a better understanding of the nature of ILs.

This chapter will briefl y treat some of these aspects. An attempt is made 
to give an idea about the possibilities of applying ILs to molecular spectro-
scopic studies.

11.2 Solvent for spectroscopy
Already in the era of haloaluminate ILs it was reported that ILs are able to 
solvate a wide range of species, including organic, inorganic, and organome-
tallic compounds. Notably a variety of transition metal complexes, which are 
unstable in other media, may be studied in ambient temperature ILs [1]. The 
use of ILs as solvents circumvents the problems of solvation and solvolysis 
of the halide complexes of transition metals and permits reliable solution 
spectra of these species to be recorded. In some case the spectra exhibit 
quite a remarkable resolution. In above-mentioned work, simple halide com-
plexes of titanium, vanadium, chromium, manganese, iron, cobalt, nickel, 
copper, molybdenum, tungsten, rhenium, ruthenium, osmium, rhodium, 
and iridium were subjected to study. In all cases it was observed enhanced 
resolution and signifi cant spectral shifts compared with the standard solu-
tion spectra published. However, the results obtained were similar to those 
obtained with solvents having a low dielectric constant (such as dichloro-
methane) [2]. Other investigators have confi rmed that haloaluminate ILs are 
excellent solvents to be applied to absorption spectroscopic and spectro-
electrochemical studies. Advantageous is that the methods used to study the 
properties or behavior of complex species in room-temperature haloalumi-
nates are mostly the same as those used to carry out similar investigations in 
conventional solvents [3].

Haloaluminate ILs are tunable solvents that allow the dependence of 
the oxidation state of a compound on the solvent acidity to be studied. An 
example [4] is the characterization of iodine and the iodine species in differ-
ent oxidation states at widely varied acidities of [C4py]Cl/AlCl3. The variety 
of the species formed at different solvent acidities refl ects the features of 
the characteristic acid–base interactions in chloroaluminate molten salts as 
well. Combining electrochemical and spectroscopic data, the electro-active 
species can be identifi ed as it was done in Ref. 5.

In Ref. 6, the Brønsted superacidity of HCl in liquid chloroaluminate IL 
([C2C1Im]Cl/AlCl3) was studied by the protonation of arens during which 
the degree of protonation was measured by using absorption spectroscopy. 
The arens were stable in the liquid chloroaluminate for many hours and their 
protonated forms (arenium ions) were stable for 1 h or more.

The easy handling of water- and air-stable ILs also enables their application 
to spectroscopic measurements. ILs have good solvating properties and a high 
spectral transparency (the UV cut off wavelength of alkylimidazolium-based 
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ILs is in the range of 230–250 nm) which make them suitable to be used as 
solvents for spectroscopic measurements especially in the visible region. 
Because of their ionic origin, ILs allow the coordination of a complex com-
pound in a liquid state to be studied. An additional advantage of ILs is that 
their solvating properties can be designed in such a way that differently 
coordinating solvents are obtained. A lot of examples can be presented on 
spectroscopic studies with lanthanides and actinides.

The solubility and coordination properties of uranium(VI) in ILs strongly 
depend on the chemical form of the uranium(VI) induced in solution, the 
composition of ILs, and the presence of any other anions [7]. The coordi-
nation chemistry of iron(III) tetraarylporphyrins in ILs studied by UV–Vis 
spectroscopy could be mentioned [8].

ILs are becoming useful solvents to investigate the spectroscopic behav-
ior of both organic and inorganic lanthanide complexes in solution, espe-
cially of complexes with weakly binding ligands, which otherwise would 
be unable to compete with the solvent molecules for a binding site on the 
lanthanide ion [9].

Researchers have observed an unusually stable behavior of Eu(II). In 
Ref. 10, the solvation of Eu(II) and its complexation effects in the presence 
of the crown ether DC15C5 solubilized in [C4C1Im][PF6] were studied. This 
extra stabilization can be explained by a local order of ions at short distances 
existing in ILs.

It was demonstrated that the visible luminescence from Eu(III) in ILs can 
provide an insight into the role of the catalyst and its interactions with ionic 
surrounding and traces of water. The spectroscopically active lanthanide 
ion can interact with the light through an induced electric dipole. In spec-
tra, the transition having an absorption band maximum at 586 nm shows 
hypersensitivity and already small coordination changes shift the band. The 
spectra exhibit the structure of lanthanide complexes to be much fi ner than 
is commonly the case with the complexes in solution. Molecular dynamics 
simulations indicate that the fi rst coordination shell is occupied by anions 
whose number depends on the ionic radius of the lanthanide ion. The 
imidazolium cations are situated in the second coordination sphere. Using 
noncoordinating anions the spectra have a less fi ne structure.

The luminescence of lanthanides can be improved by using an intramo-
lecular energy transfer, the antenna effect. If the ligand (β-diketonates and 
noncharged adducts such as 1,10-phenanthroline or 2,2′-bipyridine) contains 
a light-absorbing group, the energy absorbed by the chromophore can be 
transferred to the lanthanide ion. The antenna effect improves the intensity 
just as in other solvents [11]. The ILs doped with luminescent  lanthanide 
complexes could fi nd potential applications as active components in, for 
instance, chelate lasers, which operate in a similar way as dye lasers do.

ILs are effective solvents also for fullerenes C60, the solubility of it is up 
to 0.1 mg/mL. The solubility of C60 in ILs depends very much on the struc-
ture of the component ions [12]. The varying degrees of aggregation of C60 
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 molecules in ILs were also observed from the concentration dependence of 
the UV–Vis spectra of solutions of C60.

Using ILs for the preparation of different nanoparticles is becoming 
popular. The latter can be easily characterized by using UV–Vis absorption 
spectroscopy, as it was the case with the Au nanoparticles obtained under 
different preparation conditions [13].

As already mentioned, UV–Vis spectroscopy is an effective tool to study 
metal complexes. For different actinide(IV) compounds in ILs (Np(IV), 
Pu(IV), U(IV) as [C4C1Im]2[AnCl6] complexes in [C4C1Im][Tf2N]) a similarity 
with solid complexes having an octahedral An(IV) environment was esti-
mated [14,15]. In other ILs, for example, uranyl ions dissolved in [C4C1Im]
[NfO], [UO2]2+ may be present as a bare cation [16].

In case of ions, it is important to know the coordination environment 
to extract metals. UV–Vis spectroscopic measurements provide the respec-
tive information. There are systems in which both the biphasic extraction 
 equilibrium and the metal coordination environment in an IL and a molec-
ular organic solvent are the same [17].

Spectroscopic, that is, fl uorescence and circular dichroism (CD), fourier 
transform infared (FTIR) measurements have been widely applied to analyz-
ing changes in enzyme structures in an attempt to explain the stabilization 
or denaturation phenomena associated with enzyme environments, for 
example, temperature, solvents, and so on. All these measurements can also 
be performed in ILs where fl uorescence and CD spectroscopy demonstrated 
the conformational changes in the native structure of calcium binding pro-
teins (CALB) which resulted in the higher synthetic activity and stability 
in ILs as compared to those obtained in classical organic solvents [18].The 
stabilization of enzymes by ILs may be related to the associated structural 
changes of proteins [19].

11.3  Photochemistry and solvatochromism 
in ionic liquids

The infl uence of the solvent in molecular organic photochemistry is well 
established and it is natural to expect the same from ILs when they are used 
as a medium in photochemistry. Photochemical reactions include energy 
transfer, hydrogen abstraction, oxygen quenching, and electron transfer. 
From the screening of photochemical reactions in ILs the following are esti-
mated: (i) a remarkable low oxygen solubility (can be measured by a pyrene 
fl uorescence decay); (ii) the slow molecular diffusion rendering the diffu-
sion-controlled processes about two orders of magnitude slower than those 
in common organic solvents (can be estimated from the diffusion-controlled 
energy transfer between xantone and naphthalene); (iii) a long lifetime of 
the triplet excited states (a xantone triplet excitated state as a polarity probe) 
and radical ions; and (vi) a weaker CT interaction (competitive interactions 
with the ions of ILs) decreasing the association constant of the CT complexes 
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and shifting λmax to a longer wavelength (a CT complex between anthracene 
and methylviologen) compared to acetonitrile. ILs can be used to study elec-
tron transfer processes but they are also useful media to follow for energy 
and hydrogen transfer although not for the singlet oxygen generation. 
 Photochemistry is strongly infl uenced by viscosity and diffusion rate in the 
media [20]. Finally, the slowdown of the diffusion rate could be useful for 
performing fast processes (sub ns) in more widely accessible timescales (ns 
systems).

The photochromism in ILs can be monitored in the same way as in organic 
solvents. The process parameters in ILs were reported to be similar to those 
reported in a dimethylsulfoxide (dmso) solution [21].

All ILs showed a rich photochemistry after UV photolysis leading to the 
buildup of various long-lived intermediate products as evidenced from the 
observation that ILs turn yellow upon continuous irradiation. On the other 
hand, exposing ILs to short excitation pulse (a rapid-scan method) signifi -
cantly suppressed the formation of halides [22].

Spectroscopic measurements of solvatochromic and fl uorescent probe 
molecules in room temperature ILs provide an insight into solvent inter-
molecular interactions, although the interpretation of the different and gen-
erally uncorrelated polarity scales is sometimes ambiguous [23]. It appears 
that the same solvatochromic probes work in ILs as well [24], but up to now 
only limited data are available on the behavior of electronic absorption 
and fl uorescence solvatochromic probes within ILs and IL–organic solvent 
mixtures.

It was demonstrated that the addition of a cosolvent may drastically alter 
the physicochemical properties of ILs and hence increase their overall ana-
lytical utility toward solute solvation [25].

On the basis of the response of solvatochromic probes it is possible to 
investigate the aggregation behavior of common anionic, cationic, and non-
ionic surfactants when solubilized in low-viscosity ILs. The investigations 
have demonstrated that several common nonionic surfactants display an 
aggregation behavior in ILs as judged from the changes observed in the 
 solvatochromic probe response. This method may be indicative of that 
aggregation that may to some extent occur in an IL solution. However, the 
method of using solvatochromic probes has some limitations. Even at fairly 
low concentrations, the probe may interact with such aggregates, distorting 
them during the process. Alternatively, the self-association of the probe or 
the interaction of the latter with the surfactant monomer may also lead to 
changes in the solvatochromic probe response [26].

The time-resolved spectroscopy is a sensitive tool to study the solute–
 solvent interactions. The technique has been used to characterize the solvat-
ing environment in the solvent. By measuring the time-dependent changes 
of the fl uorescence signals in solvents, the solvation, rotation, photoisomer-
ization, or excimer formation processes of a probe molecule can be exam-
ined. In conventional molecular solutions, many solute–solvent complexes, 
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including excimers and exciplexes, show characteristic fl uorescence bands 
indicating the formation of these complexes, in addition to the monomer 
fl uorescence bands.

There are few similar measurements performed in ILs. The results of 
measurement of time-resolved fl uorescence spectra and the fl uorescence 
anisotropy decay of 2-aminoquinoline probe molecules in ILs, including 
imidazolium-based aromatic and nonaromatic ones, have shown to differ 
from measurements in ordinary molecular liquids. The time-resolved fl uo-
rescence spectra observed are indicative of the formation of π–π aromatic 
complexes in some aromatic ILs but not in nonaromatic ILs. It is argued that 
the aromaticity of the imidazolium cation plays a key role in the formation of 
a local structure of ions in imidazolium-based ILs [27]. The results obtained 
provide a further support for a hypothesis that specifi c local structures 
are formed in imidazolium-based ILs and the latter should be considered 
as nanostructured fl uids. The investigations have also demonstrated that the 
 aromaticity of the imidazolium cation plays a crucial role in the formation of 
a local structure, most probably through the π–π interaction.

As it was mentioned, the properties of ILs can be successfully altered by 
the addition of cosolvents. However, the binary and ternary solvent systems 
reveal a nonideal behavior depending on the cosolvent concentration and 
solvatochromic probe nature [28]. It has also been observed in case of IL 
 mixtures with CO2 where a local enhancement of ILs formation around a 
chromophore takes place, maintaining the solvent strength on initial level 
even at fairly high loadings of CO2, whereas the microviscosity in the vicinity 
of the solute is dramatically reduced, leading to an enhanced mass transport 
and facilitated separation [29]. ILs and CO2 can be used together with organic 
cosolvents which solvate the constituent ions of an IL, resulting in a decrease 
in the aggregation of these ions (lower viscosity and higher conductivity).

UV–Vis spectroscopy is a widely used technique to monitor the acid–base 
equilibrium in common organic solvents. This is also true for ILs. However, 
considering ionic nature of this solvent, the interpretation of the results 
is not such simple. The work is going on to establish the Brønsted acidity 
scale in ILs [30] which can later be used to predict various interactions and 
 structure–property relationships.

As many ILs form transparent, good-quality glasses on freezing at 77 K, 
they can be used as matrixes over a wide range of temperatures in combina-
tion with the UV–Vis–NIR spectroscopy for the detection of the reactive 
 species generated by an ionizing radiation. The fi rst study by I. Dunkin et al. 
has shown ILs to be excellent media for the generation and spectral charac-
terization of radical ions of solute molecules [31]. It has been demonstrated 
that the radical ions of interest can be generated under cryogenic conditions 
and their reactivity can be monitored during the thermal annealing of the 
solvent up to ambient temperature. Most notably, there exists a possibility of 
generating both radical cations and anions in the same experiment. This 
novel application of ILs could be made use of especially in characterizing 
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 biologically important compounds with low solubility in conventional 
organic matrixes. As the properties of ILs can be to a large extent controlled 
by the variation of both the cation and the anion, the desired properties of 
the liquids can be obtained by an appropriate design and synthesis.

11.4 The purity of ionic liquids
One aspect that limits the use of ILs in optical applications is that many 
synthetic methodologies lead to yellowish or even brown ILs. Specifi cally, 
during the preparation of 1-alkyl-3-methylimidazolium halides that are fre-
quently used as starting materials in the synthesis of other ILs, discoloration 
is diffi cult to avoid. Thus, most commercially available ILs contain colored 
impurities. Apparently these impurities do not affect organic or catalytic 
reactions which are carried out in ILs.

The impurities that cause this discoloration are reported to be below 
the detection limit of nuclear magnetic resonance (NMR) spectroscopy. 
Although the chemical nature of colored impurities is not known yet, it is 
obvious that the quaternization step in the synthesis of ILs is the critical 
part in the procedure. The conditions of the quaternization step have to be 
 optimized (mild reaction conditions and low-reaction temperatures). It is 
suggested to apply a synthetic procedure which involves slight modifi ca-
tions of commonly used synthetic routes, which means the lower reaction 
temperature (room temperature could be used), starting with ice-cooled 
reactants which were allowed to warm up very slowly and, respectively, 
 longer reaction time (3–4 days) when the reaction proceeds under inert 
(Argon) atmosphere. The best purity of ILs is obtained when rather small 
quantities of reactants were used. The higher quantities of the reaction mix-
ture resulted in a decrease of the transparency of ILs, probably due to the 
temporary higher local temperatures in the reaction mixture.

Taking into account these fi ndings, a microreaction system has been 
 developed by IoLiTec Ionic Liquid Technologies GmbH & Co to improve 
mass and heat transfer. The production capacity of the currently running 
system is about 0.5kg/h with a purity >99%.

In articles on spectroscopy and electrochemistry one can fi nd discussions 
about the purifi cation of ILs. Thoroughgoing approach to that problem is 
presented by Gordon in Ref. 32 where he is discussing about the synthesis 
of ILs and the purifi cation methods, including the purifi cation by charcoal, 
alumina columns, and the precautions on purity to be taken for the starting 
materials. It is evident that to obtain pure ILs, carefully purifi ed reactants 
have to be used and the reagents should be stored in the dark. One latest 
article completely devoted to purifi cation of ILs is given in Ref. 33.

Owing to the low volatility of ILs, only a few purifi cation methods are 
suitable so that the formation of colored impurities should be prevented 
as far as possible during the preparation of an IL. The most commonly 
used methods for purifying ILs utilize an activated carbon and alumina 

CRC_46462_CH011.indd   301CRC_46462_CH011.indd   301 8/4/2008   7:09:57 AM8/4/2008   7:09:57 AM

© 2009 by Taylor & Francis Group, LLC



302 Ionic liquids in chemical analysis

(or sometimes silica) as a stationary phase in column liquid chromatography 
[34,35].

The treatment of ILs with active charcoal may enhance the transpar-
ency of ILs in the visible spectral region, but the method does not work 
well when it is aimed at obtaining ILs with a good transparency in the UV 
region. It appears that after ILs have passed through an alumina or a silica 
column, respectively, they exhibit a slight Tyndall effect (a light scattering 
was observed). This is indicative of the presence of small particles in the 
liquid, probably colloidal particles of alumina or silica [36]. Al2O3 seems to 
be dissolved in ILs at low concentrations, and it can be seen in the form of 
deposits in electrochemical experiments [37].

A conclusion can be drawn that it is diffi cult to remove traces of disturb-
ing impurities by charcoal or alumina. A slight decolorization may occur, 
but not without a considerable loss of the product due to the dilution and 
evaporation of the solvent.

Studies on the properties/behavior of ILs may be complicated because 
the latter easily absorb small amounts of water (up to 3–5% w/w). The 
absorbed water affects the bulk solvent properties (i.e., viscosity and density) 
and may therefore alter the local solvent microenvironment surrounding 
a solute. Water can quench the luminescence and the resulting lumines-
cence properties of ions can be strongly infl uenced by water. The dissolved 
organic solvent and water in ILs can be removed by keeping the IL under 
vacuum (10−2–10−3 bar) at 50–60°C for at least 7–10 h [38].

Salts are purifi ed by recrystallization and this procedure can be applied 
for ILs also. The recrystallization is performed by solving the compound in a 
small amount of acetonitrile and by adding a small amount of toluene to the 
solution. The solution was cooled in a freezer (−18°C). White crystals of the 
IL were formed. After fi ltration, the crystals were washed with an ice-cold 
toluene and the remaining solvent was removed by evaporation on a rotavap 
under reduced pressure [39]. This method is not universal as many ILs are 
oily liquids at room temperature or even at temperatures well below room 
temperature and are quite diffi cult to crystallize. There is of course always a 
loss of IL due to the washing of the samples. It is always necessary to avoid 
using environmentally unfriendly solvents, especially halogen-containing 
ones that are not suitable for industrial applications.

Some more exotic procedures can be suggested as well: The combination 
of ILs with the use of supercritical carbon dioxide (scCO2) as an extractant 
represents a potential combination for the reaction of synthesis and down-
stream separation, as well as for purifi cation.

Zone melting is a possibly generic approach to IL purifi cation. The solidi-
fi cation of ILs often results in the formation of glass. However, it is possible 
to determine/choose conditions under which single crystals of ILs with a 
melting point down to −25°C (but not all) can be grown [39]. Where crystal-
lization is seen, then separation of impurities can be demonstrated.
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Recently it has been demonstrated that it is possible to distill ILs. Unfor-
tunately, this is a slow process and is not currently suitable to be used for the 
purifi cation of large amounts of material.

From the other side it is clear that UV–Vis spectrophotometry is an 
 effi cient method to control the quality of ILs and assess the purity. For this 
purpose UV–Vis spectroscopy is the simplest and relatively effi cient method. 
In the pure material there is no absorbance above 300 nm. If signifi cant 
absorption occurs above 350 nm, the IL is impure.

Fluorescence spectroscopy is probably the most sensitive method for deter-
mining the purity of an IL. It has been observed that the fl uorescence of ILs 
can be effectively reduced to zero by a systematic purifi cation of  precursor 
salts. For the lowest fl uorescence response, particular care should be taken 
while carrying out synthesis. For convenience it is possible to judge the degree 
of fl uorescence impurity in the IL by exposing a sample to the UV light from a 
hand scanner at 380 nm. If the IL has signifi cant  impurities, it will fl uoresce 
visibly [40].

It is important to emphasize again that considerable care should be 
taken when handling compounds that may possibly contain hydrogen fl u-
oride (HF). The evolution of acidic HF fumes and formation of a  colorless 
solid as a crystalline decomposition product from a hydrolytic degrada-
tion have  frequently been observed to take place around the opening to 
vessels containing [C4C1Im][PF6] [41]. This kind of degradation of ILs indi-
cates that in many cases the use of [PF6] containing ILs is neither suitable 
nor desirable.

11.5 Outlook
Molecular spectroscopy is a key method in almost all fi elds of ILs research. 
Starting with the assessment of the purity of ILs and study of their proper-
ties using different spectroscopic probes and their absorption and emission 
spectra, the reactions taking place in ILs are almost impossible to be studied 
without using molecular spectroscopy. Recording the UV–Vis or lumines-
cence spectra is a commonly used technique for the detection of compounds 
by chromatography and electrophoresis, and ILs are more widely used in 
the respective studies. So, it is important to further investigate the applica-
bility of ILs to molecular spectroscopy.
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12.1 Introduction
Generally room-temperature ionic liquids (ILs) consist mostly of ions [1]. 
In these liquids the Coulomb interac tion plays a major role, in contrast 
to the situation in ordinary molecular liquids where only dipolar and 
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higher-order multipolar electrostatic interactions occur. The long-range 
nature of the Coulomb force tends to make the melting points of ionic crys-
tals much higher than for molecular crystals. The ILs are extraordinary with 
their low melting points and reasons for this will be considered later.

The intermolecular interactions in ILs are of great importance for their 
general use, and the basic knowledge in the physical chemistry of these sol-
vent systems is under intensive growth. The number of publications is rising 
steeply and it is diffi cult to get an overview. Early studies probed the nature 
of interactions in so-called fi rst-generation chloroaluminate ionic liquids 
[2], and now also information becomes available for second generation, air-
 stable systems. Many IL studies have covered theoretical aspects [3–7] and 
x-ray crystallography of the frozen melts [8–12], and solubilities of gases in 
ILs [13–15].

Hydrogen-bonding is known to occur between the cations and the 
anions in most ionic liquids. As demonstrated by several investigators, by 
for  example, IR and Raman spectroscopies on systems containing 1-alkyl-3-
methylimidazolium, all three ring protons at C2, C4, and C5 (see Figure 12.1) 
form strong hydrogen bonds to halide ions, and the C2 proton is hydrogen 
bonded to the [BF4]− anion in neat [C2C1Im][BF4] [16].

The degree of hydrogen bonding between the ring-bound hydrogen atoms 
and the anion seems to change signifi cantly when going, from, for exam-
ple, a neat chloride to a hexafl uorophosphate. IR spectroscopy has provided 
detailed information on the hydrogen-bonded interaction between water 
molecules and ILs, in for example [C4C1Im][PF6] and [C4C1Im][BF4] (see Refs. 
15,17–19).

Raman spertroscopy of [C4C1Im]Cl—EtAlCl2 iILs (Et = ethyl) has shown 
that the distribution of the ethyl chloroaluminate(III) species follows a 
 chlorobasicity pattern similar to that found in alkali chloroaluminate(III) 
ILs [20,21]. Hence, in these ILs Cl− and [EtAlC13]− ions are found when the 
liquid is chlorobasic. In moderately acidic ILs, EtAlC13

− and [Et2Al2Cl5]− ions 
are present, and in highly acidic compositions [Et3A13C17]− and Et2A12C14 
are important components. Similar results are found for [C2C1Im]C1–Et2A1C1 
IL systems [22]. Closer inspection of the Raman spectra of the acidic 
[C2C1Im]Cl–EtA1C12 ILs has revealed that the species [AlC14]−, [EtA12C16]−, 
Et2AlC1 and Et3A12C13 are present [22]. Exchange of ethyl and chloride 
ligands must be taking place; a quite likely behavior for such complex 
mixtures.
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Figure 12.1 Numbering scheme in the 1-hexyl-3-methylimidazolium cation, 
[C6C1Im]+, showing the three ring protons H2, H4, and H5.
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The ILs interact with surfaces and electrodes [23–25], and many more 
studies have been done that what we can cite. As one example, in situ 
Fourier-transform infrared refl ection absorption spectroscopy (FT-IRAS) has 
been utilized to study the molecular structure of the electrifi ed interphase 
between a 1-ethyl-3-methylimidazolium tetrafl uoroborate [C2C1Im][BF4] liq-
uid and gold substrates [26]. Similar results have been obtained by surface-
enhanced Raman scattering (SERS) for [C4C1Im][PF6] adsorbed on silver 
[24,27] and quartz [28].

Mixed systems of organic molecules and ILs that form separate phases 
(by thermomorphic phase separation) have been also studied by Raman 
spectroscopy [29].

12.2 Brief introduction to Raman spectroscopy
12.2.1 Basics

The effect of Raman scattering may be defi ned as instantaneous inelastic 
scattering of electromagnetic radiation (light) and was discovered in 1928 
by Indian physicists Raman and Krishnan [30–33]. When a photon collides 
with a sample, it may be elastically scattered (called Rayleigh scattering) or 
an amount of energy may be exchanged with the sample (Stokes or anti-
Stokes Raman processes) as shown schematically in the quantum energy 
level diagram in Figure 12.2.

During the IR absorption process, a quantum of radiation (a photon) of a 
particular energy E and with a frequency ν(E = hν) is absorbed (h is Planck’s 
constant). During the absorption the molecular system undergoes a transi-
tion from the ground state (quantum number v = 0) to an excited state (v = 1), 

22,335
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(514.5 nm)
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0
IR

absorption
Stokes Raman

scattering
Rayleigh
scattering
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� (cm−1)
�0

�0 �0

�0
�0 − 2900 =
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Figure 12.2 The relationships between IR absorption, Rayleigh, and Raman 
scattering.
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310 Ionic liquids in chemical analysis

in the present case, for example corresponding to a CH3 group C–H bond 
stretching with a wave number shift of 2900 cm−1. In contrast to this, during 
Rayleigh and Raman scattering, an exiting photon of much higher energy 
hits the molecular system and raises it to a virtual state, from where it 
 immediately falls back. There are two possibilities, here illustrated with 
green Ar+ light of 514.5 nm wavelength corresponding to 19,435 cm−1. In 
so-called Stokes Raman scattering (not so likely), the system falls back to the 
v = 1 state (emitting a 16,535 cm−1 photon), or in Rayleigh scattering (more 
likely) to the v = 0 ground state (emitting light at ∼19,435 cm−1), producing 
the so-called Rayleigh wing). If the system is starting from the v = 1 state 
(not so likely at room temperature because of the Boltzman distribution), 
similar transitions can happen. Now also a so-called anti-Stokes Raman 
process is possible producing photons at 22,335 cm−1. Most Raman spectros-
copy studies report data corresponding to Stokes Raman transitions. Samples 
(or impurities therein) having energy states near the virtual ones (here at e.g., 
∼19,435 cm−1) may absorb photons from the incident light and later reemit 
the light as a broad intensive background called fl uorescence.

Accordingly, the outgoing photon has less or more energy than the 
 incoming one. A Raman process corresponds to a (fundamental) transition 
among certain group vibrational states. For the Raman spectral band to 
occur with a signifi cant intensity, the molecular bond stretching or angle 
deformation vibration must cause a change in the polarizability of the mole-
cule. The ensemble of light scattering bands constitute the Raman spectrum. 
Stokes-shift Raman spectra are most often measured; that is, the scattered 
photons have lower frequency than the incident radiation.

Dramatic improvements in instrumentation (lasers, detectors, optics, 
computers, and so on) have during recent years raised the Raman spectros-
copy technique to a level where it can be used for species specifi c’ quantitative 
chemical analysis. Although not as sensitive as, for example IR absorption, 
the Raman technique has the advantage that it can directly measure sam-
ples inside ampoules and other kinds of closed vials because of the transpar-
ency of many window materials. Furthermore, with the use of polarization 
techniques, one can derive molecular information that cannot be obtained 
from IR spectra. Good starting references dealing with Raman spectroscopy 
instruments and lasers are perhaps [34–38].

Raman and IR spectroscopies are closely interrelated in that they both 
depend on characteristic group molecular motions in the sample that give 
rise to the vibrational bands in the spectra. As an example, bands occurring 
near 2950 cm−1 can often be assigned to aliphatic C–H stretching transitions 
(although sometimes in Fermi-resonance with overtones and other nonfunda-
mental transitions). So-called empirical group frequency charts are available, 
specifying fi ngerprint bands, that may be used to identify pure materials or 
the presence of a particular component in a mixture (see  Refs. 39–42).

Although similar transitional energy ranges occur in IR and Raman 
 spectroscopies, different selection rules govern the intensities in Raman 
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Chapter twelve: Raman spectroscopy, ab initio model calculations 311

scattering and IR absorption spectra. Hence both types of spectra are 
often required to fully characterize a substance: A necessary require-
ment for a molecular motion (such as a vibration, rotation, rotation/vibra-
tion, or lattice normal mode) to be measurable in IR spectra it is needed 
that an oscillating dipole moment is produced during the vibration (in 
Raman the motion within the molecular system should vary the polariz-
ability). Combinations, differences, or overtones of these transitions can 
occur, but normally only weakly. The selection rules of the transitions are 
described in quantum mechanics and group theory (see, for example, Refs. 
31–33,43,44).

12.2.2  Experimental fl uorescence- and Fourier-transform-Raman 
spectroscopy instrumentation

Applications of Raman spectroscopy in analytical chemistry have been 
 limited by the presence of fl uorescence from some samples (or from some 
impurities in the samples). In case of strong fl uorescence the use of less-
 energetic near-IR lasers for the excitation is often a requirement. FT-Raman 
instruments have been developed, that successfully apply, for example, 
∼1064 nm laser excitation (from solid state Nd-YAG or Nd-YVO4 lasers) to 
avoid  fl uorescence [45]. The advantage of Raman spectroscopy over IR and 
other analytical techniques (when the fl uorescence problems can be circum-
vented) stems from the ability of Raman to identify discrete species in situ. 
Raman spectra can be obtained directly from samples of any phase, in for 
example, glass cells. With a minimum effort, temperature and pressure lim-
itations can be overcome. The polarization properties of the Raman  scattered 
light may be employed to select only the isotropic intensity of the symmet-
ric vibrational modes, thereby helping conclusive assignment of the 
spectra.

The Raman effect is weak, perhaps only 10–8 of the photons hitting the 
sample are scattered in Raman. The use of high-power lasers (to circumvent 
the low scattering effi ciency) often results in sample decomposition, and 
 fl uorescence interference from impurities must be considered a likely prob-
lem for visible light. Recent development of charge coupled detectors (CCDs) 
and notch fi lters have revolutionized the Raman technique for samples that 
do not emit much fl uorescence. Sampling through a microscope, under high 
magnifi cation, is an effective way to collect Raman light over a large solid 
angle, and then only minute sample quantities are necessary.

Room temperature ILs have been the object of several Raman spectros-
copy studies but often ILs emit intensive broad fl uorescence. In our own 
 experiments, the use of visible laser light (green 514.5 nm or red 784 nm) 
resulted in strong fl uorescence [29,46]. Similar observations have been 
reported for many IL systems. Our experimental spectra needed to be 
obtained by use of a 1064 nm near-IR exciting source (Nd-YAG laser at 
100 mW of power). The scattered light was fi ltered and collected in a Bruker 
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312 Ionic liquids in chemical analysis

IFS66-FRA-106 FT-Raman spectrometer equipped with a liquid-N2 cooled 
Ge-diode detector. Samples were in small glass capillary tubes at ∼23ºC. The 
spectra were calculated by averaging ∼200 scans followed by apodization 
and fast-Fourier-transformation to obtain a resolution of ∼2 cm−1 and a preci-
sion better than 1 cm−1. The spectra were not corrected for (small) intensity 
changes in detector response versus wavelength.

12.3 Brief introduction to ab initio model calculations
Ab initio and semiempirical molecular orbital (MO) model calculations have 
become an effi cient way to predict chemical structures and vibrational (i.e., 
Raman scattering and IR emission) spectra. We and others have used such 
approaches to better understand certain features of the spectra, as explained 
in the following. The basic principles underlying ab initio model calculations 
have been described in many textbooks and papers (see for example Refs. 
44,47,48). Applications in relation to ILs and similar systems have also been 
reported, as discussed later.

The MO calculations may nowadays be performed with the GAUSSIAN 
03W program package [49]. A guessed molecular geometry (conformation) 
is used as input together with some kind of approximation to the atomic 
 orbitals (so-called basis sets, often sums of Gaussian functions). The total 
energy is minimized by restricted Hartree–Fock (RHF), Møller–Plesset 
(MP2) or density functional theory (DFT) principles, using, for example, 
third-order Becke–Lee–Yang–Parr (B3LYP) procedures [44,48,49]. Common 
basis sets are the split valence 6-31+G(d,p) sets including diffuse orbitals 
(d) augmented with Pople’s polarization functions (p) [49]. The molecular ions 
are commonly assumed to be in a hypothetical gaseous free state and without 
any preassumed symmetry, but some calculations also involve better approx-
imations to real systems. After optimization, giving a geometry with a mini-
mum energy, perhaps not a global one,  vibrational frequencies and intensities 
(spectra) and eigenvectors for the normal modes are calculated and displayed 
on a computer screen, to identify the dominating motions. The frequencies 
(wave numbers) are correlated with the Raman and IR bands.

The calculated and experimental vibrational spectra are in more or less 
good agreement. The wave number scale is often calculated as slightly 
too high, due to the lack of good modeling of the orbitals and interactions 
with the surroundings. In the gas phase empirical scale factors of ∼0.95 are 
 sometimes used to get fairly accurate wave number fi ts. A scaling factor of 
1 was used in this work.

12.4  Case study on Raman spectroscopy and structure 
of imidazolium-based ionic liquids

As mentioned above, vibrational spectroscopy is known to be a very pow-
erful tool in the study of molecular stuctures and interionic interactions in 
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ILs [18,19,50]. This is especially so when done in combination with crystal 
structure studies, as explained in the following:

To illustrate the situation, we start our discussion with the example of 
the alkyl-methylimidazolium liquids, from [C2C1Im]+ to [C18C1Im]+, and a 
number of different anions. Although other techniques such as IR spec-
troscopy, x-ray and neutron diffraction studies have been used to study these 
ions in the liquid or solid state or at surfaces [12,51–61], a real gain in our 
understanding came with the combination of crystal structure solution, 
Raman spectroscopy and ab initio DFT calculations [50,62]. We concentrate 
the story on the instructive example of the l-butyl-3-methylimidazolium 
 cation, [C4C1Im]+ (see Figure 12.1, without carbon atoms 11 and 12), that 
makes a number of ILs with varying properties, depending on the different 
anions. The two prototype ILs [C4C1Im][BF4] and [C4C1Im][PF6] have already 
been used extensively in fundamental investigations as well as in practical 
applications. Therefore, the elucidation of their crystal and liquid structures 
was an important fi rst step for the understanding of ILs in general [50].

The most fundamental question about ILs to be discussed is: Why are ILs 
liquids at the ambient temperature, despite the fact that they are composed 
solely of ions? This question can be answered as described in the following:

[C4C1Im]Cl and [C4C1Im]Br are crystals at room temperature, while 
[C4C1Im]I is an IL (melting point −72°C [63]). A typical ionic crystal such 
as NaI only melts at ∼660°C. By cooling [C4C1Im]Cl and [C4C1Im]Br liquids 
below their melting points, supercooled liquids are easily obtained. Crystals 
could be grown of the [C4C1Im]Cl and [C4C1Im]Br salts and x-ray diffraction 
could be used to determine the crystal structures. These systems thus com-
prised unique systems for studying the structure of the [C4C1Im]+ cation in 
the liquid and crystalline states.

A crystal polymorphism was discovered in the [C4C1Im]Cl. It adopts a 
monoclinic (melting point ∼41°C) and an orthorhombic (melting point ∼66 °C) 
crystal structure [57,58,64,65]. In the following, we use the Hamaguchi nota-
tion Crystal (1) and Crystal (2). The crystal structures were determined by 
x-ray diffraction of [C4C1Im]Cl Crystal (1) [C4C1Im]Br at room temperature [57] 
and independently, of [C4C1Im]Cl Crystal (2), as well as that of [C4C1Im]Br at 
−100°C [58]. The structures determined by different authors agreed quite 
well with each other, taking into account that the lattice constants vary with 
temperature. The molecular structure of the [C4C1Im]+ cation in [C4C1Im]Cl 
Crystal (2) is different from that in (1) but it was the same as that in [C4C1Im]Br, 
as also proved later by the Raman spectra.

The [C4C1Im]+ cations in the two polymorphs were found predominantly 
to differ with respect to conformation: The structural results showed that 
the polymorphism is due to a rotational isomerism of the butyl group of 
the [C4C1Im]+ cation around C7-C8, as defi ned in Figure 12.1. In the mono-
clinic polymorph, the butyl chain is in anti (or trans) conformation around 
C7-C8, and in the orthorhombic polymorph it is gauche around C7-C8. The 
conformational difference reveals itself in the rotation of the butyl chain 
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314 Ionic liquids in chemical analysis

around the C7-C8 bond, that differed by 106.16° between the two conformers 
[58]. The C8-C9 conformation was found to be anti in both polymorphs. In a 
convenient and obvious notation, these two conformers of the [C4C1Im]+ 
 cation are here referred to as the anti-anti (AA) and the gauche-anti (GA) 
forms (Hamaguchi et al. denote them as TT and GT). Also the crystal struc-
ture of [C4C1Im]Br has been reported [58].

The structure of the monoclinic [C4C1Im]Cl Crystal (1) is shown in 
Figure 12.3.

Details of structural data are available from the Cambridge Crystallo-
graphic Data Centre [66]. The crystal belongs to space group P21/n with 

Figure 12.3 Crystal structure of [C4C1Im]Cl Crystal (1) viewed along the a axis. Only 
carbon atoms, nitrogen atoms, and chloride anions are shown. The AA conformation 
of the [C4C1Im]+ cation is shown in the inset. The butyl group C–C bonds are shown 
as thick bars. Note that the cations and chloride anions form characteristic columns 
along the crystal a axis. (Adapted from Hamaguchi, H., and Ozawa, R.,  Adv. Chem. 
Phys., 131, 85–104, 2005. With permission.)
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a = 9.982(10)Å, b = 11.590(12)Å, c = 10.077(11) Å, and β = 121.80(2)°. Both the 
[C4C1Im]+ cations and the chloride anions form separate columns extending 
along the crystal a axis. The imidazolium rings are all planar pentagons. 
The stretched n-butyl group of the [C4C1Im]+ cation takes an AA confor-
mation with respect to the C7-C8 and C8-C9 bonds, as shown in the inset 
of Figure 12.3. The butyl groups stack together (aliphatic interaction) and 
form columns extending along the a axis, in which all the imidazolium ring 
planes are parallel with one another. Two types of cation columns with 
 different orientations exist, the planes of the imidazolium rings in the two 
different columns making an angle of 69.5°. Zig-zag chains of Cl− anions 
directed in the a direction are accommodated in channels formed by four 
cation columns, of which two opposite columns have the same orientation. 
The three shortest distances between Cl− anions in the zig-zag chain were 
4.84 Å, 6.06 Å, and 6.36 Å and these distances are much larger than the sum 
of the van der Waals radii of Cl− (3.5 Å). There seems to be no specifi c inter-
action among the Cl− anions, and they are likely to be aligned under the 
effect of Coulombic forces. The chloride ion is very close to the hydrogen 
H2 in the ring (2.55 Å), and to the two methylene protons on C7 (2.72 and 
2.73 Å) [57,58], meeting the criteria for relatively strong hydrogen bonds 
[67,68]. Similarly strong hydrogen bonds are observed in the orthorhombic 
form [58]. Also other crystal structures, for example, of the 1-ethyl-3-methyl-
imidazolium chloride ([C2C1Im]Cl) [15], the tetrafl uoroborate ([C2C1Im][BF4]) 
and other salts [69] have been reported.

The crystal structure of orthorhombic [C4C1Im]Br (melting point 77.6°C 
[65]) is shown in Figure 12.4.

The detailed structural data are available from the Cambridge Crystallo-
graphic Data Center [66]. The [C4C1Im]Br crystal belongs to the space group 
Pna21 with a = 10.0149(14) Å, b = 12.0047(15) Å, c = 8.5319(11) Å. As for the 
[C4C1Im]Cl Crystal (1), the cations and anions form separate columns extend-
ing along the a axis. In [C4C1Im]Br the n-butyl group takes a GA  conformation 
with respect to the C7–C8 and C8–C9 bonds (see inset of Figure 12.4). Only 
one kind of cation column is found. The imidazolium rings are stacked so 
that the N–C–N moiety of one ring interacts with the C=C portion of the 
adjacent ring. The adjacent ring plane can be obtained by rotation of the ring 
by about 73° around an axis involving the two N atoms. The zig-zag chain of 
Br− anions resides in the channel produced by four cation columns, extend-
ing in the a direction. The shortest three Br−–Br− distances (4.77, 6.55, and 
8.30 Å) are all longer than the sum of the van der Waals radii (3.7 Å). This 
indicates that there is no specifi c interaction among the Br− anions and that 
the zig-zag molecular arrangement is a result of Coulombic interactions.

12.5 Raman spectra and structure of [C4C1Im]+ liquids
The information obtained from the study of the [C4C1Im]Cl crystals can be 
used as a basis to better understand the liquid structure of the [C4C1Im]X 
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316 Ionic liquids in chemical analysis

ILs (X is an anion). It is well-known that Raman spectroscopy facilitates 
comparative studies of the structures in crystals and liquids. Raman spec-
tra of [C4C1Im]Cl Crystals (1) and (2), and [C4C1Im]Br by Hamaguchi et al. 
[50,57,59,64,70] are shown in Figure 12.5.

As seen, the two polymorphs of [C4C1Im]Cl gave distinct Raman spectra 
differing considerably, while those of [C4C1Im]Cl Crystal (2) and [C4C1Im]Br 
were almost identical. These fi ndings are consistent with the x-ray dif-
fraction experimental results. The halogen anions are inactive in Raman 
scattering—except for the lattice vibrations, that are observed in the wave 
number region < 200 cm-1 [71]. Therefore, all the Raman bands seen in Fig-
ure 12.5 can be ascribed to the [C4C1Im]+ cation. Figure 12.6 was accordingly 
interpreted to indicate that the [C4C1Im]+ cation takes two different confor-
mations in those salts. To be in accordance with the x-rays results, at least the 
cation must adopt the same molecular conformation in [C4C1Im]Cl Crystal 
(2) and [C4C1Im]Br, and a different one in [C4C1Im]Cl Crystal (1). In this way 
it emerged that the Raman spectral differences in Figure 12.5 most likely 

Figure 12.4 Crystal structure of [C4C1Im]Br viewed in the direction of the a axis. 
Only carbon atoms, nitrogen atoms, and bromide anions are shown. The gauche-anti 
(GA) conformation of the [C4C1Im]+ cation is shown in the inset. The butyl group C-C 
bonds are shown as thick bars. (Adapted from Hamaguchi, H., and Ozawa, R.,  Adv. 
Chem. Phys., 131, 85–104, 2005. With permission.)

CRC_46462_CH012.indd   316CRC_46462_CH012.indd   316 8/27/2008   4:43:55 PM8/27/2008   4:43:55 PM

© 2009 by Taylor & Francis Group, LLC



Chapter twelve: Raman spectroscopy, ab initio model calculations 317

(a)

(b)

(c)

1600 1400 1200 1000 800 600 400

Wave number shift (cm−1)

R
am

an
 in

te
ns

ity
 (

a.
u.

)

Figure 12.5 Raman spectra of (a) [C4C1Im]Cl Crystal (1), (b) [C4C1Im]Cl Crystal (2), 
and (c) [C4C1Im]Br crystals. (a) differs from (b) and (c) (Adapted from Hamaguchi, H., 
and Ozawa, R., Adv. Chem. Phys., 131, 85–104, 2005. With permission.)
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Figure 12.6 Raman spectra of liquid [C4C1Im]X, where X = C1 (a), Br (b), I (c), [BF4] 
(d), and [PF6] (e). The anion bands in (d) and (e) have been deleted (Hamaguchi, H., 
and Ozawa, R., Adv. Chem. Phys., 131, 85–104, 2005). Spectra of [C4C1Im]Cl Crystal 
(1) and crystalline [C4C1Im]Br, respectively, are included as (f) and (g), for reference 
 purposes (Adapted from Hamaguchi, H., and Ozawa, R.,  Adv. Chem. Phys., 131, 85–104, 
2005. With permission.)
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318 Ionic liquids in chemical analysis

originated from the rotational isomerism around the C7-C8 (AA and GA 
isomerism) of the butyl chain of the [C4C1Im]+ cation [64,70].

Raman spectra of liquid [C4C1Im]X (X = Cl, Br, I, [BF4], [PF6]) measured at 
room temperature are shown in Figure 12.6.

The spectra of [C4C1Im]Cl Crystal (1) and [C4C1Im]Br are also included 
for reference purposes. Spectra for fl uids [C4C1Im]Cl and [C4C1Im]Br were 
taken from supercooled liquids. The Raman spectra of the [C4C1Im]X liquids 
were surprisingly alike. One should note that the Raman spectral bands of 
the separate [BF4]− and [PF6]− anions that are already well-known [41] have 
been deleted in Figure 12.6. However, from the similarity of the spectra it 
seems that the structural properties of the [C4C1Im]+ cation in these liquids 
are very similar. But what else can be deduced from the spectra?

12.6  Normal mode analysis and rotational 
isomerism of the [C4C1Im]+ cation

To pursue this question further, Ozawa et al. [70] have performed DFT 
 calculations with Gaussian98 at the B3LYP/6-31G+** level. In the calcula-
tion, the structures of AA and GA forms of [C4C1Im]+ were optimized in 
the vicinity of the determined x-ray crystal structures for [C4C1Im]Cl Crystal 
(1) and [C4C1Im]Br, respectively. The structures of the optimized [C4C1Im]+ 
 cations in the two crystals are depicted in Figure 12.7, together with the 
experimental spectra (in a limited wave number region of 1000–400 cm−1).

The calculated fundamental frequencies and intensities were included in 
Figure 12.7 as thick vertical bars. As seen the calculated bar-spectra repro-
duced the observed spectra quite well.

The normal mode calculation was used to elucidate the rotational isom-
erization equilibrium of the [C4C1Im]X liquids. In the wave number region 
near 800–500 cm−1, where ring deformation bands are expected, two Raman 
bands appeared at ∼730 cm-1 and ∼625 cm−1 in the [C4C1Im]Cl Crystal (1). In 
the [C4C1Im]Br these bands were not found. Here instead, another couple of 
bands appeared at ∼701 and ∼603 cm−1. To assist the interpretation of the 
spectra, the normal modes of vibrations calculated by Hamaguchi et al. [50] 
are shown in Figure 12.8.

It shows modes for the [C4C1Im]+ ion of the geometry of [C4C1Im]Cl Crystal 
(1) at 735 and 626 cm−1; and similarly the modes for [C4C1Im]Br occurring at 
696 cm−1 and 596 cm−1. Obviously the 626 cm−1 band of [C4C1Im]Cl Crystal 
(1) and the 596 cm−1 band of [C4C1Im]Br originate from similar kind of ring 
deformation vibrations, but they have different magnitudes of the coupling 
with the CH2 rocking motion of the C8 carbon (encircled in Figure 12.8). It 
thus seems that more intensive coupling occurs between (i) the CH2 rock-
ing motion and (ii) the ring deformation vibrations in the GA form (596 
cm−1) than in AA form (626 cm−1), resulting in an overall lower frequency 
of the mode and therefore a lower–wave number position of the Raman 
band [50].
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Figure 12.7 Optimized structures of the [C4C1Im]+ cation in the two crystals. 
Experimental (continuous lines) and calculated Raman spectra (solid vertical bars) 
of [C4C1Im]Cl Crystal (1) (above) and [C4C1Im]Br (below) are shown (Adapted from 
Hamaguchi, H., and Ozawa, R., Adv. Chem. Phys., 131, 85–104, 2005; Ozawa, R., 
Hayashi, S., Saha, S., Kobayashi, A., and Hamaguchi, H., Chem. Lett. 32, 948–949, 2003.
With permission.)
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320 Ionic liquids in chemical analysis

 By comparing their normal coordinate analysis results and their liquid 
experimental Raman spectra in Figure 12.6, Hamaguchi et al. [50,57,59,64,70] 
concluded that the two rotational isomers AA and GA must coexist in the 
IL state. According to the Raman spectra of all the liquids in Figure 12.6, 
both the key bands for the AA conformer (625 cm−1 and 730 cm−1 bands), 
and for the GA conformer (603 cm−1 and 701 cm−1 bands), respectively, 
appeared in the spectra. Therefore, the two isomers of rotational freedom 
around the C7-C8 and C8-C9 bonds, AA and GA, must coexist in these 
[C4C1Im]X liquids.

Furthermore, the observed relative intensity of the 625 cm−1 band to that 
of the 603 cm−1 band should be correlatable with the AA/GA population 
ratio of the conformation equilibrium. The observed ratios depended slightly 
on the anion: For the halides, it seems to increase in the order [BF4]− ≈ [PF6]− 
≈ Cl− < Br− < I− [50].

During our work on [C4C1Im]+ and [C6C1Im]+, we have repeated the 
 experiments and calculations for the [C4C1Im]+ cation and found the results 
of Hamaguchi et al. to be essentially reproducible (details explained in 
Ref. 46). Our calculated Raman spectra in the whole range for the AA and 
GA conformers of [C4C1Im]+ are shown in Figures 12.9 and 12.10.

Our assignments (approximate descriptions of the modes giving origin to 
the Raman bands) are listed in Table 12.1, based on the calculated vibrational 
frequencies and we communicate the intensities of the IR and Raman bands. 

Figure 12.8 Calculated normal modes of key bands of the AA and GA forms of 
the [C4C1Im]+ cation. The arrows indicate vibrational amplitudes of atoms. The C8 
methylene group is surrounded by a circle. Obviously it appears that the CH2 
rocking vibration is coupled to the ring modes only for the GA conformer, thereby 
lowering the frequencies. (Adapted from Hamaguchi, H., and Ozawa, R., Adv. Chem. 
Phys., 131, 85–104, 2005. With permission.)
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Chapter twelve: Raman spectroscopy, ab initio model calculations 321

The movements were depicted on a PC screen and assignments were derived 
using the Gaussian03W software.

Our recalculated modes of the [C4C1Im]+ cation were obtained with 
somewhat higher frequencies: the modes at 626, 735, 596, and 696 cm−1 by 
Hamaguchi et al. in Figure 12.8 became 636 and 749 cm−1 for AA mode and 
622 and 713 cm−1 for GA mode (see Figure 12.11).

According to the calculated minimum energy Ee of the conformers, the 
GA was more stable than the AA conformer, but at 298.15 K the Gibbs energy 
of the AA conformer was 0.168 kJ mol−1 less than that of the GA conformer, 
indicating 52% of AA versus 48% of GA or almost equal amounts of the two 
conformers at equilibrium at room temperature [46]. A higher difference 
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Figure 12.9 Calculated Raman spectra of two conformers of the [C4C1Im]+  cation 
in the range between 3400 and 2900 cm–1.(a) the AA conformer and (b) the GA con-
former. (Data from Berg, R. W., Unpublished results, 2006.
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Figure 12.10 Calculated Raman spectra of two conformers of the [C4C1Im]+ cation 
in the range between 1650 and 400 cm–1: (a) the AA conformer and (b) the GA con-
former. (Data from Berg, R. W., Deetlefs, M., Seddon, K. R., Shim, I., and Thompson, 
J. M., J. Phys. Chem. B, 109, 19018–19025, 2005; Berg, R. W., Unpublished results, 2006. 
With permission.)

between the AA and the GA energies was found in other calculations [72]. 
These results are consistent with the observation of both conformers being 
simultaneously present in the spectra of the [C4C1Im]+ liquids as observed by 
Ozawa et al. [70] (see Figure 12.6).

Our obtained experimental Raman signals for the [C4C1Im]+ cation liq-
uids are given in Figure 12.12 and the assignments are specifi ed in Table 12.2, 
based on the calculations, some of which are summarized in Table 12.3.
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Table 12.1 Approximate Descriptionsa of Vibrational Frequencies (IR and Raman Bands) as Determined in MP2 Calculations for the 
[C4C1Im]+ Cation with the Butyl Group in the AA or GA Conformations

Butyl group in the anti-anti (AA)  conformation Butyl group in the gauche-anti (GA) conformations

Mode ν/(cm–1) Approximate description ν/(cm–1) Approximate description

1 30.4 N-C7 tor 27.5 N-C7 tor
2 58.3 N-C6 tor 58.3 N-C6 tor 
3 74.3 C7-C8 tor 76.6 N-C6 tor + C7-C8 tor
4 81.8 N-C6 tor + N-C7-C8 bend 82.5 C7-C8 tor
5 116.5 N-C7 tor 156.7 N-C6 oopl  bend + C8H2 rock 
6 203.6 Chain def + N-C6 oopl bend 205.1 Chain def + N-C6 oopl bend
7 250.9 N-C6 + N-C7H2 oopl ooph bend 251.1 N-C6 + N-C7H2 oopl ooph bend
8 252.8 C9-C10 tor 258.4 C9-C10 tor 
9 278.8 C7H2 rock + C6H3 ipl iph bend 296.1 C7H2 rock + C6H3 ipl iph bend 
10 327.1 Ring wag + chain def 333.3 Ring wag + chain def
11 407.0 Ring rot + C7H2 rock + C6H3 rock 418.0 Ring rot + C7H2 rock + N-C6H3 ipl rock
12 441.0 N-C7 oopl bend + N-C6 oopl ooph bend + chain 

bend + CH2 wag + ring rot
503.7 N-C7 oopl bend + N-C7-C8-C9 angles bend

13 619.6 Ring oopl def + C7H2 rock + C7-C8-C9 bend 603.9 N-C6 N-C7 iph str + ring oopl def + C8H2 rock + 
N-C7-C8 bend.

14 636.2 Ring def (C2-H oopl bend) + N-C6 N-C7 iph str + 
C7H2 rock + C7-C8-C9 bend 

622.8 Ring def (C2-H C4-H iph oopl bend) + C8H2 rock 
+ N-C7. -C8. bend.

15 670.2 N-C6 str + ring def (N1 and H on C2 oopl ooph 
departure) + C8H2 wag + N-C7-C8 bend 

662.8 Ring def (bend around line NN) + C8H2 rock + 
N-C7-C8 bend

16 725.5 Ring C-H oopl bend (bend around NN line) 712.8 N-C6.  N-C7 ooph str + ring ipl def + C8H2 rock + 
C7-C8 tor 

17 748.8 N-C6 N-C7 ooph str + ring ipl def + N-C7-C8 
and C7-C8-C9 bend

725.1 Ring C-H oopl bend (bend around NN line)

18 754.6 Chain CH2 sci + rock 773.5 Chain CH2 rock + ring C-H oopl iph bend (umbrella)
19 791.7 Ring C-H oopl iph bend (umbrella) 790.4 Ring C-H oopl iph bend (umbrella)

(continued)
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Table 12.1 (Continued)

Butyl group in the anti-anti (AA)  conformation Butyl group in the gauche-anti (GA) conformation

Mode ν/(cm–1) Approximate description ν/(cm–1) Approximate description

20 813.7 C4-H C5-H oopl ooph bend (twi) 811.5 C4-H C5-H oopl ooph bend (twi)
21 819.3 Chain CH2 sci 853.9 Chain CH2 sci
22 945.3 Chain def + C10H2 rock 912.4 Chain def + C10H3 rock
23 969.8 Chain def (CH2 twi + rock) 981.5 Chain def (CH2 sci + rock)
24 1043.6 Ring def + chain def 1025.7 Ring def + chain def
25 1057.3 Ring def + N-C6 str + C4-H C5-H ipl iph bend 1051.9 Ring def + N-C6 str + N-C7 str + C7-C8 str 
26 1070.3 C4-H ipl bend + C7-C8 str 1064.0 C4-H C5-H ipl bend (sci) + N-C6 str + N-C7 str + 

C7-C8 str 
27 1106.6 Chain def 1104.9 Chain def
28 1128.4 C6H3 ipl rock + ring def 1127.4 C6H3 ipl rock + ring def
29 1149.9 C4-H C5-H ipl bend (sci) 1151.0 C4-H C5-H ipl bend (sci)
30 1167.0 Chain def (C-C str) 1162.6 Chain def (C-C str)
31 1176.9 C6H3 def (oopl rock) 1176.4 C6H3 def (oopl rock)
32 1182.7 C2-H ipl bend, C6H3 def, chain CH2 def 1180.5 C2-H ipl bend, C6H3 def, chain CH2 def
33 1212.3 C6-N C7-N ooph str + ring C-H ipl bend 1211.1 C6-N C7-N ooph str + ring C-H ipl bend
34 1272.5 Ring CH iph ipl bend + chain CH2 def 1263.6 Ring CH iph ipl bend + chain CH2 def
35 1318.4 Ring CH iph ipl bend + chain CH2 wag 1311.0 Ring CH iph ipl bend + chain CH2 def
36 1324.3 Ring CH iph ipl bend + chain CH2 def 1329.2 Ring CH iph ipl bend + chain CH2 def
37 1353.0 Chain CH2 def + ring CH iph ipl bend 1362.5 Chain CH2 def
38 1371.8 C8H2 C9H2 twi 1371.7 Chain CH2 def
39 1388.9 Ring breathing + C7H2 twi 1393.3 Ring breathing + C7H2 twi
40 1413.6 C7H2 C9H2 wag 1416.7 C7H2 wag
41 1443.7 Chain CH2 wag 1445.1 Chain CH2 wag
42 1450.6 Ring asym str + C7H2 twi + C6H3 def 1456.1 Ring asym str + C7H2 twi + C6H3 def
43 1472.7 C10H3 def (umbrella) 1473.0 C10H3 def (umbrella)
44 1490.9 Ring asym str + C6H3 def (umbrella) 1491.1 Ring asym str + C6H3 def (umbrella)
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45 1505.4 C6H3 def (umbrella) 1504.8 C6H3 def (umbrella)
46 1534.6 C6H3 def 1531.8 C8H2 def (sci)
47 1539.1 C7H2 + C8H2 bend (sci) 1534.5 C6H3 def
48 1545.1 Chain CH2 bend (sci) 1541.3 C7H2 bend (sci)
49 1554.8 C7H2 + C8H2 + C10H2 bend (sci) 1549.0 C8H2 + C9H2 + C10H2 bend (sci)
50 1559.8 C10H3 def 1559.5 C10H3 def
51 1562.7 C6H3 def 1562.2 C6H3 def
52 1566.6 Chain CH2 bend (sci) 1565.4 C8H2 + C9H2 + C10H2 bend (sci)
53 1620.5 C4-C5 ring str + C4-H + C5-H ipl sym bend 1618.2 C4-C5 ring str + C4-H + C5-H ipl sym bend
54 1645.7 C2-N ring asym str + C2-H ipl bend 1644.3 C2-N ring asym str + C2-H ipl bend
55 3120.7 C8H2 + C9H2 iph str (sym) 3113.1 C8H2 + C9H2 iph str (sym)
56 3128.6 C8H2 + C9H2 ooph str (sym) 3126.5 C8H2 + C9H2 ooph str (sym)
57 3135.6 C10H3 iph str (sym) 3136.1 C10H3 iph str (sym)
58 3160.9 C7H2 iph str (sym) 3162.8 C7H2 iph str (sym) + C8H2 + C9H2 ooph str 
59 3164.3 C6H3 iph str (sym) 3164.3 C6H3 iph str (sym)
60 3171.6 C8H2 + C9H2 ooph str (asym) 3165.5 C7H2 sym str + C8H2 + C9H2 str (asym)
61 3190.6 C8H2 + C9H2 ooph str (asym) 3189.4 C8H2 + C9H2 ooph str (asym)
62 3229.5 C10H3 ooph str (asym) 3230.7 C10H3 ooph str (asym)
63 3232.0 C7H2 ooph str (asym) 3234.2 C7H2 ooph str (asym)
64 3240.4 C10H3 ooph str (sym) 3240.1 C10H3 ooph str (sym)
65 3278.6 C6H3 ooph str (asym) 3278.6 C6H3 ooph str (asym)
66 3286.3 C6H3 ooph str (sym) 3286.4 C6H3 ooph str (sym)
67 3359.7 C3-H C4-H ooph str (asym) 3360.7 C3-H C4-H ooph str (asym)
68 3363.0 C2-H str 3361.9 C2-H str
69 3377.4 C3-H C4-H iph str (sym) 3378.5 C3-H C4-H iph str (sym)

Note: Data derived from movements as depicted on a PC screen.
a Key of approximate group vibrations: asym = asymmetric, bend = angle bending (scissoring), breathing = all ring bonds iph, def = more complicated 

deformation of skeleton, ipl = in plane, iph = in phase (symmetric), oopl = out of ring plane, ooph = opposite motion, out of phase (asymmetric), ring = 
imidazole core, rot = ring rotation, as a wheel, with carbon H atoms, rock = rocking (like V to V by rotation around an axis out of the paper), sci = non-
connected scissoring, str = bond stretching, sym = symmetric, tor = torsion around specifi ed bond, twi = twisting of CH2 group or chain, wag = 
wagging (like V to v by rotation around an axis in the paper, →).
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504 cm−1

620 cm−1

636 cm−1

670 cm−1

749 cm−1

604 cm−1

622 cm−1

663 cm−1

713 cm−1

Figure 12.11 (See color insert following page 414.) Some of our calculated normal 
modes of certain bands of the AA and GA forms of the [C4C1Im]+ cation. The arrows 
indicate vibrational amplitudes of atoms. As found by Hamaguchi et al. (Hamaguchi, 
H., and Ozawa, R.,  Adv. Chem. Phys., 131, 85–104, 2005) also our C8 methylene CH2 
rocking vibration was coupled to the ring modes only for the gauche-anti conformer 
(Berg, R. W., Deetlefs, M., Seddon, K. R., Shim, I., and Thompson, J. M., J. Phys. Chem. B, 
109, 19018–19025, 2005) and (Berg, R. W., Unpublished results, 2006. With permission.)
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Chapter twelve: Raman spectroscopy, ab initio model calculations 327

Note in Figure 12.12 that bands from the [PF6]− and [BF4]− anions are 
 visible, ν1([PF6]−) symmetric stretching at 741 cm−1, ν2([PF6]−) stretching at 
568 cm−1, ν5([PF6]−) symmetric bending at 471 cm−1, ν1([BF4]−) symmetric 
stretching at 766 cm−1 and ν4([BF4]−) bending at 522 cm−1 [73]. Similar kind of 
experimental and  calculational results for [CnC1Im]X liquids were obtained 
by Carper and  others [74–78].

To conclude the situation for [C4C1Im]+, Ozawa et al. [50,70] have discov-
ered, by the combined use of x-ray crystallography, Raman spectroscopy, 
and DFT calculations, that one can use certain Raman bands as key bands to 
probe the conformation around the C7-C8 bond of the [C4C1Im]+ cation.

The calculated bands at ∼626–636 cm−1 and ∼735–749 cm−1 are characteris-
tics of the AA conformer (AA conformation around the C7-C8 bond), as com-
pared to the experimental values of ∼624 and ∼730 cm−1 (Table 12.2), whereas 
the ∼596–604 cm−1 and ∼696–713 cm−1 calculated bands are characteristic 
of the GA conformer (GA conformation). Furthermore a characteristic fre-
quency was calculated as ∼504 cm−1, (Table 12.1), as compared to the experi-
mental values of ∼500, ∼602, and ∼699 cm−1 (Table 12.2). Experimentally the 
Raman spectral bands are occurring at easily recognizable peak positions 
and with intensities obtainable from ab initio DFT  calculations. Bands mea-
sured by Ozawa and Hamaguchi at 701, 625, 603, and 500 cm−1 correspond 
within experimental error to our [C4C1Im][PF6]  liquid bands at 698, 624, 601, 
and 498 cm−1 (Table 12.2).
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Figure 12.12 Details of FT-Raman spectra of the [C4C1Im][PF6] and [C4C1Im][BF4] 
ionic liquids at ∼25ºC (Berg, R. W., Unpublished results, 2006. With permission.) 
Note that the characteristic bands of the AA and GA forms of the [C4C1Im]+ cation 
are present in both melts, as also found, for example, by Hamaguchi et al. [50].
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328 Ionic liquids in chemical analysis

In a more refi ned gas phase-ion pair model aimed at understanding the 
interaction in the [C4C1Im][PF6] liquid, Meng et al. [5] in a combined spectro-
scopic, semiempirical and ab initio study, observed hydrogen bonding between 
the [PF6]− ion and the hydrogen atom at C2 in the aromatic ring of the [C4C1Im]+ 
cation. Virtually identical theoretical results were obtained using both HF 
and DFT. The DFT minimized structure is shown in Figure 12.13.

Obviously Meng et al. [5] have reached an anti-gauche (AG) conformation 
that probably just is local but not a global minimum. The hydrogen bonding 
has previously been detected by 13C NMR relaxation studies on [C4C1Im]
[PF6] and related systems in the liquid state [5,6,75,76].

It is well known that hydrogen bonding signifi cantly supports the forma-
tion of ion pairs (and even higher aggregates) in electrolyte solutions when 
compared to systems without specifi c interactions. Hanke et al. [4] in another 
simulation study found that the largest probability for fi nding an anion is 
near C2 below and above the ring. Most likely dimeric and tetrameric ion 
pairs and higher aggregates are formed with a type of layer structure, in 
which the anions are located mainly above and below the aromatic ring near 
C2 [5,6]. The occurrence of hydrogen bonding in addition to the Coulombic 
interactions was put forward to explain the quite high viscosity and other 
specifi c macroscopic properties of the [C4C1Im][PF6] IL.

Table 12.2 Experimentally Observed Raman Spectral Bands for Two Common 
[C4C1Im]+ Ionic Liquids, Given in cm−1, and Approximate Assignments

ν/(cm–1) Assignmentsa

[C4C1Im] [PF6] [C4C1Im] [BF4]

498 500 N-C7 opl bend + N-C7-C8-C9 angles bend 
(GA12)

568 ν2(PF6
–) stretching

601 601 N-C6 N-C7 iph str + ring oopl def + C8H2 
rock + N-C7-C8 bend. (GA13) 

624 625 Ring def (C2-H oopl bend) + N-C6 N-C7 iph 
str + C7H2 rock + C7-C8-C9 bend (AA14) 

656 658 N-C6 str + ring def (N1 and H on C2 oopl ooph 
departure) + C8H2 wag + N-C7-C8 bend 
(AA15) + ring def (bend around line NN) 
+ C8H2 rock + N-C7-C8 bend (GA15) 

698 699 N-C6.  N-C7 ooph str + ring ipl def + C8H2 
rock + C7-C8 tor (GA16)

730 ? hidden ∼735 N-C6 N-C7 ooph str + ring ipl def + N-C7-C8 
and C7-C8-C9 bend (AA17)

741 ν1(PF6
–) stretching

a Key for descriptions of approximate group vibrations, see Table 12.1; AA and GA mode 
 numbers given in parentheses.
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Chapter twelve: Raman spectroscopy, ab initio model calculations 329

12.7 Other studies on [CnC1Im]+ liquids
Measured IR and Raman spectra of a series of 1-alkyl-3-methylimidazo-
lium halides and hexafl uorophosphate ILs ([C2C1Im][PF6] to [C4C1Im][PF6]) 
were correlated with results of ab initio DFT calculations at the 6-31+G* and 
6-311+G(2d,p) levels [72,74]. It was suggested that common Raman C–H 
stretching frequencies in these liquids may serve as possible probes in 
 studies of ionic interactions. Hydrogen-bonding interactions were observed 
between the fl uorine atoms of the [PF6]− anion and the C2 hydrogen on 
the imidazolium ring, and between [PF6]− anion and the H atoms on the 
 adjacent alkyl side chains. There are at least four discernible strong vibra-
tions in the 2878–2970 cm−1 region of the [C2C1Im][PF6] Raman spectrum [74]. 

Table 12.3 Selected Vibrational Modes as Determined in MP2 Calculations 
for the [C4C1Im]+ Cation in AA and GA Conformation

Mode ν (cm−1)
IR intensity 
(km mole−1)

Raman activity 
(Å4 amu−1) Approximate descriptiona

In AA conformation

13 620 0.52 1.34 Ring oopl def + C7H2 rock + C7-
C8-C9 bend

14 636 9.40 2.59 Ring def (C2-H oopl bend) + N-C6 
N-C7 iph str + C7H2 rock + C7-
C8-C9 bend

15 670 12.23 1.36 N-C6 str + ring def (N1 and H on 
C2 oopl ooph departure) + C8H2 
wag + N-C7-C8 bend

17 749 13.06 2.13 N-C6 N-C7 ooph str + ring ipl def 
+ N-C7-C8 and C7-C8-C9 bend

In GA conformation

12 504 0.65 1.19 N-C7 opl bend + N-C7-C8-C9 
angles bend

13 604 1.46 5.99 Ring ipl def + C8H2 rock + N-C7-
C8 bend

14 623 2.82 0.36 Ring def (C2-H C4-H iph oopl 
bend) + C8H2 rock + N-C7. -C8. 
bend

15 663 15.62 0.56 Ring def (bend around line NN) + 
C8H2 rock + N-C7-C8 bend

16 713 6.65 2.15 N-C6.  N-C7 ooph str + ring ipl 
def + C8H2 rock + C7-C8 tor

a For key of approximate group vibrations, see Table 12.1.
Source:  Berg, R. W., Deetlefs, M., Seddon, K. R., Shim, I., and Thompson, J. M., J. Phys. Chem. B, 

109, 19018–19025, 2005.
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330 Ionic liquids in chemical analysis

These Raman vibrations are represented by the calculated vibrations in the 
3153–3220 cm−1 region and represent a complex combination of multiple 
stretching and bending vibrations. The weak Raman bands observed at 3116 
and 3179 cm−1 were assigned to vibrations associated with the imidazolium 
ring (H–C–C–H and N–(C–H)–N) C–H stretches.

Similar studies were done on [C2C1Im][BF4] and other 1-ethyl-3-methyl-
imidazolium liquid salts [16,69,79,80]. In the Raman spectral range 200–500 
cm−1, Umebayashi et al. [80] for liquids containing [BF4]−, [PF6]−, [TfO]−, and 
[Tf2N]− found bands at 241, 297, 387, 430, and 448 cm−1 that must originate 
from the [C2C1Im]+ ion. However, the 448 cm−1 band could not be reproduced 
by theoretical calculations in terms of a single given [C2C1Im]+ conformer. 
The ethyl group bound to one N atom of the imidazolium ring is able to 
rotate around the C–N bond to yield two different torsion conformers (see 
Figure 12.14).

The energy barrier of this rotation was calculated with an energy ampli-
tude of ∼2 kJ mol−1 [80]. Two local minima were found, suggesting that the 
two conformers can be present in equilibrium. Full geometry optimizations 
followed by normal frequency analyses indicated that the two conformers of 
minimum energy were those with planar and nonplanar ethyl groups against 
the imidazolium ring plane, and that the nonplanar conformer was the most 
favorable. The Raman bands at 241, 297, 387, and 430 cm−1 were found to 

H H
H

H

N N

Figure 12.13 Minimized molecular structure of [C4C1Im][PF6] (B3LYP/6-31G*) {5}. 
Found hydrogen bonds included: F2-H25 = 2.279 Å, F2-H18 = 2.042 Å, Fl-H18 = 
2.441 Å, F5-H18 = 2.070 Å, F5-H22 = 2.419 Å, and Fl-H26 = 2.377 Å. (Adapted from 
Meng, Z., Dölle, A., and Carper, W. R., J. Molec. Struct. (THEOCHEM) 585, 119–128, 
2002. With permission.)
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Chapter twelve: Raman spectroscopy, ab initio model calculations 331

mainly originate from the nonplanar conformer, whereas the 448 cm−1 band 
originated from the planar conformer. Indeed, the enthalpy for conforma-
tional change from nonplanar to planar [C2C1Im]+, obtained experimentally 
by analyzing band intensities of the conformers at various temperatures, 
was practically the same as the enthalpy evaluated by theoretical calcula-
tions. We thus conclude that the [C2C1Im]+ ion exists as planar or nonplanar 
conformers in equilibrium in its liquid salts [80], and this was confi rmed by 
x-ray diffraction [69]. For the longer-chain [CnC1Im]+ systems also nonplanar 
forms are most stable, for example, compare with AA and GA conformers of 
[C4C1Im]+ in Figure 12.8.

We have shown [46] that the same situation as for [C4C1Im]+ exists for 
 longer alkyl chain systems, at least for the 1-hexyl-3-methylimidazolium 
 cation. Raman spectra for [C6C1Im]+ cation systems have bands at 698, 623, 
and 601 cm−1 (but no distinct band at ∼498 cm−1). A comparison between 
 typical experimental spectra is shown in Figure 12.15.

Also the calculations came out in much the same way, as can be seen 
by comparing the results in Figure 12.16 with those from Figure 12.10 
(insets).

All in all, it was recognized, both from spectra and calculations that 
the characteristic frequencies do not change signifi cantly when the butyl 
group was exchanged for a hexyl group, and we conclude that the AA-
GA isomerism phenomenon probably is general, and not specifi c to the 
[C4C1Im]X ILs. For a discussion of the hexyl systems, we refer to our com-
prehensive report [46].

Figure 12.14 Calculated structures of the [C2C1Im]+ cation, showing the two dif-
ferent torsion conformers obtainable by rotation of the ethyl group around the C–N 
bond relative to the imidazolium ring. Planar (left) and nonplanar (right) rotamers 
are viewed perpendicular to and along the ring plane. The nonplanar form is known 
from x-ray structures {69}. (Adapted from Umebayashi, Y., Fujimori, T, Sukizaki, T., 
Asada, M., Fujii, K., Kanzaki, R., and Ishiguro, S.-i., J. Phys. Chem. A, 109, 8976–8982, 
2005. With permission.)
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332 Ionic liquids in chemical analysis

12.8  Conformations equilibria in liquids 
versus temperature

The Raman spectra of [CnC1Im][BF4] from n = 10 to n = 2 in the liquid state 
at room temperature are shown in Figure 12.17.

Clearly the rotational isomerism around C7–C8 interconvert AA and GA 
conformers so as to change the AA/GA ratio with the cation. For [C2C1Im]
[BF4] there can be no rotational isomerism around C7-C8 because C8 is the 
end methyl group [16] and only one Raman band is observed at 596 cm−1, 
 corresponding to the band from GA conformation of [C4C1Im][BF4]. This 
observation was rationalized by Hamaguchi et al. [50] who noted that the 
methyl rocking motion of the C8 carbon is strongly coupled to the ring 
 deformation vibration and pushes down the frequency in [C2C1Im]+ exactly 
as in the case of GA conformation of the [C4C1Im]+ cation.

For longer side chains, the 625/603 cm−1 Raman intensity ratio increases 
with increasing n because the all-anti AA… kind of band at 625 cm−1 
grows in intensity. Since the vibrational modes are very similar—being 
localized within the imidazolium ring and around C7 and C8 carbons 
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Figure 12.15 FT-Raman spectra of the [C6C1Im][PF6] and [C4C1Im][PF6] ionic 
liquids at ∼25ºC. Note that the characteristic bands of the AA and GA forms of 
the [C4C1Im]+ cation are very much like the AAAA and GAAA bands from the 
[C6C1Im]+ cation. (Berg, R. W., Deetlefs, M., Seddon, K. R., Shim, I., and Thompson, 
J. M., J. Phys. Chem. B, 109, 19018–19025, 2005; Berg, R. W., Unpublished results, 2006. 
With permission.)
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(see Figure 12.11),  their Raman cross sections are thought to be quite in 
dependent of the chain length [46]. Therefore, the 625/603 cm−1 Raman 
intensity ratio can be regarded as a direct measure of the AA.../GA...  isomer 
ratio. The observed increase of the 625/603 cm−1 intensity ratio with n means 
that the AAA.../GAA... isomer ratio increases as the chain becomes longer. 
The AAA...  structure stabilization relatively to the GAA... one for longer 
alkyl chains is understandable only if we assume interactions among the 
cations. Otherwise, the relative stability would be determined alone by the 
energy difference between the anti and the gauche conformations around 
the C7-C8 bond and would be likely to be independent of the chain length. 
Instead, the AA.../GA... ratio dependence of the chain length therefore 
must depend on aliphatic interactions between the alkyl chains. In Fig -
ure 12.17, the broad CH2 rocking and bending features observed for longer 
chain [CnC1Im][BF4] liquids (n = 7–10) in the region near 800–950 cm−1, 
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Figure 12.16 Our calculated Raman spectra of two conformers of the hexyl 
[C6C1Im]+ cation between 750 and 500 cm–1 : (a) AAAA and (b) GAAA conformers. 
(Adapted from Berg, R. W., Deetlefs, M., Seddon, K. R., Shim, I., and Thompson, J. M., 
J. Phys. Chem. B, 109, 19018–19025, 2005. With permission.)
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334 Ionic liquids in chemical analysis

are indicative of such interactions between the alkyl chains [50], similar 
to the interactions found for certain mesophase liquid crystals when n > 12, 
(see Refs. 12,55,81).

An unusually long equilibration time has been observed upon melting of 
a single crystal of the AA polymorph of [C4C1Im]Cl Crystal (1) heated rapidly 
from room temperature to 72°C to form a droplet of liquid in a non-equilibrium 
state [50]. Raman versus time spectra are reproduced in Figure 12.18.

Before melting and for some time after only the band at 625 cm−1 of the 
AA [C4C1Im]+ cation was observed in the 600–630 cm−1 region. Gradually 603 
cm−1 band due to the GA conformer became stronger. After about 10 min 
the AA/GA intensity ratio became constant. The interpretation [50] is that 
the rotational isomers do not interconvert momentarily at the molecular 
level. Most probably it involves a conversion of a larger local structure as a 
whole. The existence of such local structures of different rotamers has been 
found by optical heterodyne-detected Raman-induced Kerr-effect spectros-
copy (OHD-RIKES) [82], Coherent anti-Stokes Raman scattering (CARS) [83], 
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Figure 12.17 Raman spectra of 1-alkyl-3-methylimidazolium tetrafl uoroborate 
 liquids, [CnC1Im][BF4] for n = 10, 8, 7, 6, 5, 4, 3, and 2. (Adapted from Hamaguchi, H., 
and Ozawa, R., Adv. Chem. Phys.,  131, 85–104, 2005. With permission.)
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Chapter twelve: Raman spectroscopy, ab initio model calculations 335

 neutron scattering and diffraction experiments [53,54] and by theoretical 
molecular dynamics calculations [4,7,84–86].

The enthalpy difference between the AA and the GA conformers in the 
[C4C1Im][BF4] is much smaller than the corresponding enthalpy difference 
between the conformers of a free butane chain. This indicates that the l-butyl- 
3-methylimidazolium cations most likely form local liquid structures specifi c 
to each rotational isomers [50]. Coexistence of these local structures, incor-
porating different rotational isomers, seems to hinder crystallization. This 
is probably the reason for the low melting points of such ILs.

These local structures most probably distinguish IL from conventional 
molecular liquids and may explain why IL phases are between a liquid and 
a crystal.

12.9 Local structures in ionic liquids
From NMR spectroscopy it is known that conformational isomers of 
alkane chains give coalesced peaks indicating transforma tion between the 
conformers taking place much faster than a second. Accordingly, one should 
expect single [C4C1Im]+ cations undergoing AA to GA transformation almost 
instantaneously [87]. The observed ∼10 min long equilibration time in liq-
uid [C4C1Im]Cl (Figure 12.18) therefore has been taken to indicate that the 
 conformers do not transform at the single molecular level but only interconvert 
through slow collective transformations of ensembles of [C4C1Im]+ cations 
(analogous to a phase transition) [50,87]. Most probably the two rotational 
isomers are incorporated in specifi c local structures tending to interconvert 
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Figure 12.18 Time-resolved Raman spectra of the melting and thermal equilibra-
tion process at 72°C for a [C4C1Im]Cl Crystal (1) sample. (Adapted from Hamaguchi, 
H., and Ozawa, R., Adv. Chem. Phys., 131, 85–104, 2005.)
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336 Ionic liquids in chemical analysis

only through conversion of the local structures as a whole and giving rise to 
wide premelting ranges and other features [65].

The ordering of the anions in ILs has, for the case of [C4C1Im]I, been 
 confi rmed by large-angle x-ray scattering experiments [59]. In this way it 
seems that the zig-zag chains found in the [C4C1Im]X crystals do exist in the 
IL state as well, at least partially. Thus, by combining Raman spectroscopy 
with several other experimental and theoretical techniques, Hamaguchi 
and coworkers have come to mean that both the cations and the anions in 
[C4C1Im]X ILs might have local ordering of their structures. Their conceptual 
structure of ILs is reproduced in Figure 12.19.

According to the model, the supposed local structures are positioned 
and oriented randomly, and there seems to be no translational and orienta-
tional order at the macroscopic level. The local structure modeling of 
Ozawa and Hamaguchi in Figure 12.19 is shown for the [C4C1Im]X ILs (e) in 
comparison with the structures of a crystal (a), liquid crystals (b and c), a 
conventional liquid (d). In the crystal (a), component molecules or ions are 
arranged to form a periodic lattice with long-range order. In a standard 
liquid state (d), the molecules or ions take random positions and random 
 orientations and there is no order. In liquid crystals (b and c), different kinds 
of long-range orders exist, with for example, only partial orientational order 
(b) or random position (c).

In [C4C1Im]X ILs, the supposed local structures are positioned and oriented 
randomly, and there seems to be no translational and orientational orders 
at the macroscopic level. Taking into account that the [C4C1Im]X ILs are all 
transparent (not opaque), the dimension of those local structures must be 
much smaller than the wavelength of visible light (<100 Å) [50,87].

(a) (b) (c)

(e)(d)

Figure 12.19 Conceptual structure of ionic salt crystals and liquids: a = crystal, 
b and c = liquid crystals, d = liquid, e = ionic liquid, according to the model of 
Hamaguchi and Ozawa. (Adapted from Hamaguchi, H., and Ozawa, R., Adv. Chem. 
Phys.,  131, 85–104, 2005. With permission.)

CRC_46462_CH012.indd   336CRC_46462_CH012.indd   336 8/27/2008   4:44:01 PM8/27/2008   4:44:01 PM

© 2009 by Taylor & Francis Group, LLC



Chapter twelve: Raman spectroscopy, ab initio model calculations 337

Microphase segregation in imidazolium-based ILs has also been dis-
cussed, and the existence of polar and nonpolar microsegregated domains 
in ILs has been predicted in molecular simulation dynamics [88]. The struc-
tural analysis helps the understanding of solvation of nonpolar, polar, and 
associating solutes in these media [53,88]. The existence of an extended 
hydrogen-bonded network structure was suggested by Abdul-Sada et al. [89] 
for 1-alkyl-3-methylimidazolium halides based on results from fast-atom 
bombardment mass spectroscopy. Charge ordering in ILs was discussed 
by Hardacre et al. [53]. They obtained the radial distribution curves of 
 dimethylimidazolium chloride and hexafl uorophosphate liquids using 
 neutron diffraction and argued for charge ordering of ions in ILs resem-
bling what is found in the solid state. Charge ordering has also been dis-
cussed in a number of molecular dynamics computer simulation studies on 
1-alkyl-3-methylimidazolium-based ILs in recent few years [7,84,85,90–100]. 
The radial distribution functions calculated in these papers all have sug-
gested long-range charge ordering, giving support to the idea that ILs are 
unique in having more structure ordering than do conventional molecular 
liquids.

Many unique properties may be expected to arise from these local 
 structures in ILs. One example is the unusually high viscosity of certain ILs 
arising from the hindering of the translational motion of the ions. Magnetic 
behavior is another most unusual and interesting property that arise 
when magnetic ions (strongly interacting with one another) are locally 
aligned in a liquid. Recently it was demonstrated [101,102] that magnetic 
ILs can be made by mixing imidazolium chlorides ([C4C1Im]Cl or [nC4C1Im]Cl) 
and FeCl3, forming 1-butyl-3-methylimidazolium tetrachloroferrate [C4C1Im]
[FeCl4] or 1-butyronitrile-3-methylimidazolium tetrachloroferrate [nC4C1Im]
[FeCl4] (IUPAC name of [nC4C1Im]+ cation: 1-(3-cyanopropyl)-3-methyl-1H-
imidazol-3-ium). These nearly paramagnetic liquids show strong responses 
to magnetic fi elds, probably because of local ordering of the magnetic 
high-spin [FeCl4]- anions. The surfaces of the liquids bend (deviate from 
being horizontal) when they are approached by a magnet, an interesting 
property that might fi nd applications. FT-Raman spectroscopy indicated 
that the magnetic liquids contained [C4C1Im]+ and [nC4C1Im]+ cations. The 
constitution of the liquids thus were confi rmed by their Raman spectra. By 
combining many different cations and magnetic anions it might be possible 
to prepare superparamagnetic or even ferromagnetic ILs [101,102].

Another interesting behavior of an IL has been observed: The molecular 
arrangements of 1-butyronitrile-3-methylimidazolium halides, in the pres-
ence and absence of intruded water molecules, form a new kind of ice that 
has been studied by Raman spectroscopy [103,104]. Single crystals of the ice 
were isolated and the structure was elucidated by single-crystal x-ray crys-
tallography. Apparently the water changes the physical properties of the IL 
at the molecular level and this was found to change the conformation of 
the n-butyronitrile chain of the cation. The hydrogen-bonding interaction 
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338 Ionic liquids in chemical analysis

between the anion and the water molecule seems to lead to loose molecu-
lar packing arrangements of the IL. As the unique properties are related to 
the structures and molecular arrangements of the ILs, the presence of water, 
wanted or unwanted, must be carefully examined in any kind of IL research 
and applications [104].

12.10 Other systems
Raman spectra of N-butylpyridinium chloride, aluminum trichloride liq-
uid systems (e.g., [C4py][AlCl4]) were obtained at ambient temperatures 
already in 1978 [105]. The [C4py][FeCl4] also is an IL, and the phase diagram 
of the binary system [C4py]Cl–FeCl3 liquids are formed in a wide mole 
 fraction composition range from 0.26 to 0.58 [106]. Unrestricted HF calcu-
lations were performed with 6–31G* basis sets in order to predict the 
 structures, energies, bond lengths, and vibrational (Raman) frequencies. 
Both the Raman scattering experiments and the ab initio calculations indi-
cate that [FeCl4]− is the predominant anion in the IL at a mole fraction of 
0.50 [106].

The structure of the bis(trifl uoromethylsulfonyl)imide ([Tf2N]− ) anion in 
the liquid state has been investigated by means of IR and Raman spectros-
copy and ab initio self-consistent HF and DFT calculations on the free ion, 
aiming at a determination of the equilibrium geometry and understanding 
of the vibrational spectrum [80,90,91, 107–109]. A pronounced delocalization 
of the negative charge on the nitrogen and oxygen atoms was found, and a 
marked double-bond character of the S-N-S moiety for the anion [107,108]. 
A tentative assignment of some characteristic vibrations of the [Tf2N]− 
anion was performed using the spectra of aqueous solutions for comparison 
in order to analyze the conformational isomerism and ion-pairing effects 
[107,108]. Also, it was found that dihedral S-N-S-C torsion angle in the bistrifl y-
limide anion has a complex energy profi le, which was precisely reproduced 
when tested by confrontation against liquid-phase Raman spectroscopic 
data [90–92].

The Raman spectra of the [C2C1Im][Tf2N] show relatively strong bands 
arising from the [Tf2N]- ion at ∼398 and ∼407 cm−1, see Figure 12.20 [108].

Interestingly, the ∼407 cm−1 band, relative to the ∼398 cm−1 one, grows 
appreciably in intensity with raising temperature. This feature is suggesting 
that an equilibrium is established between [Tf2N]− conformers in the liquid 
state (see Figure 12.21).

According to the DFT calculations (followed by normal frequency analy-
ses), two conformers (of C2 or C1 point group symmetry; two-fold rotational 
axis or no symmetry, respectively) constitute global and local minima, and 
have an energy difference of 2.2–3.3 kJ mol−1 [108]. The observed spectra over 
the range 380–440 cm−1 could be understood from the calculation of [Tf2N]− 
conformers: The omega-SO2 wagging vibration appeared at 396 and 430 cm−1 
for the C1 conformer and at 387 and 402 cm−1 for the C2 one. The enthalpy of 
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the conformational change from the most stable C2 to C1 came out in good 
agreement with the theoretical calculation. It was concluded that a con-
formational equilibrium indeed must exist between the C1 and the C2 con-
formers of [Tf2N]− in liquid [C2C1Im][Tf2N] [109]. Three different  conformers 
(named cis and trans by the authors) have recently been found in the x-ray 
crystal structure of the salt Li2[C2C1Im][Tf2N]3 [110].

We were able to obtain the same wagging omega-SO2 vibrational bands in 
our Raman spectrum of liquid [C4C1Im][Tf2N] (see Figure 12.22).

Apparently the splitting between the two bands (at 411 and 403 cm−1) is 
not so large for the case of the 1-butyl-3-methylimidazolium bis(trifl uoro-
methylsulfonyl)imide liquid. The symmetric CF3 stretching and deforma-
tion bands are seen very strongly at ∼1242 and ∼742 cm−1 in our spectra, 
as found also by Rey et al. [107,108]. The bands at 500–750 cm−1 discussed 
in relation with Figure 12.6 can be faintly seen, showing that the AA/GA 
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Figure 12.20 Raman spectra of 1-ethyl-3-methylimidazolium liquid [C2C1Im]
[Tf2N] showing the temperature-dependent SO2 wagging bands at ∼398 and 
∼407 cm–1. According to Fujii et al. (Fujii, K., Fujimori, T., Takamuku, T., Kanzaki, R., 
Umebayashi, Y., and Ishiguro, S., J. Phys. Chem. B. 110, 8179–8183, 2006) the bands 
arise from different conformers of the [Tf2N]- ion, known also from crystal structures 
(Matsumoto, K., Hagiwara, R., and Tamada, O., Solid State Sci., 8, 1103–1107, 2006.) 
(Fujii, K., Fujimori, T., Takamuku, T., Kanzaki, R., Umebayashi, Y., and Ishiguro, S., 
J. Phys. Chem. B. 110, 8179–8183, 2006. With Permission.)
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Figure 12.21 Different conformers of symmetry C1 and C2 of the [Tf2N]- ion, 
as  determined by Fujii et al. [109] by means of DFT calculations for the 1-ethyl-3-
methylimidazolium liquid [C2C1Im][Tf2N]. (Adapted from Fujii, K., Fujimori, T., 
Takamuku, T., Kanzaki, R., Umebayashi, Y., and Ishiguro, S., J. Phys. Chem. B. 110, 
8179–8183, 2006. With permission.)
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Figure 12.22 Our Raman spectrum of liquid [C4C1Im][Tf2N]. Apparently the split-
ting between the two conformation sensitive bands for the [Tf2N]− ion, near ∼400 
cm–1, is not so large in this liquid as for the 1-ethyl [C2C1Im][Tf2N] case [109]. The CF3 
symmetric stretching and deformation bands are seen at 1242 and 742 cm–1. The 
AA/GA conformational equilibrium bands at 500–700 cm–1 discussed in relation 
with Figure 12.6 can also be weakly seen.
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conformational equilibrium of the butyl group in [C4C1Im]+ is established, 
as discovered by Hamaguchi et al. [50].

The [Tf2N]− anion was further studied and discussed in Raman inves-
tigations on the IL N-propyl-N-methylpyrrolidinium bis(trifl uoromethylsulf
onyl)imide ([C1C3pyr][Tf2N]) and its 2/1 mixture with Li[Tf2N] [111], as well 
as on the N-butyl-N-methylpyrrolidinium bis(trifl uoromethanesulfonyl)imide 
([P14][Tf2N] or [C1C4pyr][Tf2N]) and other useful reaction media such as 
[C1C4pyr][Tf2N] [112,113]. Raman results have also shown that [Tf2N]− anions 
only interact weakly with [P13]+ cations, but coordinated strongly to Li+ 
 cations over a temperature range extending from −100 to +60 °C, that is, in 
the crystalline and melt states [114].

By means of Raman spectroscopy and DFT calculations on the [C1C4pyr]
[Tf2N] and [C1C4pyr]Br systems, various types of conformations with respect 
to the pyrrolidinium ring and N-butyl group were found [114]. The cal-
culations indicated that, among others, the so-called eq- and ax-envelope 
conformers with the butyl group at equatorial and axial positions, respec-
tively, against the plane of four atoms of the envelope pyrrolidinium ring 
(see Figure 12.23) were relatively stable, and the former gave the global 
 minimum [114].

By comparing observed and calculated Raman spectra it was found that 
the [C1C4pyr]+ ion was present mainly as the ax-envelope conformer in the 
[C1C4pyr]Br crystal, while the eq- and ax-envelope conformers were present 
in equilibrium in the [C1C4pyr][Tf2N] IL (called [P14][TFSI] in [114]). 

C3 C4

C5C2

C7 C6

C8

C9

C10

Me

Bu

ax-envelope
Me

N

Bu

N

Me

Bu

N

twist

eq-envelope

N

+

Figure 12.23 Structure and conformations of N-butyl-N-methylpyrrolidinium 
cation [C1C4pyr]+. In [P14]+, P denotes pyrrolidinium and the digits denote the 
number of carbon atoms in radicals R1 and R2. Also, the ion is commonly called 
[bmpy]+ (N is atom number 1). The ring of the (CH2)4NR1R2 pyrimidinium ion is not 
planar and has two stable (twist and envelope) forms.
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The presence of conformational equilibria was further experimentally sup-
ported by Raman spectra measured at different temperatures. It was estab-
lished that the conformation of the butyl group was restricted to a so-called 
trans-TT conformation, in which the butyl group is located trans against a 
ring carbon atom (C2 or C5), and all carbon atoms in the butyl chain are 
located trans to each other [113].

We have briefl y investigated some [C1C4pyr]+ room temperature liquids, 
namely [C1C4pyr][Tf2N] and [C1C4pyr][TfO] [73]. The experimental Raman 
spectra of our liquids looked much like sums of the spectrum of the [C1C4pyr]+ 
ion (as measured from the chloride salt) and the spectra of the [Tf2N]− or 
[TfO]− ions (as measured from the lithium salts). An example of our results 
on [C1C4pyr][Tf2N] is shown in Figure 12.24.

 The spectra in Figure 12.24 clearly show that the constituent ions in the 
liquid and in the respective solid salts vibrate rather independent of the 
 surroundings. Therefore the liquid spectrum looks much like the sum of 
the solid salts. This conclusion is of course not new, but nevertheless it is still 
quite applicable in the evaluation of many IL Raman (and IR) spectra. 
However, the presence of conformational equilibria for both of the IL ions 
makes a closer study worth while. We therefore recommend the interested 
reader to study the work by Umebayashi et al. [114] in which subtle spectral 
band shape details, for example, around 930–880 cm−1 are evaluated to 
show information on the eq-envelope:trans-TT and ax-envelope:trans-TT 
 interconversion of the [C4C1Im]+ ion in the liquid. Also note that the crystal 
structure of the [C1C4pyr][Tf2N] salt was recently solved; it contained the 
eq-envelope:trans-TT conformer of the cation [115]. Also conformers of sym-
metry C1 and C2 of the [Tf2N]− ion show their presence burried in the band 
at 400–440 cm−1 [109].

Prior to the publication of the work by Umebayashi et al. [114] on the 
1-butyl-1-methyl-pyrrolidinium bis(trifl uoromethylsulfonyl)imide, some 
preliminary calculations were done aiming at a better understanding of the 
spectra on that system (shown in Figure 12.24). To illustrate how useful such 
procedures are, we depict two examples of our own results in Figure 12.25.

The shown ax-envelope:trans-TG and-TT confomations are just some of 
the many possible conformations. The more likely ones, such as the ax-enve-
lope:trans-TT and eq-envelope:trans-TT were included in the study by 
Umebayashi et al. [114]. The calculated spectra of the different conformers 
looked rather much like each other. As seen in Figure 12.25 the gauche form 
of the C8-C9 bond did not change much relative to the ax-envelope:trans-TT 
form. Quite satisfactory one-to-one correspondences between calculated 
and observed bands are found in Figure 12.25 and also in the work of 
Umebayashi et al. [114]. One should not expect perfect fi ts (frequencies are 
calculated too high and intensities are perturbed, because of the simplicity 
of the modeling).

When the theoretical spectra of the [C1C4pyr]+ ion (e.g., those in Fig-
ure 12.25) and similarly calculated spectra of conformations of the [Tf2N]− 
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ion (in Figure 12.26, see later) were added, we obtained sums (not shown) 
that essentially corresponded to the spectrum of the [C1C4pyr][Tf2N] liquid 
(in Figure 12.24, top) [72].

New 2-hydroxypropyl-functionalized imidazolium cation ionic liquids 
(containing an appended hydroxyl functionality) have been made [116] by 
use of an atom effi cient one-pot reaction between 1-methylimidazole and 
acid with propylene oxide. Unfortunately the systems were not studied 

3000 2500 1500 1000 500

40
4

90
7

Li[Tf2N] crystal

[bmpy][Tf2N] liquid

[bmpy]Cl crystal

F
T

- 
R

am
an

 in
te

ns
ity

 (
a.

u.
)

25°C 

Wave number (cm−1)

Figure 12.24 Experimental FT-Raman spectra for the [C1C4pyr][Tf2N] liquid (in the 
fi gure [bmpy][Tf2N]) (Fujimori, T., Fujii, K., Kanzaki, R., Chiba, K., Yamamoto, H., 
Umebayashi, Y., and Ishiguro, S.-i., J. Mol. Liquids 131-132, 216-224, 2007), showing 
that the spectum (top) at room temperature essentially consists of bands from 
both the [Tf2N]− anion (middle) and the [C1C4pyr]+ cation (bottom) (shifted conve-
niently). The Li+ and Cl– do not contribute bands directly in the liquid but have infl u-
ence on the structures of the salts and are interactive with the ions and infl uence the 
conformational equilibria in the IL (Berg, R. W., Unpublished results, 2006.)
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by FT- Raman spectroscopy so far. We have shown in a study on 1-hexanol 
in [1,3-bis-[2-(methoxyethoxy)ethyl]imidazolium] bis-trifl uoromethylsulfonyl-
imide [29] that Raman spectroscopy has a potential for fi nding clues to what 
goes on in ILs that contain hydroxyl groups (alcohols) and where hydrogen 
bonding between the IL and the hydroxyl group is of importance.

A rather new class of room temperature ILs is based on the N,N,N′,N′-
tetramethylguanidinium [((CH3)4)2CNH2]+ or [TMGH]+ cation. A dedicated 
force fi eld was developed [117] to fi t the experimental bonds and angles and 
the vibration frequencies, for fi ve kinds of [TMGH]+ ILs, where the anion was 
formate, lactate, perchlorate, trifl uoroacetate, and trifl uoromethylsulfonate, 
respectively. Ab initio calculations were performed and predictions in good 
agreement with the experimental data were obtained. Radial and spatial 
 distribution functions (RDFs and SDFs) were investigated to depict the 
microscopic structures of the ILs [13].

An illustrative FT-Raman spectrum was recorded on the [TMGH][Tf2N] 
liquid to be compared with calculated spectra of the constituent isolated 
ions in their equlibrium geometries obtained at the RHF/6-31G(d) level 
using DFT/ B3LYP methods [49]. Some data obtained [73] are shown in 
Figure 12.26. Unfortunately the highest-frequent N–H stretchings were 
out of our instrumental range (limited to 3500–100 cm−1). However, many 
experimental details are being convincingly accounted for by the modeling, 
just by summation of the calculated spectra, even when other conformers 
are left out.
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Figure 12.25 Minimized structures of the so-called ax-envelope:trans-TT and -TG 
confomations of the [C1C4pyr]+ ion in assumed gaseous state calculated (Berg, 
R. W., Unpublished results, 2006) at the DFT/B3LYP/6-31+ G (p,d) level. The mini-
mized bond distances and angles had standard magnitudes. The model spectra 
shown compare well to the experimental FT-Raman spectrum of the [C1C4pyr]+ ion 
in the solid chloride salt (Berg, R. W., Unpublished results, 2006.)
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Figure 12.26 Illustrative example of the power of ab initio methods combined 
with Raman spectroscopy, applied on the [TMGH][Tf2N] liquid. The two top spec-
tral curves show calculated Raman spectra of minimized conformers of [Tf2N]− 
and [TMGH]+ at the DFT/B3LYP/6-31G(d) level. The geometries of the ions are 
also depicted together with the sum of the spectra, constituting a hypothetical 
[TMGH][Tf2N] liquid of non-interacting ions (shifted conveniently). Bottom: the 
experimental FT-Raman spectrum. Unfortunately measurements exist only below 
3500 cm−1 (Berg, R. W., Unpublished results, 2006.)
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12.11 Other applications of Raman spectroscopy
Raman spectroscopy has up to now mainly been applied to elucidate con-
formational forms and associated conformational equilibria of the IL com-
ponents. Yet other applications are appearing in these years. One example is 
the characterization of metal ions like Mn2+, Ni2+, Cu2+, and Zn2+ in coordi-
nating solvent mixtures by means of titration Raman Spectroscopy [118]. 
Another issue is the study of solvation of probe molecules in ILs. In such a 
study [118], for example, acceptor numbers (AN) of ILs in diphenylcyclopro-
penone (DPCP) were estimated by an empirical equation associated with a 
C=C / C=O stretching mode Raman band of DPCP. According to the depen-
dence of AN on cation and anion species, the Lewis acidity of ILs was 
 considered to come mainly from the cation charge [119].

Finally, Raman spectroscopy has a potential of being used for qualitative 
and quantitative analysis. We have used Raman spectroscopy to verify the 
presence of components in a two-phase system [29].

12.12 Conclusions
Recently Raman spectroscopy has been applied, in combination with other 
methods, to show that certain characteristic spectral bands can be identi-
fi ed that are characteristic for conformational forms (conformers) of the IL 
 components, and that the associated conformational equilibria might be 
partly responsible for the salts to have such low melting points.

In this review we have discussed in detail some examples of the confor-
mational equilibria, for example, those discovered by Hamaguchi et al. [70] in 
liquids containing 1-butyl-3-methylimidazolium cation. Also, we have exam-
i ned in some detail liquids containing the bis(trifl uoromethanesulfonyl)
imide anion, as described above. We have extended the knowledge on 
the characteristic Raman bands to include conformers of the 1-hexyl-3-
methylimidazolium cation [46]. Vibrational analysis has been made of the 
 components of the systems to improve our understanding of what goes on in 
the liquids. These results, although not surprising, add weight to our under-
standing of the existence of mixtures of low-symmetry conformers that 
disturb the crystallization process. Arguments have been presented for the 
belief that this is the reason for the low melting points of the ILs relative to 
normal molecular salts with much higher melting points.

We have seen that the ab initio self-consistent quantum mechanical func-
tional methods such as  DFT/B3LYP with the chosen 6-31+G(d,p) basis sets are 
well suited to calculate reasonable molecular ion structures and vibrational 
spectra of these ions. The results obtained by us or others have indicated 
that the neglect of the presence of cation-anion interactions is a reasonable 
approximation for a rather successful prediction of the Raman spectra. Based 
on such calculations, detailed and reliable assignments of the spectra can be 
given and information on conformational equilibria can be obtained.
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13.1 Introduction
Nuclear magnetic resonance (NMR) spectroscopy is the most widely used 
spectroscopic technique in synthetic chemistry [1]. One main reason for the 
dominance of NMR is its versatility—by variation of only a few experimental 
parameters, a vast number of different NMR experiments can easily be per-
formed, giving access to very different sets of information on the substance 
or the reaction under investigation. Today, NMR is dominant in structure 
elucidation, and in situ NMR spectroscopy can conveniently give insight into 
chemical reactions under real turnover conditions (in contrast to, e.g., x-ray 
crystallography, which can only provide a solid-state snapshot of a molecular 
conformation).

Keeping these facts in mind, there is an obvious interest in being able 
to apply NMR to the chemistry of and in ionic liquids (ILs). This chapter 
focuses on the main achievements in the fi eld, giving a tutorial-like approach 
to NMR spectroscopy in ILs. If you prefer a more review-like source of infor-
mation that aims at completeness and a more historical style, please refer to 
the recent literature [2].

13.2 Ionic liquids: general remarks
Of course, ILs are no invention of recent years—in fact, they are around for 
quite some time already [3]. But the use of the term ionic liquid as opposed to 
the more general term molten salt implies that the point of view has changed 
over the last decades. From an organic chemist’s point of view, ILs are the 
molten salts that can be used as solvents for synthesis.

In this respect, it has become quite common to talk of two generations 
if ILs, although, strictly speaking, there are in fact three: the so-called fi rst-
generation ILs are the chloroaluminates while the second-generation ILs are 
the modern air- and moisture-stable ILs that can easily be handled even by 
untrained chemists. The long period of time before is not taken into account, 
since ILs did not play any signifi cant role as solvents for chemical synthesis 
in that period of time.

There are many differences between fi rst- and second-generation ILs. 
Therefore, it seems sensible to discuss them seperately. But since the fi rst-
generation (chloroaluminate) ILs have substantially lost in signifi cance these 
days, this part will be kept as short as possible—even though the major 
advancements in IL-NMR has been achieved with chloroaluminates.

13.3  Nuclear magnetic resonance 
with salt-containing samples

The challenge in NMR spectroscopy is to obtain well-resolved spectra with 
high sensitivity. NMR spectroscopy generally is a quite unsensitive method, 
for normally it relys solely on population differences of energy levels due 
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to the Boltzmann distribution [1]. The resolution of NMR signals is directly 
correlated with sensitivity and line shape (line width versus signal height). 
The width of an NMR signal is infl uenced by many parameters, such as fi eld 
homogenity, sample homogenity, sample viscosity, relaxation, and so on.

For NMR in ILs, three major effects play a key role (a) they often are 
 relatively viscous, (b) they are normally not available in deuterated form, and 
(c) they comprise entirely of ions; they are liquid salts. As for viscosity (a), 
not much can be done about it (apart from applying MAS techniques, cf. 
 Section 13.5.7). Problem (b) will be discussed in Section 13.5.5.

Salt-containing samples (c) give rise to broad lines because of high 
 relaxation rates. In addition, some of the radiation used for the NMR pulse 
sequence may be absorbed by the sample, which leads to elongated NMR 
pulses (up to three times the lengths of pulses in standard NMR solvents, due 
to our own observations) and sometimes heating of the sample.  Problems of 
this type may be overcome by using specialized cryo-probes with a  special 
NMR tube geometry [4], although, apparently, this technique has not yet 
been used in conjunction with ILs. Nonetheless, after careful setup, routine 
NMR in and with ILs is possible (more on this topic in Section 13.5.1).

13.4 First-generation ionic liquids: chloroaluminates
Chloroaluminate ILs, the fi rst-generation ILs, consist of a mixture of an -onium 
chloride (typically, of course, imidazolium or ammonium) and varying 
 proportions of aluminum trichloride (AlCl3). (The structures of all cations 
and anions that are discussed in this chapter are depicted in Figure 13.1.) 

Figure 13.1 Ionic liquid cations and anions discussed in this chapter.
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The Cl/AlCl3 ratio defi nes the properties of an IL. If AlCl3 is added substoi-
chiometrically (Cl/AlCl3 > 1), the resulting liquid will contain a mixture 
of AlCl4

− and Cl−. Therefore, it is basic in nature. Addition of more than one 
equivalent of AlCl3 (Cl/AlCl3 < 1) leads to a liquid containing a mixture of 
AlCl4−, Al2Cl7

− and higher-aggregated complexes, making these ILs acidic 
in nature (since the chloroaluminate anions are strong Lewis acids). Only a 
mixture of perfect one-to-one molar ratio (Cl/AlCl3 = 1) gives a defi ned IL 
[-onium]AlCl4 like we would expect from second-generation ILs. (It has to be 
noted that, although to much smaller extent, bromoaluminate ILs are also 
described in the literature.)

13.4.1 Structure and speciation

Due to the fact that most chloroaluminate ILs comprise a mixture of species, 
much of the early NMR work of and in ILs was focused on speciation and on 
investigating the liquid-phase structure of these liquids.

13.4.1.1 1H and 13C NMR: melt composition and H-bonding
Comparably few well-resolved NMR spectra of neat ILs have appeared in the 
literature. As pointed out above, the ionic nature of these media can result 
in very broad lines if the experiment (and, at the same time, the spectro-
meter) are not carefully optimized for these systems. Thus, it is easily under-
standable that frequently only the chemical shift information and/or signal 
integrals have been taken into account, whereas time-consuming spectrum 
optimization has been omitted.

Nonetheless, the chemical shift information of selected nuclei can be used 
advantageously for the determination of the composition of an unknown 
chloroaluminate melt. Wilkes et al. have recorded 1H spectra of 1-ethyl-3-
methyl imidazolium ([C2C1Im]) and butylpyridinium ([C4py]) chloroalumi-
nates and found that the 2-position in [C2C1Im] as well as the 6-position in 
[C4py] are strongly composition-dependent [5,6]. With the help of this 
method, the melt composition can be estimated to ±0.001χ(AlCl3). Interest-
ingly, the chemical shift dependence is far more pronounced in the basic 
than in the acidic region.

In the latter study [6], Wilkes was among the fi rst to question ion pairing 
in ILs. By fi tting ion aggregation models to the differences in chemical shifts 
with melt compositions, binary aggregates could not be explained. Instead, a 
much better fi t to the experimental data was found for alternating cation–
anion chains. Based upon these very early NMR investigations (and, of course, 
lots of subsequent studies), we know today that many ILs indeed form a 
 characteristically ordered internal structure in the liquid phase. Much later, 
Johnson et al. have studied hydrogen bonding in [C2C1Im] chloroaluminates 
in a similar fashion via chemical shift differences in variable-temperature 
1H NMR experiments [7]. They concluded that in fact the ability of the anions 
to form H bonds is responsible for supramolecular aggregation in these ILs.
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More information on supramolecular aggregation phenomena has been 
produced with the help of relaxation data. Standard inversion  recovery 
experiments on [C4py] chloroaluminates gave T1 relaxation times that 
were different for basic and acidic melts, and also different for the α- and 
the δ-protons in the alkyl side chain of the cation [8]. Obviously, basic melts 
revealed strong cation–anion interactions, while in acidic melts the rotation 
of the terminal methyl group was largely uncoupled from the rest of the 
molecule, thus showing no participation in aggregation.

Finally, 1H ROESY NMR experiments have been applied to study hydrogen 
bonding via intermolecular nuclear Overhauser effects (NOEs) in basic imid-
azolium chloroaluminates [9]. Interestingly, many NOEs could be detected—
more than one would initially expect, since several of the nuclei were separated 
well beyond 4 Å, which is the natural “limit” for this kind of experiment.

13.4.1.2 27Al and 17O NMR: anion speciation
Investigations on speciation and equilibria in chloroaluminate melts primar-
ily concern the anions, since the cations are not subject to change. Therefore, 
27Al NMR is an obvious tool to investigate these ILs. With the help of one-
dimensional NMR, the number of species not participating in rapid exchange 
can be studied, while two-dimensional exchange spectroscopy can reveal the 
number and the nature of the exchanging species [10–13]. Additionally, 
the fact that the 27Al nucleus is quadrupolar can be used for investigations on 
the symmetry of the species involved, by means of line width and relaxation 
rate measurements: a high symmetry around Al decreases the quadrupolar 
relaxation, resulting in narrower signals [10,11,13–17].

Oxygen is normally introduced into chloroaluminate melts as a trace 
impurity. Since chloroaluminate anions are easily prone to oxidation, new 
species are formed this way. These are, of course, accessible by 17O and 27Al 
NMR spectroscopies. By adding 17O-enriched water to [C2C1Im]Cl/AlCl3, the 
group of Osteryoung was able to identify fi ve different oxygen-containing 
species—three in acidic and two in basic melts [18,19] (Figure 13.2).

13.4.1.3  Dual spin probe experiments: quadrupolar coupling constants
Dual spin probe (DSP) techniques [20] are based on the correlation of relaxa-
tion data of two different nuclei, allowing for the determination of quadru-
polar coupling constants. In cases where these coupling constants exist, the 
nuclei under investigation are within the same molecule or aggregate.

With this method, mixtures of [C2C1Im]Cl/AlCl3 and of [C2C1Im]Cl/
AlCl3/NaCl have been studied via 13C/27Al dipolar relaxation measure-
ments [21]. The quadrupolar coupling constants were larger in the latter 
NaCl- containing case, so strong coordination of Cl− by Na+ was concluded, 
 leading to a  distortion of the tetrahedral symmetry of AlCl4

−. With the help 
of additional 23Na relaxation measurements [22], it could be shown that a 
hypothetic complex of the type [C2C1Im] (AlCl4)nNam, containing all three 
nuclei (13C, 27Al, and 23Na), must in fact exist.
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13.4.2 Determination of physical properties

NMR spectroscopy has been successfully applied to determine  physical 
properties of chloroaluminate ILs that are diffi cult to achieve by other 
means. These data include electronegativities, self-diffusion coeffi cients and 
Gutmann numbers.

Aluminum electronegativities for various mixtures have been deter-
mined by Chauvin et al. [23]. The group used a combination of 1H NMR 
and the  application of modifi ed Dailey-Shoolery equations. In this fashion, 
 composition-independent electronegativities of 1.43 could only be deter-
mined for basic melts. The electronegativities in acidic melts were strongly 
dependent on the melt composition, ranging from 1.2 to 1.6.

Self-diffusion coeffi cients have been obtained by diffusion-ordered 
 spectroscopy (DOSY [24,25]). For the [C2C1Im]Cl/AlCl3 system, the  diffusion 
constants for all [C2C1Im] proton resonances were identical. A linear rela-
tionship between diffusion constants and conductivities of the melts dem-
onstrated the fact that the transport properties are determined by the molar 
quantities (and not by the properties of the individual ions).

Gutmann acceptor numbers were determined in the “usual” way via the 
31P chemical shift variation of triphenylphosphine oxide by Osteryoung et al. 
[26]. While, again, the donor numbers were concentration- and  composition- 
independent for basic melts, the acidic melts showed a strong composition 
dependence. Nonetheless, the acidity range was comparably small and was 
found around 100 (which compares to the acidity of trifl uoroacetic acid). The 
donor number for basic melts was found to be 98, which was, of course, 

Figure 13.2 Oxygen-containing anion species in chloroaluminate ILs, as proposed 
by Osteryoung and Zawodzinsky (Zawodzinski, T. A., Jr. and Osteryoung, R. A., 
Inorg. Chem., 29, 2842, 1990.).
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 unrealistically high. As an explanation for this, the authors  proposed that 
Et3PO is a stronger base than Cl−, so that the following (for the  determination 
of acceptor numbers unwanted) side reaction takes place:

 AlCl Et PO Et PO AlCl Cl4 3 3 3
� ��� ��

In this way, the acceptor number of AlCl3 (and not the one of AlCl4
−) was 

determined.

13.4.3 Chloroaluminate solvents

As mentioned earlier, the reactivity of chloroaluminate ILs toward oxygen 
(and hydrogen) as well as the fact that most of the times no defi ned single 
anion is present renders these melts unsuitable as solvents for many applica-
tions. Nonetheless, they are a few reports of reactions in chloroaluminate ILs 
that were studied via NMR.

Homogeneous Ziegler–Natta catalysis has been studied in [C2C1Im]Cl/
AlCl3 melts [27]. Interestingly, catalysis only took place in acidic melts. Strong 
complex formation with Cp2TiCl2 could be seen via the variation of the Cp 
proton shift as a function of melt composition. For Cp2HfCl2 and Cp2ZrCl2, 
only weak complexation was found.

The catalysis of Friedel–Crafts sulfonylation reactions by [C4C1Im]Cl/ 
AlCl3 has been studied by Salunkhe et al. [28]. The authors were able to 
 distinguish between AlCl4

− and Al2Cl7
− simply by looking at the line widths 

(as discussed earlier already): the higher symmetry of AlCl4
− reduces the line 

width of this 27Al resonance considerably as compared to the other  species. 
While in an acidic 1:2 mixture initially only Al2Cl7

− was detectable, the pop-
ulation of AlCl4

− increased rapidly after addition of the substrate. As an 
explanation, the authors proposed the liberation of HCl during the reaction. 
Subsequently, an acid–base reaction between HCl and Al2Cl7

− produces 
AlCl4

−, with the sulfonylating agent tosyl chloride being the base (B):

 Al Cl HCl B 2AlCl BH2 7 4
� � �� � ��

13.5 Second-generation (modern) ionic liquids
13.5.1 Structure and speciation: ion pairing and hydrogen bonding

13.5.1.1 Ionic liquids in molecular solvents
“Second-generation” or “modern” ILs are well defi ned cation–anion com-
binations that are liquid at room (or reaction) temperature. They normally 
consist of exactly one cation and one anion, and they are often air- and 
 moisture-stable. Therefore, investigations on structure and speciation of this 
class of ILs have a  different focus. In addition, the higher stability of these 
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ILs renders it much easier to investigate them in common NMR solvents, like 
any other chemical substance. In this fashion, the application of all common 
NMR techniques is possible.

The main focus in studies of this type lies on ion pairing and the presence 
of hydrogen bonds in these ILs. To this end, the variation of chemical shifts 
can be used as an indicator: isolated ions show different chemical shifts as 
opposed to ions with tight contact to other ions or molecules.

Many groups have investigated the changes in chemical shifts of  various 
imidazolium-based ILs in different organic solvents at different concentrations 
[29–33], using, among others, 1H, 13C, 35Cl, and 127I NMR. From these  studies, 
it could be shown that ILs form ion pairs in non-polar solvents,  promoting 
π-stacking of the aromatic cations (Figure 13.3).

Hoffman et al. were in fact able to detect two different resonances for the 
cation of [C2C1Im][Tf2N] in CDCl3, visualizing the [C2C1Im][Tf2N] ion pair 
and “free” [C2C1Im]+ cations [34]. Dupont applied NOE techniques to detect 
inter- and intramolecular cation–anion interactions of [C4C1Im][BPh4] in 
CDCl3 [35]. Unfortunately, the spectra in this publication show the presence 
of a considerable amount of water that may change the properties of these 
solutions severely. Polar solvents, like water in particular, lead to neglible 
 cation–anion interactions and promote the formation of hydrogen bonds, 
especially with halide anions. This way, three-dimensional networks of 
anions and cations, linked by hydrogen bonds, were proposed.

Finally, DOSY [24,25] has been used to study ion aggregation, since the 
ionic radii are directly correlated to the respective diffusion coeffi cients. In 
this fashion, it could be demonstrated for [C4C1Im]Br in D2O that this IL is 
only completely dissolved for very dilute solutions [36]. Above a mole frac-
tion of 0.015, ion pairing is dominant. A similar effect has been reported by 
Pregosin et al. who used a combination of 1H, {19F} HOESY, 1H and 19F DOSY 
techniques [37].

13.5.1.2 Neat ionic liquids
Apart from (sometimes substantial) parameter adjustment, most stan-
dard NMR techniques can be performed in neat ILs as well [38]. The only 
 complications are the high viscosities of these solvents (resulting in longer 

Figure 13.3 π-stacking of imidazolium cations (Avent, A. G., Chaloner, P. A., Day, 
M. P. et al., J. Chem. Soc., Dalton Trans., 3405, 1994.)
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 relaxation times and broader line widths) and the high number of residual 
solvent  signals, especially in 1H NMR.

Diffusion measurements in neat ILs can reveal information on the inter-
nal structure of these media and on ionic association. But due to the high 
viscosities of most ILs, strong gradients or quite long diffusion times are 
necessary. With this technique, it was found that most IL cations diffuse 
faster than their corresponding anions [39], but the molecular size of anions 
and cations did not correlate well with their diffusion coeffi cients. In addi-
tion to this, the diffusion coeffi cients of the cations were strongly anion-
dependent [40].

Hydrogen bonding could be studied with the help of 13C relaxation 
measurements in combination with NOE factor determination [41]. For 
[C4C1Im][PF6] it was found that the 2-proton on the imidazolium ring as 
well as the hydrogens at the butyl side chain are forming hydrogen bonds to 
the anion. For the same IL, the similar conclusions resulted from a reorien-
tational dynamics study and led to the assumption of higher aggregates in 
a layer structure [42]. NOESY experiments on Tf2N− and BF4

− salts, interest-
ingly, detected no intermolecular contacts for the Tf2N− species [43]. In the 
BF4

− case, the preferred relative orientations of the cations did not include 
parallel-aligned side chains, as one would expect. Thus, the formation of 
nonpolar domains in the liquid seems unlikely.

13.5.2 Charge distribution in imidazolium cations

A question of some (theoretical) debate for imidazolium cations is whether 
the cationic charge is equally distributed over the aromatic ring [44–48]. This 
can be addressed via nitrogen NMR. The group of Lyč ka have applied 15N 
NMR at natural abundance on 12 ILs [49]. For symmetrical ILs, only one 
NMR signal was found. Unsymmetrically substituted cations revealed 
two individual signals, hinting at a slight asymmetric charge distribution. 
In contrast, Blümel et al. used 14N NMR measurements [50] to detect two 
individual signals for the two nitrogen nuclei with very similar line widths, 
proving a rather balanced charge distribution.

13.5.3 Impurities and residual solvents

Impurities and residual solvents can have dramatic effects on the  physical 
properties of ILs [3]. Since many ILs are highly hygroscopic, water is espe-
cially dominant in this respect. By combination of H,H ROESY, and 1H{19F} 
NOE spectroscopy, further evidence was found for the fact that water 
breaks up ionic aggregates and minimizes ion–ion interactions [51]. At 
low water concentrations, selective interaction with the aromatic ring 
was found. The group of Seddon has studied the effects of water, chloride 
ions, and organic solvents on ILs [52]. High concentrations of chloride ions 
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led to downfi eld shifts in the 1H NMR, which was attributed to the formation 
of stronger hydrogen bonds. The change in physical properties of ILs upon 
addition of small contaminations has been studied by Kanakubo et al. [53]. 
Interestingly, diffusion coeffi cients varied up to 30% between a high-purity 
sample and commercially available [C4C1Im][PF6] of 97% purity. This demon-
strates how the presence of small amounts of cosolvents can weaken interionic 
Coulomb interactions.

13.5.4 Binary mixtures of modern ionic liquids

For the investigation of binary mixtures of “second-generation ILs”, DOSY is 
the method of choice. In this fashion, Watanabe et al. have studied mixtures 
of imidazole with different molar ratios of bistrifl ic amide [54]. For amide-
rich (acidic) mixtures, separate signals for each of the imidazole ring pro-
tons were found, whereas imidazolium-rich (basic) mixtures showed fast 
equilibria for both nitrogen-bound protons of the cation and the one in imid-
azole. In the same fashion, [C2C1Im][BF4]/LiBF4 mixtures have been studied 
by Hayamitsu et al. [55]. [C2C1Im]+ was found to diffuse faster than BF4

−, and 
Li+ diffused the most slowly. Therefore, it needs to be noted that cation size 
here did not correlate with the respective diffusion coeffi cients at all.

13.5.5 Reaction monitoring

Since it was fi nally clear that ILs can be used like any other NMR solvent, 
work has been done on reaction monitoring and the detection of reactive 
intermediates in these solvents. The “easiest” approach, namely direct 
reaction monitoring via 1H NMR, is often not applicable, for this normally 
requires the availability of perdeuterated ILs. Although the synthesis of per-
deuterated ILs has been reported in the literature [56–58], this is often not the 
preferred option, since this obviously involves various additional synthetic 
steps, which are quite costly at the same time. Abu-Omar et al. therefore 
have applied reaction monitoring on the 2D NMR channel by using deu-
terated substrates in nondeuterated ILs [59,60]. This way, they were able to 
monitor a variety of reactions in ILs and IL/molecular solvent mixtures and 
detect reactive intermediates.

Our own group has demonstrated a more accessible and straightforward 
method of solvent signal suppression [61]. By using simple and readily avail-
able DOSY techniques, the solvent signals can easily be separated from the 
signals stemming from the solute molecules (DOSY-editing; Figure 13.4). On 
the downside, this technique seems to be limited to mixtures without signal 
overlap in the direct dimension.

For a more specialized example, the reaction of CO2 with various  epoxides 
in different tetrahaloindate(III) ILs has been studied via high-pressure 1H and 
13C NMR [62]. Here, it was possible to follow the reaction in situ and observe 
an indium chloroalkyl carbonate as a reactive intermediate.  Rencurosi et al. 
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were able to prove the participation of the IL ([C2C1Im][TfO]) in a  glycolization 
reaction [63]. The trifl ate anion formed a transient α- glycosyl trifl ate, as 
 demonstrated via 1H and 19F NMR.

The dissolution of cellulose and other plant-based material in ILs has 
been studied by Moyna and Rogers [64–66]. Here, the application of 13C 
NMR excluded the need for solvent suppression techniques. In combination 
with 13C and 35Cl/37Cl relaxation measurements, it was found that dissolu-
tion of cellulose in [C4C1Im]Cl was promoted by the nonhydrated chloride 
ions, breaking up the hydrogen bonding networks via the cellulose hydroxyl 
groups.

Platinum-diphosphine complexes in [C4C1Im][PF6] have been studied via 
31P NMR [67,68]. Here, the insertion reaction of SnCl2 into the Pt–Cl bond of 
PtCl2(bdpp) was observed, as well as the formation of an additional cationic 
complex. The structure of the catalyst could be elucidated via characteristic 
1JP,P and 1JPt,P coupling constants.

13.5.6 Solvent reactivity

It is well-known that many ILs are not really inert solvents, but can be quite 
reactive. Dialkylimidazolium salts in particular are prone to deprotonation 
in the 2-position [69–71]. In addition to this, exchange with D2O was found 
for all three imidazolium ring protons for halide salts [29,32], but not for 
BF4

− and PF6
− anions [32]. Our own work demonstrates that highly pure, neat 

Figure 13.4 Solvent suppression via DOSY-editing (Giernoth, R. and Bankmann, D., 
Eur. J. Org. Chem., 4529, 2005.) Bottom: 1H NMR of one droplet of EtOH in neat 
[bmim]NTf2. Top: DOSY-edited spectrum of the same sample.
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imidazolium ILs do not exchange, but small amounts of basic  impurities 
(like methylimidazole) give rise to immediate exchange [74].

In addition to these acidity/exchange effects, side reactions with super-
critical CO2 have also been studied [72]. The authors reported experiments in a 
high-pressure NMR cell withstanding pressures up to 1000 bar. For methanol/
IL mixtures, 13C NMRs showed signals of bicarbonate and methyl carbonate; 
19F investigations additionally revealed hydrated fl uoride and methylfl uoride, 
which was supposed to be a dehydration product of  methanol with HF.

13.5.7 Ionic liquids on solid support

Blümel et al. have investigated ILs that were immobilized on silica particles 
[50]. Systems of this type can be used as catalysts for synthetic applications 
with the advantage of easy separation from the reaction mixture and possi-
bility of recycling [73]. By using 1H and 13C HR-MAS NMR, well-resolved 
spectra of the silica surface were obtained, although 13C/1H cross polariza-
tion was found not to be very effective. The spectra could be improved 
 substantially by suspending the particles in DMSO, leading to almost liquid 
state resolution. In this fashion, a number of experimental techniques, such 
as NOESY, TOCSY, HMQC, and so on could be performed successfully.

13.6 Outlook
Very much in contrast to common belief, the use of ILs as solvents does 
not preclude the application of NMR techniques. After careful parameter 
 adjustment, virtually all standard and advanced NMR techniques can be 
applied, as demonstrated by the many examples in this chapter.  Therefore, 
I would like to encourage everyone to pick up the NMR toolbox for 
 applications on IL-based projects. I am convinced that in the near future 
many more advanced and even some more exotic techniques (like PHIP, 
CIDNP, ENDOR, TROSY, and so on) will be readily available for use in ILs.
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14.1 Introduction
Mass spectrometry (MS) is one of the most universally used analytical tech-
niques covering applications in almost all chemically oriented disciplines 
ranging from inorganic, organic, and physical chemistry to the environmen-
tal and life sciences. The most outstanding properties of this technique are its 
low sample consumption, the capability for automatization allowing a high 
sample throughput and the capability of coupling to separation techniques 
like gas or liquid chromatography. MS delivers information about the mass 
of an analyte as well as its isotope pattern both of which can be used for the 
identifi cation of a compound. Further, detailed structural information can be 
obtained upon fragmentation of the analytes in MS/MS experiments. Thus, 
MS has become a valuable tool for quality control as well as for analysis of 
chemical processes. With the emerging importance of ionic liquids (ILs), this 
universal analytical method came into the focus of this fi eld. The goal of this 
chapter is to show some basic principles and applications of MS in IL related 
research. After a brief introduction to the general principles of important 
MS techniques, the chapter is divided into three main parts. The fi rst focus 
will be on the application of MS for the analysis and characterization of ILs, 
outlining the potential of MS for practical purposes. Important applications 
include the quality control and the monitoring of unwanted side reactions 
occurring in these solvents. Further, MS can be used for theoretical studies 
in order to elucidate physicochemical parameters which are important for a 
deeper understanding of the ILs. The second focus is on the application of 
MS for the analysis of compounds dissolved in IL. These methods have a 
high potential to be used for a straightforward monitoring of reactions per-
formed in these solvents.

The third focus is the use of IL as supports for MS. The application of 
the IL enabling electrospray ionization (ESI) using nonpolar solvents will 
be demonstrated. A major emphasis will be put on the use of ILs as matrices 
for matrix-assisted laser desorption/ionization (MALDI) MS, a fi eld gaining 
emerging interest in the last few years.

14.2 Basic principles of mass spectrometry
The basic principle of MS is the separation of analyte ions according to their 
m/z-ratio. For this purpose, prior to analysis, the analyte has to undergo 
two processes: fi rst, the evaporation into the gas phase and second, unless it 
carries its charge intrinsically, the ionization. Depending on the  ionization 
mechanism applied, the charge can be carried either by single electrons, 
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by abstraction or removal of protons, or by cationization, for example, by 
sodium or potassium ions. Mass separation occurs under vacuum  conditions 
in order to prevent loss of the analyte induced by collision with gas  molecules; 
 nevertheless, such collisions can be used to generate fragment ions under 
controlled conditions in MS/MS experiments.

The general assembly of any mass spectrometer contains three main 
parts: (i) a device for ion formation, the so-called ion source, (ii) a device for 
the separation of the ions (mass analyzer), and (iii) a detector (Figure 14.1).

The energy necessary for the ionization and evaporation of the analyte 
can be delivered either by use of thermal energy or by means of non thermal 
energy sources. A number of techniques following different physical 
 principles have been developed for the ion formation in MS, each having 
specifi c advantages for different classes of analytes.

A striking feature of the ILs is their low vapor pressure. This, on the 
other hand, is a factor hampering their investigation by MS. For example, 
a technique like electron impact (EI) MS, based on thermal evaporation of 
the sample prior to ionization of the vaporized analyte by collision with 
an electron beam, has only rarely been applied for the analysis of this class 
of compounds. In contrast, nonthermal ionization methods, like fast atom 
bombardment (FAB), secondary ion mass spectrometry (SIMS), atmos-
pheric pressure chemical ionization (APCI), ESI, and MALDI suit better for 
this purpose. Measurement on the atomic level after burning the sample 
in a hot plasma (up to 8000°C), as realized in inductively coupled plasma 
(ICP) MS, has up to now only rarely been applied in the fi eld of IL (char-
acterization of gold particles dissolved in IL [1]). This method will poten-
tially attract more interest in the future, especially, when the coupling of 
this method with chromatographic separations becomes a routine method. 

Figure 14.1 Schematic view of a mass spectrometer. Its basic parts are ion source, 
mass analyzer, and detector. Selected principles realized in modern mass spectro-
meters are assigned; EI—electron impact, CI—chemical ionization, FAB—fast 
atom bombardment, ESI—electrospray ionization, MALDI—matrix-assisted laser 
desorption/ionization. Different combinations of ion formation with mass separa-
tion can be realized.
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In the following section, a brief outline of the basic principles of these 
methods is given.

For a more detailed description, a number of excellent textbooks are 
available.

14.2.1 Ionization techniques

14.2.1.1 Electrospray ionization
In ESI MS, a dissolved sample is sprayed through a capillary in an electric 
fi eld which is situated in front of the vacuum inlet of the mass  spectrometer 
[2]. Thus, in contrast to most other ionization techniques performed in high 
vacuum, the ionization process takes place at the atmospheric pressure. After 
leaving the capillary, the solvent forms a so-called Taylor-cone, which further 
forms a fi lament and fi nally, the spray of small droplets (Figure 14.2). These 
droplets carry charges on the surface; this is frequently supported by the 
acidifi cation of the solvent. The droplets shrink is caused by the  evaporation 
of the solvent. This leads to an increase of the charge-per-surface ratio, fi nally 

Figure 14.2 Principle of electrospray ionization. (a) The analyte is dissolved in an 
appropriate solvent and sprayed via a capillary into an electric fi eld. Here, the  liquid 
fi lament fi nally forms charged droplets. (b) The solvent of the charged droplets 
evaporates, resulting in an increase of the surface charge up to a critical boundary, 
at which a Coulomb explosion occurs. The newly formed droplets undergo the same 
process. The fi nal products are the desolvated, naked ions, which are then entering 
the mass spectrometer.
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leading to a coulomb explosion of the droplet caused by the repulsion of 
the charges. This process runs repeatedly until the desolvated analyte ions 
are formed. The ions can then be accelerated in the mass spectrometer and 
separated according to their mass to charge ratio. Several theories about the 
exact mechanisms of the electrospray process exist [3,4], but their  discussion 
is far beyond the scope of this article. A major advantage of this method is 
that both ionization and evaporation occur under very smooth conditions, 
thus providing a soft ionization technique, which is especially appropriate 
for the analysis of polymeric biomolecules like peptides and proteins. Due 
to the straightforward coupling with liquid chromatography ESI MS is also 
a method of choice for the high-throughput analysis of small molecules. 
Because of the formation of multiple charged ions of the form [M+nH]n+ 
(positive ion mode) or [M-nH]n– (negative ion mode), the mass range is nearly 
unlimited. The method is best-suited for the analysis of charged, polar 
 compounds. Analytes incapable of acting as proton or metal ion donors/
acceptors can hardly be measured by this method.

14.2.1.2 Atmospheric pressure chemical ionization
APCI is a method closely related to electrospray ionization. It uses ion–
 molecule reactions to produce ions from analyte molecules. The  sample is 
electrohydrodynamically sprayed into the source (Figure 14.3). The evapora-
tion of the solvent is often supported by a heated gas at temperatures between 
80 and 400°C. Within the source, a plasma is created using a corona discharge 
needle that is placed close to the end of the metal capillary. In this plasma, 
proton transfer reactions occur, leading to the ionization of the analyte, 
mainly by the formation of [M+H]+ ions. Compared to ESI MS, APCI MS is 
very well suited for the analysis of less-polar components and can therefore 

Figure 14.3 Principle of atmospheric pressure chemical ionization. The dissolved 
analyte is sprayed through a capillary. Evaporation of the solvent is supported by 
a heated gas stream. Within the source, a plasma is formed by a Corona  discharge 
 needle, which creates the charged reagent gas (here: H3O+). The ionization of 
the analyte (M) is performed by the transfer of the charge (proton) via ion–molecule 
reactions.
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be regarded as a complementary technique of the latter. Further on, it can eas-
ily be coupled with liquid chromatography. Due to the generation of mainly 
singly charged ions, the mass range is low to moderate; most applications use 
this method for the analysis of compounds with masses <2000 Da.

14.2.1.3 Fast atom bombardment
In the fast atom bombardment (FAB) MS [5], the analyte is dissolved in a 
liquid matrix such as glycerol, thioglycerol, m-nitrobenzyl alcohol, or dieth-
anolamine. A small amount (about 1 µL) of this mixture is placed on a target. 
The sample is then bombarded with a fast atom beam (Figure 14.4). Xenon-
atoms were most frequently used for this purpose, typical energies of the 
atom beam lie in the range of 6 keV. Upon collision of the atoms with the 
sample, both the matrix and the analyte are desorbed. Caused by the excess 
of the matrix over the analyte, most of the energy is taken up by the matrix, 
which leads to a reduced energy transfer onto the analyte. Thus, also mol-
ecules up to 6 kDa can be measured by this method without undergoing 
extensive fragmentation. The benefi ts of this method are its simple perform-
ance, tolerance for variations in sampling and ability to measure a large vari-
ety of compounds. However, a problem is the high chemical background 
induced by the presence of the matrix, which can hamper the analysis of 

Figure 14.4 Generation of ions by desorption methods. The sample is placed on 
a target and then hit either by accelerated electrons (secondary ion mass spectro-
metry), accelerated atoms (fast atom bombardment) or laser light (laser desorption/ 
ionization, matrix-assisted laser desorption/ionization). In the case of FAB and 
MALDI, the analyte is additionally embedded in a matrix, which also is desorbed 
during these processes.
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low-molecular weight compounds with masses < ∼ about 300 Da. A further 
drawback is the need to fi nd proper matrices, allowing for a homogeneous 
dissolving of the analyte; only a limited set of matrix substances are  available 
for this purpose.

14.2.1.4 Secondary ion mass spectrometry
SIMS shares a number of properties with FAB MS. The ionization and 
 desorption of the sample is achieved by the collision of the solid or liquid 
sample with an ion beam (Figure 14.4), but in contrast to FAB and MALDI 
MS, no additional matrices are added. Compared to the neutral atoms, ions 
can be focused and accelerated to higher kinetic energies, which allows for 
the ionization and desorption of higher mass analytes. Typically, masses 
up to 15,000 Da are measurable with SIMS. Due to the higher energy of the 
ion beam, fragmentation is more pronounced compared to other desorption 
methods (FAB, MALDI). Therefore, this method is mainly used for more  stable 
analytes. As for FAB MS, the high chemical background in the low mass 
range may hamper the analysis of the compound in the lower mass range.

14.2.1.5 Matrix-assisted laser desorption/ionization
Since its introduction in the late 1980s [6], MALDI MS has become one of the 
most valuable tools for not only the investigation of polymeric bio molecules 
like peptides, proteins, and oligonucleotides but also for the analysis of techni-
cal polymers, small organic molecules, and low- molecular weight compounds 
of biological interest like amino acids, lipids, and carbo hydrates [7].

The basic principle of MALDI MS (Figure 14.4) is based on the mixing of 
the analyte with a high excess (up to 100,000:1, mol:mol) of a low- molecular 
weight matrix consisting of small organic compounds (such as nicotinic 
acid), exhibiting a strong resonance absorption at the laser wavelength used. 
Most matrices are organic, aromatic compounds able to absorb the laser light 
applied in MALDI instruments. A more detailed description of the MALDI 
matrices is given in Chapter 5. The matrix–analyte mixture is then applied 
on a metal plate (target) where the solvent evaporates, leaving back a matrix–
analyte cocrystallite. In the high vacuum of the mass spectrometer, pulsed 
laser shots with pulse lengths in the nanoseconds to picoseconds range 
are applied on the cocrystallite. This controllable energy transfer into the 
 condensed phase of matrix and analyte results both to the desorption into 
the gas phase (plume) and the ionization of the analyte. The absorption of 
the majority of the laser energy by the matrix leads to a smooth ionization 
of the analyte, making MALDI a soft ionization technique. The mechanisms 
of the MALDI process, complex and by far not fi nally clarifi ed, are far beyond 
the scope of this article. The fundamental processes are well-reviewed in 
Refs 8–10.

Ion formation occurs mainly by protonation (positive ion mode) or 
 deprotonation (negative ion small cations (Na+, K+). In contrast to ESI, mainly 
singly charged ions are formed in MALDI MS. Because of the pulsed ion 
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generation in MALDI, the combination with the time of fl ight (ToF) analyzer 
is the most widely used mass analyzer in combination with MALDI.

14.2.2 Mass analyzers

The ions formed can be separated and analyzed according to different 
 physical properties like their behavior in magnetic (sector fi eld mass ana-
lyzer, magnetic ion trap) or electric fi elds (quadrupoles, electric ion traps) or 
different fl ight times of ions of different sizes (tToF analyzers). An extensive 
discussion of these principles would go far beyond the scope of this  chapter, 
but a number of excellent textbooks are available. An interesting feature, 
which can be realized by coupling of different analyzers in combination 
with collision chambers (e.g., quadrupole-ToF, triple quadrupole, ToF-ToF), is 
a possibility to perform MS/MS experiments. Here, the analyte can be frag-
mented, for example, by collision with gas molecules by collision-induced 
decomposition (CID); the second analyzer is then used to analyze the frag-
ments formed during this process. With the help of such methods, valuable 
information about the structure of the analyte can be obtained.

14.3  Characterization of ionic liquids 
by mass spectrometry 

MS delivers both information about the mass and the isotope pattern of a 
compound and can be used for the structural analysis upon performance of 
MS/MS experiments. Therefore, it is a valuable tool for the identifi cation and 
characterization of an analyte as well as for the identifi cation of impurities. 
Potential applications are the identifi cation of IL in the quality control or in 
environmental studies. Unwanted by-products formed during the synthe-
sis or by the hydrolysis of components of the ILs can be identifi ed by this 
method. The analysis of the IL itself is also a prerequisite for the analysis of 
compounds dissolved in these media, as will be outlined in the section 14.4. 
Beside the identifi cation of the ILs, a characterization of different properties 
like water miscibility and the formation of ion clusters, providing valuable 
information about the molecular structure of the IL, can be performed by 
means of MS techniques. The majority of studies reported up to now have 
dealt with ILs encompassing substituted imidazolium or pyridinium  cations, 
therefore the following discussion concentrates on these compounds unless 
otherwise stated.

14.3.1  Analysis of anions and cations by mass spectrometry 
and mass spectrometry/mass spectrometry

Using SIMS, the structures of salts formed by mixing of 1-methyl-3-
 ethylimidazolium chloride with AlCl3 could be determined [11] directly 
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from the molten salts. The structure of the anions like AlCl4
− and Al2Cl7

− 
could be confi rmed. Additionally, unexpected anions like [Al2OCl5]− and 
[Al2Cl6OH]− were identifi ed.

FAB MS has been applied in a number of studies to characterize ILs. 
Since most ILs are viscous liquids with negligible vapor pressure, the 
 measurement of FAB MS is possible without the addition of a liquid matrix. 
In principle, ILs can therefore also be used as matrix substances for the FAB 
analysis of other analytes dissolved therein [12]. Spectra could be measured 
both in the positive and in the negative ion modes as has been demonstrated, 
for example, for butylpyridinium- chloroaluminates and gallates [12,13]. 
Beside the molecular ions, fragments mainly formed by the loss of the sub-
stituents of the central core of the cations, for example, butyl groups, were 
observed. Together with the isotope patterns, these fragments provide valu-
able information about the structure of newly composed compounds and 
help also to identify unexpected by-products like oxidized or hydrolyzed 
compounds in the ILs (see section 14.3.2).

The direct desorption of cations and anions of ILs by means of an inter-
action with laser light (laser desorption/ionization [LDI]) can also be used for 
the analysis of ILs [14]. N-substituted aromatic imidazole ring systems deliv-
ered strong signals in the positive ion mode when a nitrogen laser with a 
wavelength of 337 nm was used [14]. In case of 1-butyl-3-methylimidazolium 
salts, strong signals corresponding to the cation accompanied by an addi-
tional signal caused by the loss of the butyl group could be observed. In the 
case of 1,3-dimethyl-imidazolium salts, only the signal of the intact cation 
was observed. In both of the cations investigated no loss of methyl groups 
was observed. In the LDI-spectra measured in the negative ion mode, signals 
of the anions of the ILs could be measured. For example, anions like [PF6]−, 
[BF]4

−, and [(CH3)2PO4]− showed only signals of the unfragmented anions, 
whereas for [C8SO4]− ([SO4]−) and for [Tf2N]−` anions, less-intense signals of 
fragments ([anion-CF3]− and [anion-CF3SO2]−) could be observed in addition 
to the unfragmented anion [14].

Laser ablation ToF MS analysis, using IR lasers, has also been performed 
to characterize ILs [15]. It could be shown that intact ILs are ablated by this 
method. The neutral species ablated could be further investigated by vacuum 
UV postionization. Due to the faster heating rates achieved by this ablation 
process compared to the UV-LDI analysis, less fragmentation caused by the 
thermal decomposition of the analytes was observed.

In MALDI MS, the analyte is additionally embedded in higher molar 
excess of matrix molecules, which allows a soft desorption and ionization 
of the analyte. Typical molar ratios between the matrix and the analyte 
for measurement of low-molecular weight compounds (<500 Da) are in 
the range between 10:1 and 100:1, for higher masses (e.g., peptides and 
proteins) typical ratios are in the range of 1000:1 up to 100,000:1. Despite the 
capability to be measured by LDI MS, most classical ILs based on  pyridinium 
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or  imidazolium cations are not capable of functioning as MALDI matri-
ces [14,16]. The situation changes when classically used MALDI matrices 
(see Chapter 5) are added to IL:analyte mixtures. Under these conditions, 
the measurement of cations and anions of a number of ILs is possible, when 
appropriate amounts of known MALDI matrices are mixed with the ILs 
[14]. A drawback is the inherent occurrence of the matrix signals which are 
in the same mass range as the components of the IL. Therefore, MALDI MS 
is probably not the method of choice for the quality control of ILs. Never-
theless, the measurement of an IL by MALDI MS is a necessary prerequisite 
for the measurement of blank spectra, when low-molecular weight com-
pounds dissolved in the IL are the analytes of interest. Generally, the same 
signals of the ILs as in the LDI analysis were found in MALDI MS both in 
positive and in negative ion modes, respectively, including the fragments 
described above together with a number of signals of the MALDI matrix 
itself [14].

ESI MS has gained increasing attention in the last few years both for the 
characterization of ILs and for detailed structural studies. ESI experiments 
can be performed by dissolving the IL in an organic solvent, for exam-
ple, methanol but also in undiluted form [17]. The advantage of the latter 
approach is that unwanted side reactions between the solvent and the com-
ponents of the IL are avoided. On the other hand, this method can lead to 
extensive pollution of the ion source, thus inducing the need for frequent 
cleaning of the source. Furthermore, the direct spraying of the undiluted IL 
is more amenable for low-viscosity ILs than for high viscosity molten salts. 
The use of elevated temperature, for example, applied via a heated curtain or 
drying gas, has been shown to support this process [17].

For the analysis of the ILs not accessible to solvolysis, the classical method 
using cosolvents is a viable alternative. ESI MS has been applied to charac-
terize both the cations and the anions of IL [18–20]. Together with the detec-
tion of high-accuracy masses using Fourier-transform MS (FTMS) [21], the 
combination of ESI MS with MS/MS-experiments triggers this method to 
the most valuable method for the characterization of ILs. Fragmentation of 
IL components in MS experiments has been observed, in particular, for the 
cations, being dependent on the cone voltage applied [18]. A higher degree 
of fragmentation can be observed upon the increase of the cone voltage 
applied. A more pronounced and, caused by the possibility to select a certain 
 precursor, a more controllable fragmentation can be reached by real MS/MS 
experiments, for example, by collision-induced decomposition (CID) [19,21]. 
A detailed study of the fragmentation behavior of N,N′-disubstituted imida-
zolium-based ILs was performed using sustained off-resonance ionization 
collision-induced decomposition (SORI CID) in combination with FT MS. 
The application of this method allows the study of detailed fragmentation 
mechanisms [21]. A number of unexpected fragmentations could be identi-
fi ed, which are potentially caused by the permanent presence of the positive 
charge in the imidazolium ring. 
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14.3.2 Analysis of impurities and by-products in ionic liquids

An important fi eld of application of MS is the detection of impurities and 
products of unwanted side reactions, for example, products of oxidative 
processes and solvolysis, in ILs.

A number of hydrolysis products of chloroaluminate salts have been 
detected using FAB MS. The problem here is that under some circumstances 
FAB MS can provide only a restricted view on the surface of the sample that 
is more likely to be oxidized or hydrolyzed rather than the average  sample 
[13]. Nevertheless, this problem is not directly related to MS itself, but rather 
to a problem of proper sample preparation. Inert conditions during sample 
preparation and construction of special sample inlet chambers for MS can 
help avoid these reactions. The addition of phosgene was suggested to reduce 
problems encountered with such side reactions [22], but here the problems 
encountered in working with an extremely toxic chemical have to be taken 
into account.

14.3.3 Determination of physicochemical properties of ionic liquids

MS can be used to study several intrinsic physicochemical properties of 
ILs, for example, the acidity of components of ILs or the determination of 
water miscibilities. Furthermore, MS delivers valuable information about 
 noncovalent interactions, for example, responsible for the formation of quasi-
molecular structures [23] formed by three-dimensional supramolecular 
 polymeric networks within the IL.

14.3.3.1 Acidity
N,N-substituted imidazolium ions are known as precursors of relatively 
 stable carbenes which are formed upon proton abstraction at C2. NMR 
 experiments involving hydrogen-deuterium (H/D) exchange studies 
showed that the protons at C2 position of N,N-dialkylated imidazolium salts 
are slightly acidic having pKa values in the range of 20–23 [24]. In similar 
H/D-exchange experiments with ILs [C4C1Im][BF4] and [C1C1Im][(C1)2PO4] 
analyzed by MALDI MS, the LDI spectra of both cations showed clear 
 evidence of an exchange of a proton by deuterium after the incubation of 
the IL with D2O in basic solution [14]. Interestingly, the formation of the 
 corresponding ions was increased, when the H/D-exchange experiment was 
performed under UV-irradiation.

14.3.3.2 Determination of water solubility of ionic liquids
Quantitative ESI MS has been applied to determine water solubility of 
 several ILs [18]. The ion current (intensity) of the analyte signals was found 
to depend on the analyte concentration over a restricted range of concentra-
tions.  Nevertheless, relative quantifi cations performed by the use of  internal 
standards deliver more reliable results. Isotopically labeled analogs of the 
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analyte are best-suited for internal standards, but such compounds are 
only rarely available for ILs. Therefore, other ILs added in known amounts 
were used as internal standards [18]. Commonly, in MS, the amounts of the 
 analyte and the standard should be in the same range to deliver reliable 
results. Using this method, the solubility of the ILs [C4C1Im][PF6] (18.6 ± 0.7 
gL−1), [C1(C4)3N][Tf2N] (0.70 ± 0.08 gL−1), and [C4py][Tf2N] (6.0 ± 0.5 gL−1) 
could be determined [18]. The advantage of this approach over  methods 
based on the measurement of UV absorption is that both anions and cations 
of the ILs can, in principle, be determined simultaneously. Further, errors 
occurring from an increased solubility of hydrolysis products, that are 
known to have higher solubilities but cannot be discriminated by UV can 
be calculated by MS.

14.3.3.3 Analysis of supramolecular structures in ionic liquids
Supramolecular assemblies are the molecular base for some of the unique 
properties of ILs. Therefore, the knowledge of the nature, type, and strength 
of these structures [23] is a prerequisite for a deeper understanding of ILs 
as well as for the tailor-made design of new compounds. The most impor-
tant noncovalent interactions responsible for the formation of such a 
structure are C–H hydrogen bonds [25]. Other interactions encompass the 
 formation of clusters by ion pairing, which can be found, for example, in 
chloro aluminates [12].

Since the earliest applications of MS for the analysis of IL, higher- molecular 
ions assigned to molecular aggregates could be observed. For imidazolium-
based ILs, clusters of the form [CatxAnx-1]+ can be observed in the positive 
ion mode in FAB [26], ESI [18,23], and APCI MSs [27], where x lies, depend-
ing on the ionization method applied, in the range between 2 and 12. The 
intensity of these clusters nearly exponentially decreases with n in electro-
spray MS [23], but for n = 5 a signifi cantly increased signal intensity could 
be observed for different ILs.

To interpret such data it is important to have knowledge about the different 
mechanisms of the ionization methods used to study these complexes. The for-
mation of ions, depending on the ionization technique applied, favors one or 
the other form of cluster ions. In FAB MS, preformed ions are desorbed from the 
solvent. In ESI MS, the ions evaporate from highly charged droplets to produce 
the gaseous ions. In APCI MS, the initial process is the evaporation of neutral 
clusters of the form AnBn, which is followed by ionization via proton transfer 
[27]. Due to these different mechanisms, the stoichiometries of the aggregates 
detected can vary. Clusters have also been observed in MALDI MS, but here 
the interpretation is diffi cult. MALDI is generally not the method chosen for 
the analysis of noncovalent interactions. Up to now it remains unclear whether 
the aggregates observed in MALDI experiments are desorbed directly from 
the sample or whether they are formed during the complex MALDI process.

In addition to the analysis of molecular masses of the clusters, important 
information about the structure of these aggregates can be obtained from 
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MS/MS experiments. For this purpose, different techniques can be applied. 
As outlined above, MS/MS information can be generated by the application 
of high cone voltages in ESI MS [18]. The extended energy of the ions upon 
acceleration in the electric fi eld leads to a strong collision of the ions with gas 
molecules and residuals of the evaporating solvent. The second  possibility 
is to perform CID experiments in collision chambers placed between two 
mass separation units (e.g., between two quadrupoles [triple quadrupole]; 
or between a quadrupole and a ToF mass analyzer), thus allowing real 
CID experiments to be performed under more controlled conditions. In 
such experimental setups it is possible to select a precursor, for example, 
the aggregate of interest, which can then be fragmented by collisions with 
gas molecules in the collision cell. The products (fragments) produced in 
this process can then be analyzed in the second mass spectrometer. Upon 
 application of these experiments, the determination of the stoichiometries of 
clusters is straightforward.

An interesting application of such CID experiments is the determination 
of the bonding energies within the clusters. For this purpose, mixtures of 
 different ILs were measured by ESI MS/MS [23]. The MS spectra showed clear 
evidence for the formation of mixed clusters, thus combinations of  anions 
can be found if one IL with anions of the other IL is present (or vice versa 
 combinations of anions and cations, depending on the ion  polarity measured). 
When these mixed aggregates undergo collision-induced  fragmentation, the 
preferential liberation of an anion/cation and the  application of a method 
called Cooks kinetic method (CMK) based on the determination of rates of 
competitive dissociations [28] allows for the determination of the relative 
bonding energies of particular ions [23].

Noncovalent interactions between the IL and the ions dissolved therein 
are also of interest. For example, complex formation between ILs and metal 
ions could be studied by FAB MS [22]. In these experiments the formation of 
complexes of the form [C2C1Im]2–MCl4, with M = Ni2+, Co2+, or Mn2+ could 
be observed.

14.4 Analysis of compounds dissolved in ionic liquids
Two principal ways are amenable for the analysis of compounds dissolved in 
ILs: (i) the analytes can be separated from the ILs and investigated by suitable 
methods or (ii) the analytes can be investigated directly in the IL. The meth-
ods used most frequently are based on separation by high-pressure liquid 
chromatography (HPLC), the analysis of UV/VIS-absorption or fl uorescence 
or NMR spectroscopy. These methods can be subject to several restrictions. 
The separation of mixtures involving ILs by HPLC is time-consuming and 
is in many cases still a challenge. Spectroscopic techniques can suffer from 
background absorption/fl uorescence of the ILs and are diffi cult to perform 
in more complex reaction mixtures. Further, the presence of chromophoric 
or fl uorophoric groups in the analyte is a prerequisite, which restricts the use 
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of these methods. The use of MS can thus be a valuable alternative to these 
methods. Up to now, mainly LDI, MALDI, and ESI MS have been applied to 
analyze compounds dissolved in ILs.

An interesting approach using direct laser desorption MS was applied 
to study the products formed upon dissolution of divanadiumpentoxide in 
 different ILs [29]. It showed again the potential of MS methods to serve as 
valuable tools both for the investigation of unwanted side reactions as well as 
for the generation of theoretical data allowing deeper insights to be acquired 
into complex interactions between the solvent and the analytes. In the same 
study, potential limitations of this method were described. These are caused 
by the formation of by-products under laser irradiation. For example, such 
species as AlCl3*VO3 and AlCl3*VO2Cl2

− , which were not present in the IL 
without irradiation, were identifi ed after laser irradiation.

In contrast to the analysis in pure ILs, amino acids, peptides, and  proteins 
dissolved in ILs could be measured by MALDI MS after the addition of 
 classical MALDI matrices.

Interestingly, a correlation between the molecular weight of the analyte 
and the ionizability in different ILs, dependent on the water miscibility of 
the latter, was observed [14]. As a rough rule, water-immiscible ILs seem to 
be more suitable for the detection of low-molecular weight analytes whereas 
biopolymers with higher masses can be analyzed more easily by MALDI 
MS when dissolved in water-miscible ILs. For example, signals for amino 
acid were observed only in water-immiscible ILs, for example, [C4C1Im][PF6] 
and [C4C1Im][Tf2N] but not in the presence of the water-miscible ILs like 
[C4C1Im][C8SO4], [C4C1Im][BF4], and [C1C1Im][(CH3)2PO4]. A similar behavior 
was observed for peptides, which were preferentially measurable in water-
immiscible ILs [C4C1Im][Tf2N] and [C4C1Im][PF6]. In contrast to these smaller 
analytes, protein signals were obtained also from water-immiscible ILs like 
[C4C1Im][BF4] and [C1C1Im][(CH3)2PO4] when the matrix sinapinic acid was 
added. For proteins a signifi cant broadening of the signals could be observed, 
together with the formation of anion-protein adducts. For example, in the 
case of the IL [C4C1Im][BF4], [BF4]− adducts could be observed. It has to be 
noted that successful measurements of analytes dissolved in ILs were only 
possible when a very restricted ratio between the IL, the analyte, and the 
matrix substance was applied [14]. The reasons for this limitation are yet 
unknown. Due to the need of an additional matrix, the investigation of ana-
lytes by MALDI MS, especially in the low mass range, can be hampered by a 
potential overlap between the analyte and the matrix signals.

The main prerequisite for the quantifi cation of low-molecular weight com-
pounds by MALDI MS is the use of internal standards and optimized analy-
sis protocols. For example, the quantifi cation of alanine using 1-13C-alanine 
as labeled internal standard in the system [C4C1Im][PF6]/CCA was possible 
with acceptable precision [14]. The method is therefore suited for screening 
processes, for example, for the comparison of enzyme activities in ILs. The 
detectability of peptides and proteins itself in this context also allows for an 
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investigation of the enzyme itself and may be a useful tool for the detection 
of potential degradation products or modifi cations of the biocatalyst caused 
by side reactions with the components of ILs.

ESI MS has also been used for the measurement of the analytes dissolved 
in ILs. In contrast to MALDI MS, the measurement of low-molecular weight 
analytes is not hampered by the overlap of a signal with the matrix; nev-
ertheless, the overlap of signals of the analyte with the components of IL 
or cosolvent used for the dissolution has to be taken into account in a par-
ticular experiment. Nevertheless, the analysis of ILs and analytes dissolved 
using ESI MS is straightforward. For example, a number of organometallo 
catalysts have been successfully analyzed by ESI MS. The major advantage 
of this approach is that these air- and water- sensitive catalysts do not have 
to be extracted from the reaction solution prior to analysis, thus also allow-
ing postreaction analysis of the catalysts [30]. It has also been shown that 
direct measurement from undiluted IL solutions is possible when the ana-
lytes are solvent- sensitive [17]. A problem encountered with this approach is 
the  pollution of the mass  spectrometer with relatively high amounts of the 
nonvolatile ILs, thus  leading to a need for frequent cleaning of the source. A 
potential alternative in this respect is the use of the direct probe method [31], 
using a modifi ed electrospray source [20]. A fi ne stainless steel wire placed 
in front of the capillary helps in an effective suspension of the IL spray, thus 
reducing signifi cantly the amount of IL entering the mass spectrometer 
 (Figure 14.5).

Figure 14.5 Modifi ed-ESI source for the direct infusion of undiluted ILs. A  stainless 
steel wire is placed in the spray, leading to the optimal vaporization of the IL. 
 Additionally, an orthogonal ESI source is used. Only a part of the IL ions is  transferred 
into the MS, thus minimizing pollution of the source. (Modifi ed from Dyson, P. J. 
et al., Direct probe electrospray (and nanospray) ionization mass  spectrometry of 
neat ionic liquids. Chem. Commun., 2204, 2004.  Reproduced by  permission of the 
Royal Society of Chemistry.)

Dissolved
sample

Capillary

Stainless steel
wire

Ionic
liquid

Inlet
to

MS

CRC_46462_CH014.indd   385CRC_46462_CH014.indd   385 8/4/2008   8:30:12 AM8/4/2008   8:30:12 AM

© 2009 by Taylor & Francis Group, LLC



386 Ionic liquids in chemical analysis

14.5 Ionic liquid as a tool for mass spectrometry
14.5.1  Ionic liquids as additive in electrospray 

ionization mass spectrometry

During the electrospray process, ions preformed in solution are trans-
ferred into the gas phase, mainly by the desolvation process described 
above. A critical parameter is the solvent used, that has to be vola-
tile, capable of  dissolving the analyte and has to have properties which 
allow the formation of a stable spray. The most commonly used solvents 
are water, methanol, or acetonitrile and mixtures thereof. For more apo-
lar analytes, dichloromethane has been used as a solvent [32]. The use of 
apolar solvents like alkanes is restricted by the fact that they show a lack 
in conductivity [33]. In order to reduce this hampering factor, the addi-
tion of ILs was suggested. For example, the addition of ∼10−5 M of phos-
phonium IL [C14(C6)3P][Tf2N] to hexane leads to the formation of a stable 
spray. In the case of pentane, hexane, and cyclohexane, the relatively high 
concentration of the IL seems to be necessary for successful measure-
ments. For solvents like benzene and toluene and more polar solvents 
(e.g., dichloromethane, diethyl ether), lower concentrations of the IL also 
lead to satisfactory results [33]. Beside the increase of conductivity, the 
 addition of IL can also improve the solubility of certain analytes, for example, 
organometallic compounds, in the solvent, thus facilitating their analysis 
by ESI MS.

14.5.2  Ionic liquids as matrices for matrix-assisted laser 
desorption/ionization mass spectrometry

The matrix in MALDI MS fulfi ls several essential functions. First, the 
matrix absorbs the laser light via electronic (UV-MALDI) or vibrational 
(IR-MALDI) excitation and transfers this energy smoothly onto the ana-
lyte. Due to the high molar excess of the matrix over the analyte, the 
inter molecular  interactions of analyte molecules are reduced, thus facilitat-
ing transfer into the gas phase. Last but not least, matrix–analyte interac-
tions play an active role both in the ionization of the analyte as well as in its 
desorption [34].

Most of the commercially available MALDI mass spectrometers are 
equipped with UV-lasers, therefore the following discussion concentrates on 
MALDI matrices suited for the wavelength range between λ = 266 nm and 
λ = 355 nm. The majority of the UV-compatible matrices are small organic 
compounds absorbing in the range of λ = 266–355 nm. Many matrices 
possess hydroxyl- or amino groups in ortho- or para position and acidic 
groups or carbonyl functions (carboxylic groups, amides, ketones), but the 
presence of neither these carboxylic groups nor basic amino groups is a 
 prerequisite. Further on, constitutional isomers of a compound can show 
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different properties in MALDI MS [35]. An important fact is that most of the 
matrix substances are not suited for the analysis of all classes of analytes.

Most commonly used matrix systems are derivatives of benzoic acid 
(e.g., 2,5-dihydroxybenzoic acid (DHB), derivatives of cinnamic acid 
(e.g., α-cyano-4-hydroxycinnamic acid (CHCA) or sinapinic acid (SA) 
(Figure 14.6) as well as heteroaromatic compounds containing nitrogen but 
numberless other substances and substance classes have been applied as 
matrices [36].

The choice of the matrix infl uences the ionization behavior, the formation 
of adducts, and the stability (or fragmentation) of the analytes and also has 
practical impact on the performance of the experiments. With the exception 
of the absorption behavior, there are no general rules for the prediction of a 
substance to be suited as a matrix, neither on the basis of chemical properties 
nor on that of physical properties. Therefore, in most cases, the search for new 
matrices applied an empirical approach taking into account a few practical 
rules, like the capability of solubility with the analyte, absorption behavior at 
the laser wavelength applied, inertness of the matrix, and vacuum stability. ILs 
show some of these properties and have therefore consequently been tested as 
potential MALDI matrices by Armstrong and coworkers [16], but as outlined 
above, the classical ILs based on substituted imidazolium or  pyridinium cat-
ions were not suited for this purpose. In the same study, a new class of ILs 
capable of performing the MALDI process was introduced [16]. These new 
ILs, fi rst named class II ILs [37], are organic salts formed by the equimolar 
mixtures of crystalline MALDI matrices, like CHCA, DHB or SA with organic 
bases, for example, tributylamine, pyridine, or 1-methylimidazole. This simple 
composition allows the design of numberless matrix combinations. In order to 
distinguish between these two classes of ILs, it was suggested to use the terms 
room-temperature ionic liquids (RTIL) for classically used ILs not suited as 
MALDI matrices and ionic liquid matrices (ILMs) [36,38] or ionic matrices [39] 
for ILs composed by a mixture of MALDI matrices with bases.

The synthesis of the ILM is straightforward and can be performed by sim-
ple combination by a (e.g., methanolic) solution of the acid component (the 

Figure 14.6 Structures of some commonly used MALDI matrices: (a) 2,5-dihydroxy 
benzoic acid (DHB), (b) α-cyano-4-hydroxy-cinnamic acid, and (c) sinapinic acid (SA). 
Combination of these acidic MALDI matrices with organic bases leads to the forma-
tion of ionic liquid matrices.
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classically used MALDI matrix, e.g., DHB) with the organic base,  followed by 
sonication and complete removal of the solvent [16]. The salt can then be redis-
solved in an appropriate solvent and used for MALDI sample preparation.

Many ILMs form smooth fi lms with glycerol-like viscosities on the target 
[16,40], others form small crystals embedded in the viscous fi lm [38] or are 
solids at room temperature [41].

ILMs have low vapor pressures [40] and are thus stable under vacuum 
conditions applied in MS (1*10-7 to 1*10-9 bar) [16,38,40]. No obvious changes 
of sample shapes or spectra qualities were observed even after storage for 
more than 24 h in high vacuum. In some cases, a change in the shape of ILMs 
was observed after taking the target out of the vacuum, leading to a slight 
crystallization of former liquid samples. The formation of an ILM can also 
lead to a stabilization of matrices known to lack a long-time stability under 
high vacuum, as shown, for example, for the matrix 3-hydroxypicolinic 
acid [41].

A common problem using crystalline matrices in MALDI MS is the so-
called hot-spot formation, which causes inhomogeneities on the sample, 
leading to signifi cant variations of signal intensities at different positions 
of the sample spot. In contrast, the viscous liquid surface of ILMs is highly 
homogeneous and even partially crystallized matrices have shown signifi -
cantly increased homogeneities compared to the solid matrices. Thus, the 
use of ILMs reduces the need for time-consuming search for hot-spots and 
additionally leads to a tremendous increase of spot-to-spot and shot-to-shot 
reproducibilities. These factors make ILMs valuable alternatives for applica-
tions in quantitative MALDI MS (see below) or for direct analysis of tissues 
by MALDI imaging [39].

A number of compound classes have been successfully analyzed using 
ILMs. Biopolymers like peptides [16,42–45], proteins [16], polynucleotides 
[41], as well phospholipids, technical polymers like polyethylene glycol [16] 
have been measured. One of the most interesting fi elds for the application 
of the ILM is the measurement of low-molecular weight compounds. The 
 reason is a signifi cant reduction of the number of matrix signals occurring in 
solid  matrices (Figure 14.7), which bear the potential for overlap with analyte 
signals. The signals of the matrix are suppressed and in many cases even 
completely absent, which facilitates both measurement and interpretation of 
spectra.

It has been demonstrated that ILMs are suitable for qualitative and quan-
titative analyses of low-molecular weight compounds of biological interest, 
for example, carbohydrates, vitamins and amino acids [38], and glycolipids 
[40]. ILMs were further used for the direct analysis of alkaloids, anesthetics 
and antibiotics, separated by thin-layer chromatography (TLC) [46]. For this 
purpose, the ILM was spotted onto the fractions on the TLC-plates and the 
complete plate was measured in MALDI MS without the need for additional 
pretreatment of the TLC-samples. The mass deviation inherently caused 
by the inhomogeneous surface of the TLC-plate was balanced by using the 
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strong signal of the cation of the ILM (triethylamine) as internal standard. 
This fast and simple method can potentially be of great interest for studies in 
phytochemistry, organic synthesis, and process control. A further potential 
application in food and quality control was presented using the ILM for a 
screening for afl atoxines in chloroform extracts of peanuts [47].

Most ILMs are less acidic than the commonly used acidic matrices alone. 
This leads to the possibility to synthesize matrices with only weakly acidic 
or even neutral or basic pH values [48]. These matrices may be benefi cial 
for the analysis of acid-labile compounds [40]. For example, these  matrices 
were successfully used for the measurement of acid-labile compounds like 
sulphated oligosaccharides, which are a class of compounds with high 
 biological relevance [49]. Using classical preparations, the detection of these 
challenging analytes was only possible after derivatization or in the form 
of noncovalent complexes formed with basic peptides. Upon use of the ILM, 

Figure 14.7 MALDI spectra of the MALDI matrix DHB (upper) and the ionic 
 liquid matrix formed by equimolar mixture of DHB and triethylamine (lower). The 
 triethylammonium-cation is the only signal in the spectrum of the ILM, the signal 
corresponding to DHB (as well as adducts and fragments thereof) are suppressed in 
the ILM. (From Tholey, A. and Heinzle, E., Anal. Bioanal. Chem., 386, 24, 2006. With 
permission from Springer, Heidelberg, Germany.)
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mainly DHB-butylamine and CHCA-1-methylimidazole, the measurement 
of sulphated  oligosaccharides without prior complexation was possible for 
the fi rst time.

Nevertheless, the addition of a small amount of TFA (0.1%) or 1%  phosphoric 
acid [45], which is necessary in many cases to guarantee proper ionization, 
again makes the matrices acidic. Here, a tradeoff between the need for smooth 
conditions within the matrix on the one hand and on the ionization proper-
ties on the other hand has to be found for a particular  analytical problem.

Despite these widespread applications, ILM is not equally well suited for 
all classes of analytes. Due to the need for increased laser energies/fl uences 
for the ionization/desorption process, ILMs may only be of restricted suit-
ability for some classes of analytes. For example for proteins, an extensive 
peak broadening caused potentially by the combination of extended neutral 
losses (e.g., of ammonia or water) and alkali-ion-adduct formation can be 
observed. On the other hand, the increased tendency of the ILM to favor 
sodium and potassium adduct formation makes it ideally suited for the mea-
surement of carbohydrates [38,40], whereas in proteomics, this tendency of 
adduct formation is again an unwanted effect.

Among criteria and aspects speaking for or against the application of a 
particular MALDI, the most important are sensitivities, mass accuracies, 
and resolutions achievable and factors like the formation of adducts and the 
 stability of the analytes both in terms of chemical, matrix-induced (on-target) 
modifi cations and the fragmentation behavior during ionization/ desorption. 
These factors can be further infl uenced by the conditions applied for sample 
preparation or the addition of aiding substances like small amounts of acids.

The comparison of sensitivity and limits of detection achievable in ILMs 
and crystalline matrices have led to inconsistent results in different studies. 
For the measurement of peptides, a number of groups have reported com-
parable or even increased sensitivities in ILMs in positive [16,50] or negative 
ion mode [39], whereas others have reported decreased sensitivities [40]. For 
oligonucleotides [41], phospholipids [48], again increased sensitivities have 
been reported. For low-molecular weight analytes like sugars, decreased [40] 
or comparable limits of detection have been found [38].

Despite the use of balancing mechanisms of ion extraction, for example, 
delayed extraction, larger inhomogeneities frequently found in slowly grown 
crystalline matrix preparations are known to infl uence the mass accuracies. 
The highly homogeneous sample surfaces achievable in ILMs can  drastically 
reduce these problems upon conversion of the crystalline matrices into 
ILMs [45].

Signal intensities in MALDI MS not only depend on the amount of the 
analyte but also on its chemical composition, for example, the sequence 
of amino acids in the case of peptides, and may underlie suppression by 
other components present in the sample [51,52]. Further, the hot-spot forma-
tion described above leads frequently to poor shot-to-shot and spot-to-shot 
reproducibilities. Both factors hamper the use of MALDI MS for  quantitative 
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 measurements. Nevertheless, the potential of MALDI MS to perform quanti-
tative measurements is now widely accepted [53–55]. The main steps toward 
quantitative MALDI MS are (i) the application of suited measurement 
 protocols [56,57], (ii) the use of internal standards allowing for a relative 
quantifi cation against a substance of known amount, and (iii) the improve-
ment of sample homogeneity.

The enhanced homogeneity of samples resulting in the high reproduc-
ibility of signal intensities achievable in ILMs makes these matrices almost 
perfect alternatives for quantitative measurements. For example, both the 
accuracy achievable and the measurement time needed for quantitative 
measurements of low-molecular weight compounds of biological interest, for 
example, amino acids, sugars, and vitamins, was tremendously improved 
upon use of the ILM [38]. One application of this approach is the determina-
tion of enzyme activities and the screening for new enzyme variants [36]. 
For example, the screening of 10 genetically modifi ed variants of the enzyme 
pyranose oxidase applying isotope labeled internal standards in combina-
tion with the ILM DHB-pyridine could be successfully performed with this 
method [58]. An interesting approach for the measurement of enzyme activi-
ties by direct screening from enzymatic reactions performed in the ILM was 
described [40]. An aqueous solution of the ILM DHB-butylamine was used 
both as a cosolvent for enzymatic reaction performed on a MALDI target as 
well as a matrix for direct monitoring of the microliter-scale enzyme reac-
tion. Potential applications of this method lie in the fi eld of monitoring of 
enzyme reactions taking place in organic solvents, for example, lipase cata-
lyzed reactions.

Upon use of structurally modifi ed variants as internal standards for the 
particular analytes, the relative quantifi cation of oligonucleotides, peptides, 
and small proteins was demonstrated [44]. The potential of the ILM to allow 
quantitative analyses of peptides without the use of internal standards was 
presented recently [43]. Linear correlations between peptide amount and 
 signal intensities could be found upon application of increased matrix-to-
 analyte ratios between 25,000 and 250,000 (mol:mol). The dynamic range of 
linearity thus spanned one order of magnitude. Unfortunately, the  importance 
of the M/A ratio prevents the use of this method in samples with unknown 
orders of concentration, for example, in a proteomics environment. On the 
other hand, the method is applicable for the screening of enzyme-catalyzed 
reactions because the starting concentrations of the peptides are generally 
known in such assays.

14.6 Outlook
MS has a great potential to be established as a key method in almost all fi elds 
of IL research. In particular, soft ionization methods like ESI and APCI and 
to a lower extent MALDI MS are the methods of choice. Potential applica-
tions of MS lie, for example, in the analysis of reactions occurring in ILs, that 
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is, for the study of biocatalytic reactions. Potential new applications can be 
the coupling of separation methods with MS and the application of MS for 
quantitative measurements with and in ILs.

ILs can also serve as tools for the MS itself. The introduction of the ILMs 
for MALDI MS has opened the way to a number of new applications for 
this method. A number of theoretical studies are necessary in order to fully 
understand the properties of the ILMs [36]. The basic processes of IL-MALDI 
are still only partially understood. Therefore, basic work remains to be done 
to explain theoretical aspects. The wide fi eld of already indicated and other 
still unknown applications of the ILM seems to legitimate these efforts. Up to 
now, no consistent relationships have been found between the  composition 
of an ILM and its ability to serve as a good matrix—a situation which is 
 comparable to all other substances used as matrices. A deeper understand-
ing of the theoretical background of the ILM is the prerequisite for a possible 
tailor-made creation of new matrices in the future.
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chapter fi fteen

Future prospects
Mikhel Koel

In this book, we did our best to introduce the trends in analytical chemistry 
to take in use the ILs. Our aim was to present more than just enlarged review 
next on the list of publications on ILs, which is growing almost exponentially 
already. We still can say that ILs are in their infancy, despite the enormous 
academic interest.

ILs have many fascinating properties, so different from conventional 
molecular solvents that make them of fundamental interest to all chemists 
and physicists. In principle it was confi rmed that the use of ILs is opening 
new possibilities in different areas on analysis, and there are appearing new 
applications; among them are completely new approaches to conduct chemi-
cal and biological analysis using ILs. Even the use of ILs as additives like in 
liquid chromatography and electrophoresis is giving great advantage when 
compared to common materials.

Today the number of synthesized ILs is large, and among them a very 
many different cations and even a bigger number of anions are used. There 
is an almost limitless variety of liquids still to be discovered with a wide 
range of possible applications. The idea of designer solvents has grown in full 
extent and TSILs are a further direction in the developments. The basis for 
this activity is the easy preparation of salts with different ion constituents. 
This ability might best be described as the chemical tunability of ILs—class of 
solvents with members possessing similar physical properties but different 
chemical behavior. From this becomes evident that intensive study of physi-
cochemical properties such as acidity, basicity, viscosity, solubility, and so 
on, and thermodynamic behavior when mixing with other solvents or even 
with other ILs must continue to fi ll gaps in our knowledge.

This tailoring for certain application must go hand in hand with theoreti-
cal work to develop acceptable thermodynamic models such as COSMO, or 
modifi ed UNIFAC, also possibilities of QSPR approach must be used in full 
extent, giving the comprehensive approach for design of ILs. High-quality 
data on reference systems and the creation of the comprehensive database 
have to be strategized to make progress in the fi eld of ILs. There are sev-
eral proofs of principle for an advantageous use of some ILs, but the road to 
design and optimization of TSILs has a long way to go.

Before using the ILs, it must be remembered that they can be dramatically 
altered by the presence of impurities. Impurities will change the nature of 
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these compounds. The infl uence of water and chloride anion on the viscosity 
and density of ILs has already been extensively discussed by many authors. 
Furthermore, the water content of ILs can affect the rates, directions, and 
selectivity of reactions and can be taken as cosolvent in extraction process.

Recent data and other scientifi c and engineering advances on ILs provide 
the potential for expanded opportunities in almost all of the separations 
technologies. Future separations needs are related to the pharmaceutical, 
biomedical, and other biotech industries, microelectronics, aerospace, and 
alternative fuels (i.e., hydrogen) segments of the economy. Exploration of the 
use of ILs for gas separation and gas storage, as well as a solvent media for 
reactions involving permanent gases is accompanied with intensive study 
of the solubility of gases in ILs. This is well related to use ILs as station-
ary phases in gas–liquid chromatography. ILs exhibit a unique dual nature 
selectivity that allows them to separate polar molecules like a polar station-
ary phase and nonpolar molecules like a nonpolar stationary phase. Further 
research on mixed IL stationary phases will serve to control and optimize 
selectivity for complicated analyte mixtures. In addition, the combination of 
cations and anions can be tuned to add further selectivity for more complex 
separations. The development of chiral stationary phases will likely mature 
as more chiral ILs are synthesized and evaluated.

In liquid chromatography and capillary electrophoresis where compounds 
usually called ionic liquids are working as additives in separation media can 
supply wider range of interaction modalities and their applications suggest 
they may be particularly advantageous in addressing the critical challenges 
especially of biomolecular separations. Surface-confi ned ILs are used as sor-
bents or capillary wall modifi ers, and their specifi c features allow unique 
separation capability. Furthermore, the presence of a large ion with a delo-
calized charge can promote interactions with neutral aromatic species, a 
scaffold for introducing additional functionality and ion-exchange capabil-
ity with potentially tunable hydrophobicity. Both gas and liquid chromatog-
raphy are well-established techniques, and lots of standardized methods are 
also available. It makes this area very competitive and challenging for ILs.

This variability of ILs presents a challenge not only in instrumental sepa-
ration methods like chromatography, but also in more common and used 
industry methods. As concerns extraction, it is associated with the possibil-
ity of different mechanisms of solute transfer, different mutual solubilities 
in biphasic systems, different solvation ability, and, probably, even different 
bulk phase structures. The success of the IL-based extraction systems, espe-
cially for metal ions lies in their ionic nature and possibility for ion exchange 
and nonvolatility. There is a need to develop more deep understanding of 
IL-based extraction systems taking the full advantage from the design of ILs; 
it will be undoubtedly benefi cial for upcoming technological and analyti-
cal applications. The technique with great potential for larger applications is 
countercurrent chromatography which works with biphasic liquid systems. 
The CCC technique is mainly used to produce signifi cant amounts of puri-
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fi ed chemicals using as little solvent as possible. As ILs are able to form such 
biphasic systems with a number of solvents, they have great potential for use 
in CCC.

Major part of analytical chemistry is related to different spectroscopic 
techniques. In optical spectroscopy, ILs are already used as solvents for wide 
range of solutes to study their properties and behavior in conditions not 
available with organic solvents. ILs have their limits regarding the transpar-
ency, but knowing that many other limits are shifted far away. The use of 
ILs as solvents does not preclude the application of NMR techniques. After 
careful parameter adjustment, virtually all standard and advanced NMR 
techniques can be applied. The same can be said about mass spectrometry, 
which has a great potential to get a key method in almost all fi elds of IL 
research, including analytical applications with IL as necessary component 
to get good result.

A rapidly emerging fi eld in analytical research involves the development 
of sensors and diagnostic devices centered on ILs as alternatives to molecular 
solvents and conventional materials. Microchips for analysis and combina-
tion with electrowetting phenomena of ILs could be the directions for more 
intensive studies. Most excitingly, novel applications may emerge in areas 
that were not even considered in the original concept. In addition, nanotech-
nology will impact the processes and separations in general with respect to 
scale and materials.

ILs have a special position in green chemistry also. Their  nonvolatility 
makes them environmentally benign solvents, and in the beginning all 
studies on ILs were advertised as green chemistry. However, a closer look 
revealed that a more systematic approach to the assessment of greenness of 
chemistry and processes involving ILs is needed. Not all ILs are safe and 
nontoxic, and processes with ILs involved are not wasteless. Despite that, the 
great potential of ILs for green chemistry solutions is still not fully realized.
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169–170, 176, 190, 223, 289,
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interactions, 296
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bond, 3, 146–147, 175, 205, 251, 276
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Lewis, 100, 346
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aggregation, 64, 156, 297, 299–300, 
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amine, 155, 161, 234
amino acids, 186, 204, 245, 254–257, 377, 384, 
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anion exchange, 257, 274
antibiotics, 258, 388
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media, 107, 168, 199, 270
phases, 121, 130, 272, 275, 278
solutions, 6, 49, 157, 244, 338, 391
two-phase, 221, 224

Arrhenius, 7–8, 58
association, 9, 26, 40, 56, 79–80, 87, 91, 

199–200, 203, 299, 363

B
background, absorption, 383

chemical, 376–377, 392
current, 118, 201
electrolyte, 107, 173, 199
fl uorescence, 310

battery, 56
Becke–Lee–Yang–Parr principle, 312
biocatalysis, 112
biocatalyst, 117
Brønsted acid, 192, 262, 296, 300
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calix[4]arene, 276
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column, 141, 152, 155, 158
surface, 107, 152, 155
tubes, 312, 374–375, 385

carbohydrates, 388, 390
carbon dioxide, 59, 106–107, 229–232, 

237–238, 245, 300, 363
sensors, 106–107
supercritical, 302, 366

catalysis, 13, 100–101, 361
catalyst, 2, 297, 365
cation–anion pair, chains, 358

contact, 43
distance, 75
distribution, 86
interaction, 77, 82, 88, 92, 275, 328, 359, 362
structure, 94

C–C-bonds, 314, 316
cellobiose, 322
charcoal, 301–302
charge, 80, 83, 176, 188, 282, 311, 338, 372, 374

delocalization, 4, 168, 178 
density, 4, 16, 48–49
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charge (contd.)
distribution, 76, 84, 363 
ordering, 74, 85–87, 337
to-mass ratio, 189, 203
transfer, 95, 295

chemical ionization, 373, 375
chiral, 4, 7, 15, 160

stationary phases, 155
chloroaluminate, 61, 262–263, 296, 308, 

361, 381
chromophore, 295, 297, 300
circular dichroism, 298
cluster, 382
coating, 123, 132, 141, 152, 155, 199, 205
collision, 372, 376–378

chamber, 378, 383
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complexes, 25, 31, 48, 156, 201, 254, 288, 296, 
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mechanism, 254 
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shell, 77, 85–86, 91, 297
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cosolvent, 47, 58, 299–300, 385, 391
Coulombic, interaction, 4, 83–84, 315, 328

forces, 81, 83–84
coupling, 190, 318, 372–373, 375, 378, 392

constants, 359, 365
covalency, 74, 76
critical, micelle concentration, 14, 152, 202

solution temperature, 17, 43, 49, 59
crown ether, 245, 256, 259, 280, 288, 297
crystal, structure, 17, 79, 83–84, 313–319,

339, 342
microbalance, 108, 240

crystallization, 16–17, 36, 302, 335, 346, 388
cyclodextrin, α-, 107

β-, 156, 201
cytochrome C, 123, 200, 225, 258

D 

decomposition, temperature, 15–16, 50, 143, 
150, 274, 303, 311, 378–380

degradation, 112, 127, 129–130, 205, 303, 385

degree of, association, 56, 91, 308
branching, 15, 380 
fragmentation, 150
hysteresis, 236, 303 
ionization, 177
protonation, 296

denaturation, 298
density, 4, 81, 86, 92, 100, 216, 219, 232, 236, 

260, 302
charge, 4, 48, 190
current, 111
probability, 85, 88, 312

desorption, 33, 177, 194, 236
laser induced, 147, 198, 377, 386

detector, 112, 151, 187, 198, 213, 312, 373
absorption, 227, 312
conductivity, 187
diode array, 198
light scattering, 227

dielectric, constant, 3, 34, 278, 296
layer, 132

differential scanning calorimetry, 16
diffusion, 7, 109–110, 172, 186, 236, 298, 363

coeffi cient, 56, 299, 360, 362, 364
spectroscopy, 360

dimethylsulfoxide, 54, 110, 190, 218, 299
dipole, electric, 297

interactions, 4, 175
moment, 132, 191, 311 

discoloration, 301
dissociation, 3, 177
dissolution, 14, 85, 88, 92, 157, 172, 274,

365, 384–385
distribution, 31, 76, 82, 84–86, 244, 246, 248, 

278, 308, 310, 357, 363
constant, 224, 246, 270, 275, 278, 282, 287
functions, 74, 337, 344
ratio, 46–47, 213, 244, 250, 259–261, 271–272

double, bonds, 148–149, 338
channels, 217 
layer, 188 
stranded DNA, 258 

dual spin probe, 359 
dye, 107, 244, 297
dynamics, molecular, 59, 76–77, 80, 83, 88–89,

93, 297, 335, 337
reorientational, 363

E
electrochemical, detection, 244 

processes, 58, 122, 287, 302 
properties, 56, 296
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reactions, 132 
reduction, 288 
response, 123–124 
sensors, 107, 187 
stability, 127, 130 
window, 2, 100 

electrode, 113, 125, 186–187, 288, 375
electrolysis, 288
electron impact ionization, 353
electrooxidation, 119
electroplating, 57
electrospray, 43, 374, 386
electrostatic, adsorption, 117

fi eld, 87, 92 
forces, 7
interactions, 82, 168, 172, 177–178, 

202, 258, 308
surface, 77

empirical, equation, 346 
factor, 312 
group frequency, 310 
observations, 86, 387
structure refi nement, 77 

enantioselectivity, 144, 156
energy, barrier, 148, 330, 333, 356 

free, 24, 45, 146, 175, 197, 205, 250, 272,
274, 321 

states, 310
thermal, 373 
transfer, 297–299, 309, 376

enthalpy, 11, 17, 22, 31, 37, 56, 100, 108, 148,
258, 331, 335, 338

entropy, 25, 43, 108
enzyme, 112–113, 119–121, 124, 130,

298, 384, 391
equilibrium, conformational, 320, 338, 341

constants, 113, 189
ethanol, 9, 18, 20, 23, 37, 40, 46, 48, 58, 108, 

113, 120, 191, 225, 260
ethylene glycol, 56, 251, 260 
eutectic composition, 17, 20, 23, 30, 36,

40, 57
evaporation, 36, 48, 127, 129, 132, 155, 289, 

302, 372, 375, 382
explicit-hydrogen model, 83

F
fast atom bombardment, 337, 376
fermentation, 245, 256, 258 
Flory–Benson–Treszczanowicz model, 9
fl uorescence spectroscopy, 303
food, 32, 113, 389 

force, 215–216, 271–272, 308
fi eld, 188, 344

Fourier transform, 312
infared, 230, 298
MS, 380 
Raman, 311 

fragmentation, 372, 376, 379–380, 
383, 387, 390

fullerenes, 297 

G
gas, adsorption, 110 

carrier, 157, 375
membranes, 110 
permiation, 129 
phase, 3, 49, 312, 328, 372, 386 
sensors, 110 
separation, 230, 240

glass, columns, 143, 186, 311–312 
surface, 111, 130, 149, 152, 233
transition, 14, 302 

glycolipids, 388
gold, 125, 309, 373
green chemistry, 399
group contribution method, 8, 25, 49

H
halide, 26, 57, 74, 150–152, 308, 362

complexes, 296
impurities, 154–155 

Hartree–Fock principle, 312
heat, capacity, 55

generation, 130, 186, 289
transfer, 101, 301 

Henry’s law, 233, 240 
homogenity, 257
hydrogen bond, 3–4, 11, 17, 26, 31, 40,

142, 146, 157, 175, 192, 205,
251, 275

hydrolysis, 90, 112, 130, 244, 378, 381–382
hydrophilicity, 245, 248, 258, 286
hydrophobicity, 7, 48, 83, 196, 171, 175, 178, 189,

244, 248, 275, 277, 281, 286

I
immobilization, 120, 155, 160 
impedance, 117, 123, 127 
impurities, 58, 141, 154–155, 301–303,

310–311, 363, 366, 378, 381
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inductively coupled plasma (ICP), 373
interactions, matrix-analyt, 386
iodide, 3, 75
ion exchange, behaviour, 173, 177

capability, 178, 277–278, 282, 286 
chromatography, 170, 176 
extraction, 254, 278 
mechanism, 170, 177, 254, 257
properties, 112, 175, 177

ionic binding, 84
ion–ion interaction, 77, 363 
ionization, 147, 170, 177, 188,

198, 374–375, 377
ion-pair, extraction, 257, 274 

interaction, 198
species, 272

ion size, 49
isotope, 372, 378–379, 391

L
lanthanide, 297 
laser, ablation, 379 

desorption/ionization, 147, 198, 377
exitation, 311 
irradiation, 384 
wavelength, 311, 377, 379, 386–387

Lewis, acidity, 77, 100, 262, 346, 358
donor, 93 

lifetime, 111, 150, 261, 298 
ligand, 295, 297
lipase, 130–131, 391
lipophilicity, 169, 172–173, 205 
liquid, state, 74, 76, 79, 84, 100, 172, 295, 297, 

328, 332, 336, 338, 366
structure, 74–75, 84–86, 315

liquidus curve, 18, 20, 30, 34 
lithium, 274–275

battery, 56–57
salts, 8, 57, 342 

local, environment, 25, 74, 302 
order, 74–75, 297, 336
structure, 3, 75, 77, 300, 335
surface, 25
temperature, 301

luminescence, 297, 302–303 
chemi-, 295
electrochemi-, 204
photo-, 295

M
mass, separation, 373, 383

transfer, 16, 124, 149 

melting, point, 14, 75, 81, 100, 149, 152, 
273–275, 302, 308, 313, 
334–335, 346

zone, 302
membrane, 110, 121, 123, 127, 132–133, 245

receptors, 205
mesophase, 334
metathesis, 121, 155
methanol, 9, 56, 109–110, 175–176, 190, 

192, 217, 366, 380, 386
micellar, aggregates, 157, 202, 205 

electrokinetic chromatography, 185
gas chromatography, 156
phase, 157, 205
solvents, 157, 202

micelle, 14, 157, 202, 205
concentration, 14, 152, 202 

microdomains, 90, 93–94 
microextraction, 170
miscibility, 26, 49, 193, 378, 384, 

gap, 17, 20, 22–23, 26, 31, 37, 39–41, 45, 49
Møller–Plesset principle, 312
molecular solvents, 74, 100, 133, 140, 155, 

198, 218, 273–275, 361
molten salt, 57, 76, 356 
Monte Carlo, 76–77
multiple linear regression analysis, 175, 250

N
nanoparticles, 116, 125, 298 
nanotechnology, 59
near infrared spectroscopy, 159, 295
neutron diffraction, 74, 83, 86, 88, 90, 

93, 313, 337
N-methyl-2-pyrrolidinone, 12, 37, 54
nonaqueous, 58, 115, 190, 259, 261
nonpolarizable, 81
nucleophile, 81 

O
oscillatory structure, 84 
Overhauser effect, 359 
oxidation, 110, 114, 119, 263, 296, 359

P
peak, 74, 84, 89, 107, 117, 133, 327

asymmetry, 149, 153
current, 117–118, 122–123, 125
effi ciency, 120, 177, 201

CRC_46462_index.indd   412CRC_46462_index.indd   412 8/27/2008   5:36:25 PM8/27/2008   5:36:25 PM



Index 413

intensity, 107 
shape, 172, 175

peptide, 391 
phosphorus, 97
photochemistry, 298
photochromism, 299
picrate, 248
plasma, 109, 130, 373, 375
platinum, 110, 117, 121, 125, 365
polarity, 24, 40, 100, 146, 153, 218, 221, 

226, 244, 250, 258, 271, 278, 
299, 383

polarizability, 3, 76, 146–147, 251, 310–311
polyethylene glycol, 150, 218, 388 
poly(ethylene oxide), 57
polymer, 111, 126–127, 159, 204, 218 

composition, 14
eletrolyte, 56–57, 110 
matrix, 57
solution, 43
stationary phase, 158

polymerization, 121, 158–160, 263 
process control, 389, 
protein, 113, 120, 126, 173, 177, 186, 226–227, 

259, 298, 384
protonation, 296, 377 
purity, 141, 154, 201, 301, 303, 364
pyridine, 141–142, 177, 387, 391 

Q
quadrupole, 87, 378, 383

moment, 87
quality, 59, 140, 160, 300, 303 

control, 187, 372, 378, 380, 389 
quantum calculations, 45, 309, 311, 346
quaternization, 155, 301 
quenching, 101, 113, 298

R
radiation, 295, 309–310, 357

ionizing, 300
monochromatic, 295

reactivity, 275, 300, 311, 365
recrystallization, 302
reduction, chemical, 43, 110, 121–126, 

133, 288
number of, 59, 85, 122, 152, 175, 

202, 287, 289, 388
refractive index, 146
relaxation, 328, 357, 359, 363, 365 

S
sample preparation, 171, 258, 381, 388, 390 
scale, 13, 59, 312, 391 

industrial, 9, 46, 262
polarity, 146, 300

scanning electron microscopy, 118 
semiempirical method, 312, 328
silicon, 132 
silver, 110, 309

halides, 75, 155
salt, 155 

simulation, 59, 79–80, 91, 93, 328, 337
sinapinic acid, 384, 387
sodium dodecylsulfate, 157, 189, 202–203 
solvation, 296–297, 299, 337, 346

energy, 45, 146, 175, 250, 272
environments, 85, 275
interactions, 86, 141, 146, 153–154,

157, 159
parameter, 3, 146
properties, 58, 140, 157, 192, 198, 247, 264
shell, 81, 84, 86, 89–91, 192

solvatochromism, 298 
solvolysis, 296, 380–381
sonication, 388 
spectra, 124, 258, 279, 295–296, 303
spectral, band, 310, 318, 327, 342, 345–346

properties, 172, 300
region, 302, 330
shifts, 31, 296
transparency, 296 

stability, chemical, 46, 56, 113, 120, 127,
130, 190, 295, 298, 361, 387,
388, 390

constants, 274–275
sensors, of, 107, 118, 127
thermal, 14, 83, 150
water, 20, 109

standard, 198, 336, 344, 359, 362, 366, 382 
deviation, 26, 33, 336, 120, 127
internal, 384, 389
mixture, 205 
samples, 32, 107, 296, 357 
template, 74 

state, ground, 309–310
excited, 298, 309

static, method, 48, 175
coating, 152, 155, 158, 205 

stoichiometry, 74–75, 88, 236
structure–property relationship, 54, 300
substitution, 14, 17, 30, 43, 169, 205, 253, 

  278, 281 
sugars, 88–89, 390–391
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414 Index

support, 278, 300, 337, 380 
free, 212–214
silica, 170, 175
solid, 141, 148, 158, 366 

supramolecular aggregation, 358–359, 382 
surface, 77, 85, 108, 110, 125, 127, 194, 202, 

212, 366, 381, 388
capillary, of, 107, 205
charge, 188, 200, 374 
confi ned liquids, 174
electrode, of, 110, 117, 119–120, 122, 125 
tension, 13, 133, 152, 190

surfactant, 14, 111, 132, 152, 156, 202, 299
symmetry, 4, 14, 77, 312, 338, 342, 346, 

359, 361

T
tetrahydrofuran, 37, 110
thermogravimetric analysis, 16 
time of fl ight (ToF), 378–379, 383
titration, 155, 346
tosylate, 23, 261
toxicity, 31–33, 54, 59–60
transition, 309–310

glass, 14 
metal, 296 
phase, 335 
pressures, 34 

transport, 117, 125, 130–131, 272,
286, 300

properties, 4, 56, 360 , 
two-dimensional, spectroscopy, 359 

RDFs, 77 
2,5-dihydroxybenzoic acid, 197, 387

U
ultraviolet-visible, 295 

V
vacuum, 49, 233, 289, 302
van der Waals, forces, 7 

interactions, 41, 182
radii, 315 

van’t Hoff equation, 25 
vapor, 108, 233

equilibria, 48
partition, 178
phase, 48, 230, 232–233
pressure, 36, 48, 110, 129, 140, 148–149, 

171, 178, 190, 289, 373, 379, 388
viscosity, 83, 100, 108, 130, 140, 149, 151, 158,

171, 190, 226, 299, 328, 357, 380
vitamins, 388, 391
Vogel–Tammann–Fulcher equation, 7
volatility, 37, 190, 227, 230, 270, 301 
voltammetry, 115, 117, 119, 123

W
weakness

of acidity, 85, 389 
of coordination, 81, 83
of interaction, 11, 85, 297, 341
of transitional energy, 311

X
X-ray, absorption, 74

crystallography, 308, 316, 327, 337, 356
diffraction, 313, 331 
scattering, 336
spectroscopy, 123
structure, 318, 339

Z
zwitterionic salts, 57, 156–157, 206, 244
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(a) (b)

Color Figure 2.6 Probability densities of chloride anions about a central [C1C1Im]+ 
 calculated from MD simulations using two different classical forcefi elds: (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 imidazo-
lium ring. Both surfaces are drawn at fi ve times the bulk density of anions.

(a) (b)

Color Figure 2.7 Probability densities determined by empirical potential struc-
ture  refi nement from neutron diffraction studies of [C1C1Im][PF6]. Densities are for 
(a) [PF6]– and (b) [C1C1Im]+ around a central anion.
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(a) (b)

(c)

Color Figure 2.8 Probability densities determined by empirical potential structure 
 refi nement from neutron diffraction studies of [C1C1Im][PF6] containing 33 mol% ben-
zene. Densities are for (a) [PF6]–, (b) benzene, and (c) [C1C1Im]+ around a  central cation. 
Surfaces are drawn to encompass the top 25% of ions within 8 Å. for the anion and 
benzene and 10 Å. for the cation. (From Deetlefs, M., Hardacre, C.,  Nieuwenhuyzen, M., 
Sheppard, O., and Soper, A. K., J. Phys. Chem. B, 109, 1593–1598, 2005. With permission.)
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Color Figure 2.10  Simulated S(Q) data for a pure system of [C1C1Im][Tf2N] (black 
line) and differences between this and data for 14% mole fractions of PCl3 (red line) and 
POCl3 (blue line) for fully-protiated, fully-deuteriated, and methyl-deuteriated systems.
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0−1 ns 1−2 ns 2−3 ns 3−4 ns 4−5 ns

9−10 ns8−9 ns7−8 ns6−7 ns5−6 ns

10−11 ns 11−12 ns 12−13 ns 13−14 ns 14−15 ns

Color Figure 2.11 Probability densities determined by MD studies of 14 mol% solu-
tions of PCl3 in [C1C1Im][Tf2N], calculated over consecutive nanosecond intervals 
in a continuous 15 ns simulation. Densities are for [Tf2N]– (red), [C1C1Im]+ (blue), 
and PCl3 (green) around a central PCl3. Surfaces are drawn at twice ([C1C1Im]+ and 
[Tf2N]–) and three times (PCl3) the bulk densities of the individual species.

0−1 ns

5−6 ns 6−7 ns 7−8 ns 8−9 ns 9−10 ns

14−15 ns13−14 ns12−13 ns11−12 ns10−11 ns

1−2 ns 2−3 ns 3−4 ns 4−5 ns

Color Figure 2.12 Probability densities determined by MD studies of 14 mol% solu-
tions of POCl3 in [C1C1Im][Tf2N], calculated over consecutive nanosecond intervals 
in a continuous 15 ns simulation. Densities are for [Tf2N]− (red), [C1C1Im]+ (blue), and 
POCl3 (green) around a central POCl3. Surfaces are drawn at twice ([C1C1Im]+ and 
[Tf2N]–) and three times (POCl3) the bulk densities of the individual species.
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UV

Mask

1

2 3

4

Color Figure 3.3 Schematic illustration of self-assembled monolayer (SAM) photo-
lithographic patterning via masked exposure to Hg lamp irradiation and subsequent 
antibody conjugation to fabricate immunosurfaces for use in an ionic liquid-based 
immunoassay. Shown in the inset (lower left) is a representative fl uorescence image 
showing spatially selective BODIPY binding within neat [C4C1Im][Tf2N]. (Reprinted 
from Baker, S.N., Brauns, E.B., McCleskey, T.M., Burrell, A.K., and Baker G.A., 
Chem. Commun., 2851–2853, 2006. Copyright 2006 Royal Society of Chemistry. With 
permission.)

Color Figure 3.6 (a) Schematic of the hydraulic valve and a top-down view with an 
open valve. Control channels are in pink and fl uidic channels are in blue. The clear 
bulk material is polydimethylsiloxane (PDMS), including the fl exible membrane 
between the control and fl uidic channels at their intersection (schematics are not 
drawn to scale). The piston has an average diameter of ∼910 μm and a height of 152 
μm, whereas valve intersections are typically 100 × 100 μm2 with 9 μm high fl uidic 
channels and ∼16 μm 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 chan-
nel. (c) A top-down view of four intersections of pressurized control (red) and fl uidic 
(blue) channels. All channels are 9 μm high and 100 μm wide except for the lower 
right control channel that is 40 μm wide. (d) A top-down view of the Braille pins 
aligned underneath pistons (left) and microfl uidic valves (right). (e) A PDMS device 
with multiple hydraulic valves mounted onto a palm-sized USB-powered and con-
trolled Braille display  module with 64-pin actuators. (Reprinted from Gu W., Chen 
H., Tung, Y.C., Meiners, J.C., and Takayama, S., Appl. Phys. Lett., 90, 033505–033508, 
2007. Copyright 2007 American Institute of Physics. With permission.)
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Color Figure 3.7 (A) Enantioselective transport of (S)-ibuprofen by means of ionic 
liquid fl ow within a microfl uidic device. (B, Bottom) Photographs of the three-phase 
fl ow in the microchannel: (a) center near the inlets of the microchannel, (b and c) arc 
of the microchannel, and (d) center near the outlets of the microchannel. Flow rates 
of the aqueous phase and the ionic liquid fl ow phase in (a–d) were 1.5 and 0.3 mL/h, 
respectively. (Reprinted from Huh, Y.S., Jun, Y.S., Hong, Y.K., Hong, W.H., and Kim, 
D.H., J. Mol. Catal. B, 43, 96–101, 2006. Copyright 2006 Elsevier. With permission.)

Color Figure 7.4 (Left) The fast centrifugal partition chromatograph (FCPC) 100 chro-
matograph with hydrostatic column of 100 mL with integrated alternating pump 
and pilot electronics (www.armen-instrument.com, Vannes, France); the upper inset 
shows a part of a disk with the engraved double channels and connecting ducts. 
(Right) The Milli chromatograph with hydrodynamic CCC column of 18 mL (www.
DynamicExtractions.com, Uxbridge, UK).
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620 cm−1

636 cm−1

670 cm−1

749 cm−1

604 cm−1

504 cm−1

622 cm−1 

663 cm−1 

713 cm−1

Color Figure 12.11 Some of our calculated normal modes of certain bands of the 
AA and GA forms of the [C4C1Im]+ cation. The arrows indicate vibrational ampli-
tudes of atoms. As found by Hamaguchi et al. (Hamaguchi, H., and Ozawa, R., Adv. 
Chem. Phys., 131, 85–104, 2005) also our C8 methylene CH2 rocking vibration was cou-
pled to the ring modes only for the gauche-anti conformer (Berg, R. W., Deetlefs, M., 
Seddon, K. R., Shim, I., and Thompson, J. M., J. Phys. Chem. B, 109, 19018–19025, 2005) 
and (Berg, R. W., Unpublished results, 2006. With permission.)
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