
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 17 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Critical Reviews in Analytical Chemistry
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713400837

Ionic Liquids in Chemical Analysis
Mihkel Koela

a Institute of Chemistry, Tallinn University of Technology, Tallinn, Estonia

To cite this Article Koel, Mihkel(2005) 'Ionic Liquids in Chemical Analysis', Critical Reviews in Analytical Chemistry, 35:
3, 177 — 192
To link to this Article: DOI: 10.1080/10408340500304016
URL: http://dx.doi.org/10.1080/10408340500304016

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713400837
http://dx.doi.org/10.1080/10408340500304016
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Critical Reviews in Analytical Chemistry, 35:177–192, 2005
Copyright c© Taylor and Francis Inc.
ISSN: 1040-8347 print / 1547-6510 online
DOI: 10.1080/10408340500304016

Ionic Liquids in Chemical Analysis

Mihkel Koel
Institute of Chemistry, Tallinn University of Technology, Tallinn, Estonia

Room-temperature ionic liquids are salts with a melting point close to or below room tempera-
ture. They form liquids composed in the majority of ions. This gives these materials the potential
to behave very differently when they are used as solvents compared to conventional molecular
liquids. The search for their application is growing in every area of analytical chemistry—
electrochemistry, chromatography, electrophoresis, and even mass spectrometry. The literature
on ionic liquids is growing almost exponentially. The basis for this activity is the easy prepara-
tion of salts with different ion constituents. This ability might best be described as the “chemical
tunability” of ionic liquids, a class of solvents with members possessing similar physical proper-
ties but having different chemical behavior. Their good solvating properties, together with large
spectral transparency, make ionic liquids suitable solvents for spectroscopic measurements. It
has been demonstrated that task-specific ionic liquids have advantages compared to common
solvents used as separation media in liquid-liquid extraction processes achieving high efficien-
cies and selectivities of separation. The main advantage for other applications of ionic liquids
in analytical chemistry lies in their low volatility which makes them useful as solvents for work-
ing in both high-temperature (gas chromatography (GC) stationary phases) and high-vacuum
(MALDI matrixes) environments. When using an ionic liquid as an electrolyte medium, it is
possible to achieve a broader range of operational temperatures and conditions relative to other
conventional electrolytic media, and this makes ionic liquids promising materials in various
electrochemical devices (e.g., batteries, fuel cells, sensors, and electrochromic windows).

Keywords chromatography, electrochemistry, electrophoresis, ionic liquids, mass spectrometry

IONIC LIQUIDS AS ROOM-TEMPERATURE
MOLTEN SALTS

One of the principal driving forces for the broad investiga-
tions in the area of new materials is the need to find replace-
ments for environmentally hazardous volatile organic solvents
in many different commercial chemical processes. Most of the
familiar liquids are formed from neutral molecules and are non-
ionic. There is a different class of room-temperature liquids that,
unlike the molecular liquids, is constituted of ions. These liq-
uids are called ionic liquids (ILs). For a substance to be consid-
ered a room-temperature ionic liquid (RTIL), its melting point
should be below 100◦C. Room-temperature molten salts are not
new. The first representative of them, ethylammonium nitrate
[C2H5NH3]+[NO3]− which has a melting point 12◦C, has been
known since 1914 (1).

There are few classes of organic salts, such as the quater-
nary ammonium and imidazolium salts, which exhibit room-
temperature liquid behavior. The major interest in ILs was first
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connected with their potential for the development of new elec-
trolytes to be used in the electrical batteries and electroplating
of aluminum. One such kind of room-temperature molten salt
system was reported in the late 1940s by Hurley and Wier (2, 3).
In their work, fused mixtures of ethylpyridinium bromide and
metallic chlorides were studied.

It was the discovery of 1-ethyl-3-methylimidazolium
[EMIm]-based chloroaluminate ionic liquids (4) in 1982 that
provided acceleration for an activity in the area of (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 exiting property
of halogenoaluminate ILs is their ability for acid base chem-
istry, 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 (5). A considerable drawback of
aluminum chloride-based ionic liquids concerns their moisture
sensitivity and need to be protected rigorously from moisture.
Air- and water-stable molten salts can be obtained using the
weakly complexing anion in the imidazolium compound (6).
Unlike [AlCl4]− anion, [CF3SO3]−, [BF4]−, [PF6]− anions do
not form polynuclear anions, and these salts are neutral stoichio-
metric compounds. The inertness and facile handling capability

177

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
3
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



178 M. KOEL

FIG. 1. Publications containing the phrase “ionic liquid” in the
title, abstract, or keywords, determined by SciFinder, as a func-
tion of time.

of ILs has greatly enhanced the possibilities for their application.
An excellent short history of ILs covering the most important
moments of this area up to 1994 has been presented by eyewit-
ness to and participant in crucial developments, Professor John
S. Wilkes (7).

These new types of liquids can be classified as anhydrous,
aprotic solvents, but the most characteristic property of ILs is
their very low vapor pressure. Their physical and chemical prop-
erties can be finely tuned for a range of applications by varying
the chemical constituents. For example, physical properties in
class of alkylimidazolium ILs vary over wide ranges. They are
more dense than water with density values from 1.0 to 1.5 g/cm3;
viscous liquids similar to oils with viscosity values from 0.20 to
4.0 Poise at 25◦C, refractive index 1.3–1.5, electrical conduc-
tivity in the range of 60 to 250 S/cm.

The same kind of variability is seen relation to water, for
example, [BMImCl]-AlCl3 reacting with water; [BMIm][PF6]
hydrophobic; [BMIm][CH3COO] water soluble.

One of the advantages of ILs is their thermal robustness.
This means a large thermal operating range is possible (typically
−40◦C to 200◦C) which enables a wide range of kinetic control
for reactions that proceed in ILs. The few data on heat capacity
show values similar on water and on thermal conductivity values
closer to toluene (8).

Ionic liquids not only can be applied in existing methods
where improvement of sensitivity and selectivity of analysis is
always needed, but their different behaviors and properties can
offer original solutions in chemical analysis and the search for
new applications of ILs is growing in every area of chemistry.

The use of ILs is a very rapidly developing area in chemistry
according to the literature, and the number of publications on
ILs is growing almost exponentially. In recent years several re-
views have been published in different journals, where one can
obtain data about properties and applications of ionic liquids
(9). Chapters in the books and proceedings are also excellent
sources for information about ILs (10).

DEVELOPMENT OF METHODS, WHERE IL ARE USED
AS NOVEL MEDIA

Electrochemistry
Electrochemists appear to prefer the term “room-temperature

molten salt,” which must be kept in mind when doing literature
searches. There have been some reviews (11, 12) on electro-
chemical use of ILs examining the current state of IL-based
electrochemistry, with particular focus on the work of the past
decade. The widespread ILs are more or less be divided into three
groups: (a) systems based on AlCl3 and organic salts such as 1-
butylpyridinium chloride [BPCl], 1-alkyl-3-methylimidazolium
chloride [CnMIm]Cl, and derivatives; (b) systems based on or-
ganic cations as in (a) and anions BF4, PF6 and SbF6; and (c)
systems based on the aforementioned organic cations with an-
ions of the type CF3SO3, (CF3SO2)2N and similar. Liquids made
on the basis of the latter ions are stable under ambient conditions
with only low water uptake.

Good electrolytes should have high conductivity, large elec-
trochemical windows, excellent thermal and chemical stabil-
ity, and negligible evaporation. When using IL as an electrolyte
medium, it is possible to satisfy the conditions and achieve a
broader range of operational temperatures and conditions rel-
ative to other conventional electrolytic media. This makes ILs
promising materials in various electrochemical devices, such as,
batteries, fuel cells, sensors, and electrochromic windows.

One report (13) showed that a lithium ion cell with an IL
electrolyte performed at a level of practical utility in terms of cell
performance and cycle durability. Both the room-temperature IL
(14) and proton-conducting gelatinous electrolytes templated by
RTILs (15) have been studied as possible solvents in lithium
batteries.

Metals that can be obtained from aqueous media in most
cases can also be deposited from ILs, often with superior
quality because hydrogen evolution does not occur. These
features and their good ionic conductivities—between 10−3

and 10−2�−1cm−1—make ILs interesting solvents for low-
temperature electrodeposition studies, especially with respect to
elements that cannot be obtained from aqueous solutions (e.g.,
silicon, germanium, aluminum, titanium, and plutonium).

Most of the basic studies on metal and alloy deposition
have been performed in AlCl3-based ILs. However, interest-
ing systems that are made from organic salts and different
metal salts also have been reported in the literature, and the
new air-stable liquids are being intensively investigated for cat-
alytic studies and green chemistry purposes. One example is Ref.
(16) where the report that silicon can be electrodeposited well
on the nanoscale in the RTIL 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide saturated with SiCl4 is pre-
sented. This liquid exhibits on highly oriented pyrolytic graphite
(HOPG) an electrochemical window of 4 V, which is limited in
the anodic regime by the degradation of HOPG, in the cathodic
regime by the irreversible reduction of the organic cation. A sil-
icon layer with a thickness of 100 nm exhibits a band gap of
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IONIC LIQUIDS IN CHEMICAL ANALYSIS 179

1.0 ± 0.2 eV, which is shown by in situ current/voltage tun-
neling spectroscopy, indicating that semiconducting silicon was
electrodeposited.

However, although these systems have been known for a long
time, industrial standard procedures have not yet been estab-
lished. A shortcoming is that, for studies on less noble elements
(e.g., germanium and aluminum), the liquids have to be free of
water so that at least a final dry atmosphere is required. Neverthe-
less, this is not a principal problem and the wide electrochemical
windows of at least 4 V are very attractive.

Microdroplet and thin film deposits of an IL, 1-methyl-
3-(2,6-(S)-dimethylocten-2-yl)-imidazolium tetrafluoroborate
[MDIM][BF4], on electrode surfaces have been studied in or-
der to assess the ability of aqueous ions to partition into the IL
(17). Two complementary methodologies were employed de-
position of IL onto a 4.9-mm-diameter basal plane pyrolytic
graphite electrode followed by voltammetric analysis and cast-
ing of an IL film onto a random array of 7-µm-diameter carbon
microelectrodes (RAMTM electrode) followed by chronoam-
perometry. The ability of hydrophilic ions to partition from the
water phase into the IL phase was unexpected and shown to de-
pend strongly on (a) the type of ion, (b) the specific interaction
of the ion with the IL, and (c) the concentration of the supporting
electrolyte. Voltammetric responses obtained for the reduction
of Fe(CN)3−

6 partitioned into microdroplet and thin film deposits
of MDIM+BF−

4 indicate selective uptake of ferricyanide into the
IL phase. Chronoamperometric experiments at RAMTM elec-
trodes were used to quantify both the concentration of Fe(CN)3−

6
in the IL and the diffusion coefficient.

In some cases, electrochemical properties of probes in ILs
are not much different than in conventional organic solvents.
This has been reported in a study (18) on the voltammetric in-
vestigation of the reactivity of a cobalt Schiff base complex
(namely, N,N′-bis(salicylidene)-ethylene diamino cobalt(II), so-
called CoII–salen, in 1-butyl-3methylimidazolium hexafluo-
rophosphate, [BMIm][PF6]) toward selected organohalogenated
derivatives. The obtained results indicate that the electrochem-
ical behavior of CoII–salen in the RTIL is similar to that pre-
viously reported in various organic solvents. Also, the nature
of the involved mechanisms of the electroreductive activation
of the organohalogenated derivatives was almost unchanged in
[BMIm][PF6] compared with the usual conventional organic
solvents. If when testing new methods this kind of result is
disappointing, sometimes it would be useful to compare meth-
ods in parallel with ILs as was done in next study (19) to ob-
tain similar behavior. These results detail a novel methodol-
ogy for the electrochemical detection of ammonia based on
its interaction with hydroquinone in DMF. It was shown that
ammonia reversibly removes protons from the hydroquinone
molecules, thus facilitating the oxidative process with the emer-
gence of a new wave at less positive potentials. The analyti-
cal utility of the proposed methodology was examined with a
linear range from 10 to 95 ppm and corresponding limit-of-
detection of 4.2 ppm achievable. Finally, the response of hydro-

quinone in the presence of ammonia was examined in the RTIL
1-ethyl-3-methylimidazolium bis(trifluormethylsulfonyl)imide,
[EMIm][N(Tf)2]. Analogous voltammetric waveshapes to that
observed in DMF were obtained, thereby confirming the viabil-
ity of the method in either DMF or [EMIm][N(Tf)2] as solvent.

Electrolytes play an important role in determining the per-
formance of conducting polymer electrochromic devices. The
applications of ILs as electrolytes in electrochemical synthesis
of conducting polymers, in electrochemical and electrochromic
characterization of both electrochemical and chemically syn-
thesized conducting polymers, and in fabrication of conduct-
ing polymer electrochromic devices have been explored (20).
In ionic liquids, highly stable electroactivity was obtained for
polyaniline in a wide potential range for greater than 1 mil-
lion cycles. During the fabrication of electrochromic devices,
electrochemically synthesized polymers were employed for dis-
plays, while chemically synthesized polymers (via spin-coating)
were preferable for large-area electrochromic windows. Based
on this, the prototypes of alphanumeric displays and large-area
(5 × 5 cm) electrochromic windows have been successfully
fabricated. High device performance of low operation voltages
(<1.5 V), high coloration contrast (>50%), fast coloration speed
(<100 ms), and high coulombic efficiency (>98%) have been
realized.

Ionic liquids have the advantage of greater electrochemi-
cal stability than water, thus offering the possibility of higher
actuation voltages for electrically controlled materials. An IL
[EMIm][N(Tf)2] has been evaluated for use as electrolyte for
electromechanical actuators based on polypyrrole (21). The ac-
tuator performance in IL electrolytes is significantly better than
that in traditional organic and aqueous electrolytes.

In this work (22), the use of 1-ethyl-3-methylimidazolium tri-
fluoromethanesulfonate IL was demonstrated as a viable solvent
for Nafion polymer actuators and sensors. Experimental results
indicate that Nafion transducers solvated with this IL have im-
proved stability when operated in air as compared to the same
materials solvated with water, although the magnitude of the re-
sponse is decreased as compared to the water samples at high
frequencies. The main drawback associated with the use of ILs
is a reduction in the speed of the response as compared to water,
although the initial results are promising and demonstrate the
potential for this approach.

Solid-state amperometric O2 gas sensors were successfully
fabricated by using supported 1-n-butyl-3-methylimidazolium
hexafluorophosphate [BMIm][PF6] (23) or 1-ethyl-3-
methylimidazolium tetrafluoroborate [EMIm][BF4] (24)
porous polyethylene membrane as a solid-state electrolyte. The
presented O2 gas sensor, which is capable of being operated
at room temperature, shows a wide detection range and high
stability, high sensitivity, and a excellent reproducibility.

An electrochemical sensor with organic ILs as an elec-
trolyte can be used for analysis of air or as a fire detec-
tor (25). Imidazole or pyridine derivatives and, preferably, 1-
ethyl-3-methyl-imidazolium tetrafluoroborate [EMIm][BF4] or
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1-ethyl-3-methyl-imidazolium chloride [EMIm][Cl] are used as
electrolytes which are applied onto a nonwoven material con-
sisting of silicates or polymers. The detection can be carried out
amperometrically or potentiometrically using a two- or three-
electrode system.

An attempt has been made to use IL as an ethanol sensor (26).
The detection limit is 0.13% (vol/vol) and its response time was
336 s with a linear relation between the response current and the
concentration of ethanol in a relatively wide range.

Extraction
A method for using an IL as a solvent in headspace gas chro-

matography has been described in Ref. (27). Thus, ILs contain-
ing 39.5 µg ethanol, 45 µg ethylacetate, 39.0 µg cyclohexane,
and 43.5 µg toluene were dissolved in 0.1 mL of 1-ethyl-3-
methylimidazolium trifluormethanesulfonate [EMIm][CF3SO3]
or 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)-
imidate [EMIm][N(Tf)2] and gas chromatographic analytes
were obtained by using FID detection at 280◦C. The ILs may
be used in place of conventional solvents in headspace gas
chromatography.

Another direction for use of IL as a solvent is extraction,
where nonvolatility could be an advantage in cases of large-
scale processes, and RTILs thus may be suitable candidates for
replacement of volatile organic solvents in liquid-liquid extrac-
tion processes. At the same time one can expect different parti-
tion coefficients for that kind of unusual liquid, which can make
use of ILs preferable at least in chemical analysis. Consider-
ing that ILs can be easily prepared from relatively inexpensive
materials and their characteristics adjusted by combination of
different anions and cations, it is possible to prepare liquids for
task-specific extraction of analytes from various solvent media
and create new liquid-liquid extraction systems. The variability
is shown in data provided in Table 1.

There already have been some studies providing distribution
coefficients between solvents or water and ILs, also discussing
possible mechanisms of partition. The first data were published
in Ref. (28), where the partitioning of simple, benzene-substited
derivatives between water and the RTIL [BMIm][PF6] was dis-
cussed on the basis of the solutes’ charged state and relative
hydrophobicity. These partition data show a close correlation
with partition coefficients of the same solutes in a system of
1-octanol and water. Although the distribution coefficients for
the IL-water system are, in general, an order of magnitude lower
than those for the 1-octanol-water system, these values are suit-
able for practical purpose.

Since this selectivity, capacity, viscosity, and thermal stability
of ILs can be customized, they appear superior to many conven-
tional entrainers and extraction solvents. Ionic liquids have been
found (29) able to break a variety of azeotropic systems. For
ethanol-water separation, the nonvolatile [EMIm][BF4] shows
a remarkable entrainer performance and therefore can enable
extractive distillation processes which require less energy than
the conventional process using 1,2-ethanediol as an entrainer. In

TABLE 1
1-butyl-3-methyl imidazolium cation-based ionic liquids

miscibility with other liquids (Ref. 9e)

[BMIm]
Solvent ε [BMIm]PF6 CH3COOH

Hexane 1.8 Nonmiscible Miscible
Carbon tetrachloride 2.2 Nonmiscible Nonmiscible
Dioxane 2.2 Miscible Nonmiscible
Carbon disulfide 2.6 Nonmiscible Nonmiscible
Benzene 2.3 Miscible Nonmiscible
Trichloroethylene 3.4 Nonmiscible Nonmiscible
Dichloromethane 8.9 Miscible Miscible
Benzyl alcohol 13.0 Miscible Miscible
Butanol 17.8 Nonmiscible Miscible
Isopropanol 18.3 Nonmiscible Miscible
Acetone 21.5 Miscible Miscible
Acetonitrile 26.6 Miscible Miscible
Methanol 33.0 Miscible Miscible
Dimethylsulfoxide 46.7 Miscible Miscible
Propylene carbonate 64.0 Miscible Miscible
Water 80.4 Nonmiscible Miscible

Ref. (30), ternary vapor-liquid and liquid-liquid equilibriums of
the azeotropic mixtures ethanol + water and THF + water con-
taining different kinds of common available ILs were presented.
Evaluation of a new THF-water separation process indicates the
competitiveness of the suggested process and a considerable po-
tential for using ILs as extraction solvents.

In many cases, the modification of cations and/or anions
makes a substantial effect on extraction efficiency. An exam-
ple of the utilization of RTILs in liquid-liquid partitioning from
water has been provided in Ref. (31), where ILs containing
fused polycyclic N-alkylisoquinolinium cations ([Cnisoq]+) in
combination with the bis(perfluoroethylsulfonyl)imide anion
([BETI]−) gave high distribution ratios for aromatic solutes, es-
pecially chlorobenzenes, between the RTIL and water.

For separation of chiral substances the search for new sol-
vents is ongoing, and results on using chiral ILs for this are
beginning to appear. It has been shown that the type of ILs
based on isoquinoliniums I (R1–R8 = monovalent group; A− =
anion) with bis(trifluoromethanesulfonyl)imide anion is useful
for chiral resolution by extraction. An aqueous mixture of amino
acid DL-Tyr was treated with II to remove 18% L-Tyr from the
aqueous phase (32).

Organic solvents are widely used in a range of multiphase bio-
process operations, including the liquid-liquid extraction of an-
tibiotics and two-phase biotransformation reactions. There are,
however, considerable problems associated with the safe han-
dling of these solvents because of their toxic and flammable
nature. In the work described in Ref. (33), it was shown that
RTILs, such as [BMIm][PF6], can be successfully used in
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place of conventional solvents for the liquid-liquid extraction
of erythromycin-A and for the Rhodococcus R312–catalyzed
biotransformation of 1,3-dicyanobenzene (1,3-DCB) in a liquid-
liquid, two-phase system. Extraction of erythromycin with either
butyl acetate or [BMIm][PF6] showed that values of the equi-
librium partition coefficient, K, up to 20–25 could be obtained
for both extractants. The variation of K with the extraction pH
also was similar in the pH range of 5 to 9 though it differed
significantly at higher pH values.

Biocompatible ILs can act as a substrate reservoir and an
in situ extracting agent in biotransformations with whole cells
(34). In the reduction of 4-chloroacetophenone to (R)-1-(4-
chlorophenyl)ethanol, high product concentration (82 g/L−1)
and purity (99.6% ee) were achieved without the addition of
cofactors and without damaging the biocatalyst.

The extractions of organic acid using imidazolium-based ILs
without any extractant are controlled by the hydrophobicity of
the acids and, in all cases, the extractability is very low. The
extraction behaviors of lactic acid with imidazolium-based ILs
containing tri-n-butylphosphate extractant are similar to those of
conventional organic solvents. The lactic acid–producing bac-
terium, Lactobacillus rhamnosus NBRC 3863, grew, consumed
glucose, and produced lactate in the presence of imidazolium-
based ILs. These findings suggest that ILs could be used in an
in situ extractive fermentation process (35).

Amino acids are not soluble in IL; however, it is possible to
extract them partially by adding a crown ether to the IL phase.
The positive form of amino acids is complexed by the crown
ether and the complex is extracted in the IL phase working at
low pH (36). Also, in Ref. (37), amino acids Trp, Gly, Ala, Leu
were extracted efficiently from aqueous solution at pH 1.5–4.0
(Lys and Arg at pH 1.5–5.5) into the RTIL [BMIm][PF6] with
dicyclohexano-18-crown-6 (DC18C6). The most hydrophilic
amino acids, such as Gly, were extracted as efficiently as the
less hydrophilic ones (92–96%). The influence of pH, amino
acid, and crown ether concentration; volume ratio of aqueous
and organic phases; and presence of some cations on amino acid
recovery were studied. The ratio of amino acid to crown ether in
the extracted species is 1:1 for cationic Trp, Leu, Ala, and Gly
and 1:2 for dicationic Arg and Lys. This IL extraction system
was used successfully for the recovery of amino acids from phar-
maceutical samples and fermentation broth, and was followed
by fluorimetric detection.

Important parameters to assess efficiency of the liquid-liquid
extraction process in the case of ILs are distribution coeffi-
cients, and the data are becoming available in the literature.
The most popular ionic liquid [BMIm][PF6] was used as a sol-
vent in Ref. (36). The ionic liquid/water (Pil/water) and ionic
liquid/heptane (Pil/heptane) distribution coefficients of a set of
40 compounds with various functionalities (including organic
acids, organic bases, amino acids, antioxidants, and neutral com-
pounds) were measured using liquid chromatography. For ion-
izable compounds, the Pil/water values measured at pH 2, 5.1, and
10 were very different. These allowed the determination of both

the molecular P(o)il(/water) values and the ion P(−)il(/water) value
for each compound. These coefficients were compared to the
corresponding Poct/water coefficients. Marked differences in the
partitioning behavior of basic, acidic, and neutral compounds
were observed. The relationship between Pil/water and Poct/water

was different from that reported previously. By using the lin-
ear free energy solvation approach and the descriptors found
for 12 solutes, the [BMIm][PF6] solvent parameters were calcu-
lated for the ionic liquid/water and ionic liquid/heptane biphasic
systems. The regression parameters show a low basicity of the
[BMIm][PF6] solvent compared to octanol. The high cohesion
of the ions in the IL phase is also indicated by the regression
equations obtained. Ionized phenols (phenoxide ions) associ-
ated more strongly with [BMIm][PF6] than most other ionized
molecules.

J.-F. Liu et al. (38) demonstrated that (ILs) such as 1-octyl-
3-methylimidazolium hexafluorophosphate [C8MIm][PF6] can
be used as extraction solvents in liquid-phase microextraction
(LPME). The unique properties of nonvolatility and adequate
viscosity allow IL to be conveniently adopted as extraction sol-
vents in both direct-immersion and headspace LPME. Model
compounds, polycyclic aromatic hydrocarbons (PAHs), are con-
veniently and rapidly enriched in a 3-µL drop of [C8MIm][PF6]
suspended on the tip of a microsyringe followed by liquid chro-
matography detection. Compared to 1-octanol, a larger volume
drop of [C8MIm][PF6] can be formed and survive for a longer
extraction time; therefore, a much higher enrichment factor for
PAHs can be reached. For low-volatility PAHs, direct-immersion
LPME provides higher enrichment factors than that of
headspace LPME. However, the enrichment factor obtained by
headspace LPME was almost three fold that by direct-immersion
LPME in a 30-min extraction of the most volatile PAH, naph-
thalene. For 30-min direction-immersion LPME of U.S. Envi-
ronmental Protection Agency (U.S. EPA) priority PAHs, the en-
richment factor, correlation coefficient (R2), and reproducibility
(relative standard deviation, n = 5) were at 42–166, 0.9169–
0.9976, and 2.8–12.0%. Especially, this proposed method should
have great potentiality in sample preparation. Also, the non-
volatility of IL makes it potentially useful for headspace LPME
of volatile analytes. In another paper (39), researchers demon-
strated the use of 1-hexyl-3-methylimidazolium hexafluo-
rophosphate [C6MIm][PF6] as extraction solvent, in LPME of 4-
nonylphenol (4-NP) and 4-tert-octylphenol (4-t-OP). Although
[C6MIm][PF6] can suspend a much larger volume of droplets
on the needle of the microsyringe than the conventional solvents
such as 1-octanol and carbon tetrachloride, the method sensi-
tivity was analyte dependent because of the different partition
coefficients and the relatively large viscosity of [C6MIm][PF6].
The proposed procedure has a detection limit and enrichment
factor of 0.3 µg/L and 163 for 4-NP, and 0.7 µg/L and 130 for
4-t-OP, respectively. Aqueous samples including tap water, river
water, and effluent from a sewage treatment plant were analyzed
by the proposed method and the recoveries at the 10 µg/L spiked
level were in the range of 90% to 113%.
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Liquid-liquid extraction is common method in certain metal
processing, and the search for better solvents is continu-
ing task. For example, 1-alkyl-3-methylimidazolium hexafluo-
rophosphate [CnMIm][PF6] was employed as VOC replacement
in liquid/liquid separations of metal ions from aqueous solutions
(40). Here it was shown that the partitioning of metal ions in
these novel biphasic systems is consistent with traditional liq-
uid/liquid separations: The metal ion affinity for the hydrophobic
phase necessitates the presence of an extractant. In this report
the application of well-known extractants was explored, that
is, 1-(2-pyridylazo)-2-naphthol (PAN) and 1-(2-thiazolylazo)-
2-naphthol (TAN) and inorganic modifiers (i.e., CN−, OCN−,
SCN−,) and halides for partitioning a variety of metal cations
between [C4Mim][PF6] or [C6Mim][PF6] and an aqueous phase.
PAN and TAN showed pH dependent extraction of Cd2+, Co2+,
Ni2+, and Fe3+ where their partitioning to the RTIL increases
at least two orders of magnitude from pH 1 to 13. The effect
of the halides on the partitioning of Hg2+ complexes increases
F− < Cl− < Br− < I−. Pseudohalides, especially SCN−, had
the greatest effect on enhancing the partitioning of Hg2+ to the
RTIL, whereas CN− and OCN− provided little benefit for the
extraction of any of the metal ions examined. The extraction
temperature and pH of the aqueous phase are important parame-
ters to optimize efficiency on the extraction of heavy metal ions
(copper, zinc, and chromium) (41).

Different additives have been used in studies on metal extrac-
tion. In Ref. (42), dithizone was employed as a metal chelator to
form neutral metal-dithizone complexes with heavy metal ions
to extract metal ions from aqueous solution into [BMIm][PF6].
Since the distribution ratios of metal dithiozonates between
[BMIm][PF6] and the aqueous phase are strongly pH dependent,
the extraction efficiencies of metal complexes can be manipu-
lated by tailoring the pH value of the extraction system. Hence
the extraction, separation, and preconcentration of heavy metal
ions with the biphasic system of [BMIm][PF6] and the aqueous
phase can be achieved by controlling the pH value of the ex-
traction system. Preliminary results have indicated that the use
of [BMIm][PF6] as an alternate solvent to replace traditional
organic solvents in liquid/liquid extraction of heavy metal ions
is very promising.

Changing alkyl chain lengths in the 1-alkyl-3-methyl-
imidazolium cation, in combination with PF6 or N(SO2CF3)2

anions, produces hydrophobic ILs with rheological properties
suitable for their use in liquid/liquid separations of important
materials. Actinides exhibit significant partitioning to these
ILs from aqueous solutions with the addition of a modifier
(e.g., octyl(phenyl)-N,N-diisobutylcarbamoylmethyl phosphine
oxide) to the IL (43). Ionic liquids thus can be considered for
actinide chemistry as a new class of materials with adjustable
solvent characteristics.

The recovery of gold and silver from ore in an IL has
been reported for the first time in (44). The 1-butyl-3-methyl-
imidazolium hydrogen sulfate ionic liquid [BMIm][HSO4] was
employed, with iron(iii) sulfate oxidant and thiourea added. Se-

lective extraction of gold (>85%) and silver (>60%) from pow-
der ore (of dominantly chalcopyrite/pyrite/pyrrhotite/sphalerite
mineralogy) was achieved at room temperature in 50 h, with
other lower-value metals present in the ore (Cu, Zn, Pb, Fe) ex-
tracted to only low percentages. Gold extraction was similar to
that achieved in aqueous H2SO4/thiourea/Fe2(SO4)3, and silver
extraction was significantly better. Moreover, the IL can be recy-
cled following selective stripping of gold and silver on activated
charcoal, with reuse in at least four successive treatments leading
to neither IL degradation nor any loss in extraction efficiency.

Octyl(phenyl)-N,N-diisobutylcarbamoylmethyl phosphine
oxide (CMPO) dissolved in an IL [BMIm][PF6] greatly en-
hances extractability and selectivity of lanthanide cations com-
pared to that dissolved in conventional organic solvents; further,
the recovery of lanthanides extracted into ILs can be accom-
plished using several stripping solutions containing complexing
agents (45).

Some additives can substantially change the distribution coef-
ficient for certain substances. The preliminary results presented
in (46) showed that unprecedentedly large distribution coeffi-
cient (D) values can be achieved using ILs as extraction solvents
for the separation of metal ions by crown ethers. This work high-
lighted the vast opportunities in separation applications for ILs
with crown ethers. This was further systematically studied in
(47) where a series of RTILs 1-alkyl-3-methyl-imidazolium hex-
afluorophosphates, in which the 1-alkyl group is varied system-
atically from butyl to nonyl, were used as solvents in extraction.
For solvent extraction of aqueous solutions of alkali metal chlo-
rides with solutions of dicyclohexano-18-crown-6 (DC18C6) in
these RTILs, the extraction efficiency generally diminished as
the length of the 1-alkyl group was increased. Under the same
conditions, extraction of alkali metal chlorides into solutions of
DC18C6 in chloroform, nitrobenzene, and 1-octanol was un-
detectable. The extraction selectivity order for DC18C6 in the
RTILs was K+ > Rb+ > Cs+ > Na+ > Li+. As the alkyl group
in the RTIL was elongated, the K+/Rb+ and K+/Cs+ selectiv-
ities exhibited general increases with the larger enhancement
for the latter. For DC18C6 in [C8MIm][PF6], the alkali metal
cation extraction selectivity and efficiency were unaffected by
variation of the aqueous-phase anion from chloride to nitrate to
sulfate.

A series of N-alkyl aza-18-crown-6 ethers in ILs were in-
vestigated as recyclable extractants for separation of Sr2+ and
Cs+ from aqueous solutions (48). The pH-sensitive complex-
ation capability of these ligands allows for a facile stripping
process to be developed so that both macrocyclic ligands and
ILs can be reused. The strong dependence of selectivity on the
type of IL indicates an important role played by solvation in
solvent extraction processes based on ILs. The optimization of
macrocyclic ligands and ILs led to an extraction system that is
highly selective toward Sr2+.

There are two modes of strontium ion transfer from acidic ni-
trate media into a series of 1-alkyl-3-methylimidazolium-based
RTILs containing dicyclohexano-18-crown-6 (DCH18C6),
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which can be shifted from cation exchange (49) to strontium
nitrate-crown ether complex partitioning as the hydrophobicity
of the IL cation is increased (50).

Another interesting additive for the IL phase on extraction
was found to be a calix[4]arene bearing pyridine, which has
a molecular structure similar to the constitutional unit of 3-
methylimidazolium hexafluorophosphate-based RTILs. It is sol-
uble in ILs, and showed 230-fold extractability for silver ions in
IL over that in chloroform (51, 52). In a competitive extraction
test using five different metal ions (Ag+, Cu2+, Zn2+, Co2+,
Ni2+), only silver ions were transferred by the calix[4]arene
from the aqueous feed phase into the RTILs through a cation-
exchange mechanism. The pyridinocalix[4]arene forms a stable
1:1 complex with silver ions, both by slope analysis and by Job’s
method. Since it is easy to strip silver ions from RTILs by con-
trolling the aqueous-phase pH, the extraction performance of
calix[4]arene in RTILs was maintained after five repeated uses.

Solvent extraction of cesium ions from aqueous solution to
hydrophobic ILs without the introduction of an organophilic an-
ion in the aqueous phase was demonstrated using calix[4]arene-
bis(tert-octylbenzo-crown-6) (BOBCalixC6) as an extractant
(53).

A series of hydrophobic task-specific ionic liquids (TSILs)
designed to extract Hg2+ and Cd2+ from water were pre-
pared by appending urea-, thiourea-, and thioether-substituted
alkyl groups to imidazoles and combining the resulting cationic
species with [PF6] (54). These ILs were characterized and in-
vestigated for their metal ion extraction capabilities. When used
in liquid/liquid extraction of Hg2+ and Cd2+ from aqueous so-
lutions, the metal ion distribution ratios increased several or-
ders of magnitude, regardless of whether the ILs were used as
the sole extracting phase or doped into a series of [1-alkyl-3-
methylimidazolium][PF6] (alkyl = n-C4-C8) ionic liquids to
form a 1:1 solution. In the 1:1 mixtures, as the length of the alkyl
chain increased from butyl to hexyl to octyl, the metal ion distri-
bution ratios increased. Increasing the ratio TSIL/[BMIm][PF6]
resulted in higher distribution ratios for both Hg2+ and Cd2+.
Overall the thiourea- and urea-derivatized cations yielded the
highest distribution ratios, and those for Hg2+ were higher than
those for Cd2+; however, a change in aqueous-phase pH does
not promote the stripping of metal ions from the extracting
phase.

Task-specific ionic liquids containing a bis-imidazolium
cation incorporating a short ethylene-glycol and longer decyl-
glycol spacers, 1,1′-[1,2-ethanediylbis(oxy-1,2-ethanediyl)]
bis[3-methyl-1H-imidazolium-1-yl] imide [N(Tf)2] has been
prepared from the corresponding chloride salt (55). Introduc-
ing the ethylene-glycol functionality dramatically increases the
distribution ratio of mercury ions, but not cesium, from aque-
ous solution to the hydrophobic IL. This is an example of pH-
dependent partitioning and stripping of mercury from ionic liq-
uid/aqueous two-phase systems. The crystal structure of the re-
lated mercury(II) carbene complex reveals the possibility of a
carbene extraction mechanism.

The development of simple systems for cleaning of fuels
has large practical importance (56). Extraction of S- and N-
compounds from gasoline and diesel oil by ILs indicates that
such a process could be an alternative to common hydrodesul-
furization (HDS) for deep desulfurization down to values of
10 ppm S or even lower (57). The results showed the selec-
tive extraction properties of ILs, especially with regard to those
S-compounds which are hard to remove by HDS (e.g., diben-
zothiophene derivatives present in middle distillates like diesel
oil). The application of mild process conditions (ambient pres-
sure and temperature) and the fact that no hydrogen is needed are
additional advantages compared to HDS. Very promising ILs are
[BMIm][C8SO3] and [EMIm][C2SO3], as they are halogen-free
and available from relatively inexpensive starting materials. Ex-
traction with ILs is not limited to diesel oil, but probably is even
more attractive for FCC-gasoline. Although HDS of S-species
present in this gasoline constituent (mainly thiophenes) is rel-
atively straightforward, a major drawback is the loss in octane
number by olefin saturation, which favors extraction with ILs.

The most widespread [EMImBF4], [BMImPF6],
[BMImBF4], and heavier trimethylamine hydrochloride
(AlCl3-TMAC) showed high selectivity, particularly toward
aromatic sulfur and nitrogen compounds, for extractive desul-
furization and denitrogenation (58). The used ILs were readily
regenerated either by distillation or by water displacement
of absorbed molecules. The absorbed aromatic S-containing
compounds were quantitatively recovered. Organic compounds
with higher aromatic π -electron density were favorably
absorbed. Alkyl substitution on the aromatic rings was found
to significantly reduce the absorption capacity, as a result of
a steric effect. The cation and anion structure and size in the
ILs are important parameters affecting the absorption capacity
for aromatic compounds. At low concentrations, the N- and
S-containing compounds were extracted from fuels without
mutual hindrance. AlCl3-TMAC ILs were found to have
remarkably high absorption capacities for aromatics.

There are constant searches for effective systems, and one
interesting proposal can be brought out where CuCl-based IL
exhibited remarkable ability in the desulfurization of gasoline
when used as an extraction absorbent (59). Also, it has been pro-
posed an one-pot operation, where the sulfur-containing com-
pounds in the light oils were extracted into RTILs and then S-
oxidized (H2O2-acetic acid) to form the corresponding sulfones
(60). The advantage of performing both extraction and oxida-
tion of sulfur compounds from light oil simultaneously in RTILs
is that this process increases the desulfurization yield by about
an order of magnitude relative to that of merely extracting with
RTILs. The room temperature ILs can be recycled after workup
and reused without any loss of activity.

In conclusion it can be said that, in many cases, ILs have ad-
vantages compared to common solvents used as separation me-
dia in liquid-liquid extraction processes. Their unique properties
can be developed to allow achievement of high efficiencies and
selectivities of separation. For analytical applications, more data
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to perform quantitative extractions are needed. Also problems
with IL recycling must be solved, especially when industrial
application is in question.

Stationary Phases for Gas Chromatography
Synthetic routes to over 200 RTILs are known, but for most

ILs physicochemical data are generally lacking or incomplete.
Chromatographic and spectroscopic methods provide suitable
tools for the study of solvation properties under conditions
that approximate infinite dilution. The best review of this area
has been provided by Colin Poole in (61), which covers and
summarizes not only imidazolium-based ILs, but also other
salts exhibiting properties similar to ILs. Gas-liquid chromatog-
raphy (GLC) is suitable for the determination of gas-liquid
partition coefficients and activity coefficients as well as ther-
modynamic constants derived from either of these parameters
and their variation with temperature. Using inverse gas chro-
matography (GC), one can examine the nature of ILs via their
interactions with a variety of compounds. The solvation pa-
rameter model can be used to define the contribution from in-
dividual intermolecular interactions to the gas-liquid partition
coefficient.

The wetting ability and viscosity of RTILs allow them
to be coated onto fused silica capillaries. Thus, 1-butyl-3-
methylimidazolium hexafluorophosphate and the analogous
chloride salt were used as stationary phases GC (62). The
Rohrschneider-McReynolds constants were determined for both
ILs and a popular, commercial polysiloxane stationary phase.
Ionic liquid stationary phases seem to have a dual nature. They
appear to act as a low-polarity stationary phase to nonpolar com-
pounds. However, molecules with strong proton donor groups,
in particular, are tenaciously retained. The nature of the anion
can have a significant effect on both the solubilizing ability and
the selectivity of IL stationary phases. It appears that the unusual
properties of ILs could make them beneficial in many areas of
separation science.

Results of systematic study of imidazolium-based ILs as GLC
stationary phases was presented in (63) by J. Anderson and
D. Armstrong. Many of the ILs used in this study suffer from
low thermal stability and possess unfavorable retention behavior
for some classes of molecules. Two new ILs were engineered
and synthesized to overcome these drawbacks. These new ILs,
1-benzyl-3-methylimidazolium trifluoromethanesulfonate and
1-(4-methoxyphenyl)-3-methylimidazolium trifluoromethane-
sulfonate are based on bulky imidazolium cations with trifluo-
romethanesulfonate anions. Their solvation characteristics were
evaluated using the Abraham solvation parameter model and
correlations made between the structure of the cation and the
degree to which the ILs retain certain analytes. The new ILs
have good thermal stability up to 260◦C, provide symmetrical
peak shapes, and, because of their broad range of solvation-type
interactions, exhibit dual-nature selectivity behavior. The IL sta-
tionary phases provided different retention behavior for many
analytes when compared to a common methylphenyl polysilox-

ane GLC stationary phase. This difference in selectivity is due
to the unique solvation characteristics of the ILs and allow us to
make an optimistic conclusion about them as useful dual-nature
GLC stationary phases.

Using ILs for chiral separations can be accomplished via
two ways: (1) a chiral selector can be dissolved in an achi-
ral ionic liquid or (2) the ionic liquid itself can be chiral. The
first precedent to separate chiral compounds with help of ILs
was not very successful (64). There, [BMIm][PF6] was used
as a solvent to dissolve permethylated-β-cyclodextrin (BPM)
and dimethylated-β-cyclodextrin (BDM) to prepare stationary
phases for capillary columns in GC for chiral separation. The
RTIL-containing columns were compared to common columns
containing the same chiral selectors. A set of 64 chiral com-
pounds separated by the common BPM column was tested on
the RTIL BPM column. Only 21 were enantio-resolved. Sim-
ilarly, a set of 80 compounds separated by the common BDM
column was passed on the RTIL BDM column with only 16 posi-
tion separations. Probably the imidazolium ion pair could make
an inclusion complex with the cyclodextrin cavity, blocking it
for chiral recognition. All the chiral compounds recognized by
the RTIL columns had their asymmetric carbon that was part of
a ring structure. The retention factors of the derivatized solutes
were lower on the RTIL columns than those obtained on the com-
mon equivivalent column. The peak efficiencies obtained with
the RTIL capillary were significantly higher than that obtained
with the common column.

Reference (65) presented enantiomeric separations using chi-
ral IL stationary phases in GC. Compounds that have been sep-
arated using these IL chiral selectors include alcohols, diols,
sulfoxides, epoxides, and acetylated amines. Because of the syn-
thetic nature of these chiral selectors, the configuration of the
stereogenic center can be controlled and altered for mechanistic
studies and reversing enantiomeric retention.

Some other groups are using inverse GC with ILs as station-
ary phases to measure the activity coefficients at infinite dilu-
tion, for both polar and nonpolar solutes in an IL. In Ref. (66)
the activity coefficients have been detected on [C8MIm][BF4],
at T = (298.15 K and 323.15 K). The selectivity values have
been calculated at 298.15 K, and the results indicate that the
IL [C8MIM][BF4] should be a good solvent for separation of
benzene and alkanes. Similar results were obtained in Ref. (67)
where the activity coefficients for hydrocarbon solutes at in-
finite dilution in 1-methyl-3-octyl-imidazolium chloride have
been measured. Activity coefficients at infinite dilution γ iα
of the linear and branched C1 to C6 alcohols, acetone, ace-
tonitrile, ethylacetate, alkylethers, and chloromethanes in the
IL 4-methyl-N-butyl-pyridinium tetrafluoroborate were deter-
mined in (68), and in the ILs 1-methyl-3-ethyl-imidazolium
bis(trifluoromethyl-sulfonyl) amide and 1,2-dimethyl-3-ethyl-
imidazolium bis(trifluoromethyl-sulfonyl) amide (69) by GC
using the IL as the stationary phase. The measurements were car-
ried out at different temperatures between 313.1◦K and 363.1◦K.
From the temperature dependence of the limiting activity
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coefficients partial molar excess enthalpies at infinite dilution
γ iα of these polar solutes in the IL have been derived.

Ionic liquid [BMIm][PF6] was employed as the stationary
liquid in capillary column chromatography with supercritical
carbon dioxide (scCO2) as the mobile phase (70). Open tubular
capillary columns were used to measure the retention factors
of anisole, azulene, benzil, α-ionone, napthalene, pyrene, and
vertrole within 313–353 K and 8.1–23.2 MPa. The retention
factors were converted to infinite-dilution solute partition co-
efficients in the [BMIm][PF6]-scCO2 system. Analysis of the
relative retention data by regular solvation theory resulted in ap-
proximate values of the solubility parameter of CO2-expanded
[BMIm][PF6]. It confirms viability of open tubular supercriti-
cal fluid chromatography to provide partitioning data on low-
volatility solutes in biphasic RTIL-scCO2 systems.

The liquid state of ILs makes them possible candidates as
solvents in countercurrent chromatography (CCC), which uses
solvents as both the mobile and stationary phases. It was found
that the viscosity of pure RTILs is too high for direct use as a
liquid phase in CCC. The addition of a third solvent was needed
to decrease viscosity. The 40:20:40% wt/wt water-acetonitrile-
[BMIm][PF6] liquid system was found to be appropriate as a
biphasic liquid system for CCC. The ternary phase diagrams
of [BMIm][PF6]-water and acetonitrile, methanol, ethanol, 1-
propanol, and 2-propanol are presented in mass and mole per-
centages. The organic solvent-RTIL-water systems form two
liquid phases with a viscosity low enough to allow CCC op-
eration. The partitioning of 38 aromatic derivatives with acid,
base, or neutral functionalities was studied by CCC (71). The
resulting Pil/w constants were compared with the corresponding
literature on octanol-water partition coefficients, Po/w. (72). The
important drawbacks in the use of RTILs in CCC were clearly
pointed out: high viscosity producing pressure buildup, UV ab-
sorbance limiting the use of the convenient UV detector, and non
volatility precluding the use of the evaporative light-scattering
detector for continuous detection.

Solvents for Spectroscopy
It has been reported in (73) that ILs are able to solvate a wide

range of species including organic, inorganic, and organometal-
lic compounds; notably, a variety of transition metal com-
plexes, which are unstable in other media, may be studied
in ambient temperature ILs. The use of RTILs as solvents
for UV-visible and IR spectroscopy for highly charged com-
plex ions with high- or low-oxidation states like [MXn]y-
complexes (M = transition metal; X = Cl, Br) circumvents
the problems of solvation and solvolysis and permits reliable
solution spectra to be recorded for these species. A selec-
tion of spectra is presented which were obtained for M =
Ir, Os, Ru using ILs based on 1-methyl-3-ethylimidazolium
chloride: AlCl3 and 1-methyl-3-ethylimidazolium bromide:
AlBr3 mixtures. Enhanced resolution and significant spectra
shifts compared with the standard published solution spec-
tra were observed. The results most closely resemble those

recorded in solvents of low dielectric constants such as CH2Cl2.
Several examples using room-temperature haloaluminate ILs,
specifically N-butylpyridinium chloride-aluminum(III) chloride
and 1-methyl-3-ethylimidazolium halide-aluminum(III) halide
(halide = chloride or bromide), as solvents for studying the so-
lution electronic absorption spectra of transition metal halide
complexes have been described by K. R. Seddon in (74). Also,
water- and air-stable ILs have good solvating properties together
with large spectral transparency (UV cut-off wavelengths of
alkylimidazolium-based ILs are in the range of 230 to 250 nm),
which makes them suitable solvents for spectroscopic measure-
ments especially in the visible region.

The importance of the purity of the solvent for spectroscopic
studies has been highlighted in Ref. (75). Results from small-
angle X-ray scattering indicate that the pure solvent exhibits a
local organization. Eu(II), which appears to be unusually stable
in [BMIm][PF6], was characterized by spectroscopic techniques
(absorption, luminescence). Solvation of Eu(II) in [BMIm][PF6]
and complexation effects in the presence of the crown ether
DC15C5 solubilized in the IL were discussed.

The combination of ILs with the use of scCO2 as an ex-
tractant offers potential for chemical reaction and downstream
separation. Spectroscopic studies can offer reliable data about
the properties of media. The authors in (76) studied the solvent
properties of mixtures of [BMIm][PF6] and CO2 as functions
of temperature (35◦C to 50◦C) and CO2 pressure (0–230 bar).
The results are consistent with a picture of local enhancement of
an RTIL compound around a chromophore, maintaining solvent
strength even at fairly high loadings of CO2, whereas the mi-
croviscosity in the vicinity of the solute is dramatically reduced,
leading to enhanced mass transport and facilitated separation.
They can be used together with organic cosolvents which “sol-
vate” the constituent ions of the IL, resulting in a decrease in the
aggregation of these ions (lower viscosity and higher conduc-
tivity).

Spectroscopic measurements of solvatochromic and fluores-
cent probe molecules in RTILs have provided insights into sol-
vent intermolecular interactions, although interpretation of the
different and generally uncorrelated “polarity” scales has some-
times been ambiguous. The IL [BMIm][PF6] has been used as
solvent for a series of representative photochemical reactions
(77). The aim was to cover a wide range of photochemical reac-
tions, including energy transfer, hydrogen abstraction, oxygen
quenching, and electron transfer. The major features found in
this study for this prototypical IL are: (a) remarkable low oxygen
solubility ([O2] < 0.2 mmol/L) at atmospheric oxygen pressure;
(b) slow molecular diffusion rendering diffusion-controlled pro-
cesses about two orders of magnitude slower than in common
organic solvents; (c) long lifetime of triplet excited states (one
order of magnitude) and radical ions; (d) weaker CT interaction
decreasing the association constant of the CT complexes and
shifting the λmax longer wavelength.

In view of the presented data, ILs not only are suitable for
electron transfer processes as reported up to present, but they also
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are useful for energy transfer and hydrogen transfer, although
not for singlet oxygen generation. Finally, the slowdown of the
rate constants could be useful for doing fast processes (sub ns)
in more widely accessible timescales (ns systems).

Mass Spectrometry
The low volatility of ILs makes them useful as solvents work-

ing in a high vacuum and, together with their more amorphous
solid analogs, they merit further study as MALDI matrixes. Ionic
liquids have excellent solubilizing properties and vacuum sta-
bility compared to other commonly used liquid and solid ma-
trixes. Certain ionic matrices, however, produce homogeneous
solutions of higher ion peak intensity and equivalent or lower
detection limits than currently used solid matrixes. Also, they
vary widely in their ability to produce analyte gas-phase ions.

These matrix systems allow a homogenous sample prepara-
tion with a thin IL layer having negligible vapor pressure. The
vacuum-stable, liquid consistency of IL matrix sample prepara-
tions has considerably enhanced MALDI-MS analysis in terms
of shot-to-shot reproducibility, and this has led to a facilitated
qualitative and quantitative measurement of the analytes com-
pared with classical solid matrixes.

There are some groups working on this area and searching the
TSILs for MALDI-MS applications. Several different ionic ma-
trixes have been synthesized and tested, using peptides, proteins,
and poly(ethylene glycol) (PEG-2000) (78). The IL matrixes
are composed of equimolar combinations of classical MALDI
matrixes (sinapinic acid, α-cyano-4-hydroxycinnamic acid, or
2,5-dihydroxybenzoic acid) with organic bases. The use of ILs
as matrixes for the qualitative and quantitative analysis of low-
molecular-weight a compounds like amino acids, sugars, and
vitamins was studied in (79). As a result of these experiments,
it appears that IL matrices can successfully replace solid ma-
trices wherever the latter are used for analysis of biologically
interesting low-molecular-weight compounds.

The usefulness of using ionic matrices to determine the
molecular weight of DNA oligomers by direct TOF mass spec-
trometric analysis was demonstrated in (80). Three oligonu-
cleotides were tested, d(pT)(10), d(pC)(11), and d(pC)(12),
with several ionic matrices synthesized from different bases
associated with two acids (3-hydroxypicolinic acid and 2,5-
dihydroxybenzoic acid). The results obtained show that the best
ionic matrices enhance the ion peak intensity of the oligonu-
cleotides with respect to conventional molecular matrices un-
der our experimental conditions. In one case, an ionic matrix
provided a signal-to-noise ratio 10 times higher than the corre-
sponding molecular matrix.

The performance of the new IL MALDI-MS matrix 2,5-
dihydroxybenzoic acid butylamine (DHBB) was assessed
and compared to results obtained with the IL MALDI-
MS matrixes α-cyano-4-hydroxycinnamic acid butylamine
(CHCAB), 3,5-dimethoxy-4-hydroxycinnamic acid triethy-
lamine (SinTri), and the frequently used solid MALDI matrixes
2,5-dihydroxybenzoic acid (DHB) and α-cyano-4-hydroxyci-

nnamic acid (CHCA) (81). Consequently, relative standard de-
viations serving as a measure for reproducibility of intensity
values acquired from 90 different spots on one MALDI-MS
preparation were approximately one-half as high when solid
DHB was replaced by the IL DHBB and eight times lower after
exchange of solid CHCA by the IL CHCAB. Interestingly, the
IL MALDI-matrix DHBB conserved the broad applicability of
its solid analog DHB, reduced MALDI induced fragmentation
of monosialylated glycans and gangliosides, and was the supe-
rior IL matrix for MALDI-MS analysis of oligosaccharides and
polymers, such as poly(ethylene glycol). It also worked well with
glycoconjugates, peptides, and proteins; however, the tendency
of DHBB to form multiple alkali adduct ions with peptides and
proteins made CHCAB the IL matrix of choice for peptides. Sin-
Tri was the best IL matrix for proteins of high molecular weight,
such as IgG. Furthermore, it was demonstrated that solvent prop-
erties and MALDI matrix properties of ILs, such as DHBB, can
be combined to enable fast, direct screening of an enzymic re-
action. This was proven by the desialylation of sialylactose with
sialidase from Clostridium perfringens in the presence of diluted
aqueous DHBB and subsequent direct MALDI-MS analysis of
the reaction mixture.

Electrospray ionization mass spectrometry is gaining larger
attention in both a theoretical and practical sense. When a liquid
meniscus is charged to a sufficiently high voltage with respect
to neighboring grounded electrodes, the liquid surface deforms
into a so-called Taylor cone, whose apex ejects a thin jet. Ionic
liquids, being highly conducting liquids, of low volatility, can
be used for generation this kind of jet. The modest spread of ion
energies observed and considerable currents attained (0.6 µA)
suggest the use of ILs as ion beam sources with a much wider
range of mass/charge and chemical compounds than previously
available (82, 83).

Electrospray ionization mass spectrometry of neat ILs does
not require continuous sample injection and the presence of a
molecular solvent facilitates analysis of the IL itself and dis-
solved analytes (84). Ionic liquids were analyzed in undiluted
form (85), where results indicate that signal-to-noise ratios for
minor constituents are comparable to those observed in conven-
tional, diluted ES-MS and that this approach could be readily
applied for mass spectrometric analysis of ILs and ionic impuri-
ties/additives dissolved therein, especially those that are solvent
reactive. This was realized in a purity check of microwave syn-
thesized ILs (86). On the other hand, the characterization of a
ruthenium catalyst immobilized in an IL has been described (87).

DEVELOPMENT OF METHODS, WHERE IL ARE USED
AS NOVEL ADDITIVES

Liquid Chromatography
It seems that ILs are not very good media for separation

and applications in liquid chromatography and capillary elec-
trophoresis with use of them as specific additives. Silica-based
stationary phases are commonly used in liquid chromatography,
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but their surface acidity causes known problems, especially
when separating basic compounds. Deleterious effects of free
silanols are not fully removed by standard prevention procedures
consisting of adding alkylamines or other amino quenchers to the
eluents. Researchers found in (88) that ILs of the imidazolium
tetrafluoroborate class, added to mobile phases at concentra-
tions of 0.5–1.5% (v/v), blocked silanols and provided excellent
thin-layer chromatographic separations of strongly basic drugs
which were otherwise not eluted, even with neat acetonitrile
as the mobile phase. The silanol-suppressing potency of imi-
dazolium tetrafluoroborates was demonstrated to markedly ex-
ceed that of the standard mobile phase additives, such as triethy-
lamine, dimethyloctylamine, and ammonia. The proposed new
mobile phase additives were also demonstrated to provide reli-
able lipophilicity parameters of base drug analytes as determined
by the gradient mode of high-performance liquid chromatog-
raphy. By applying the readily available and environmentally
friendly imidazolium tetrafluoroborate ILs, simple and efficient
means of improvement of liquid chromatographic analysis of
organic bases have been elaborated.

The positive effects of IL addition on the separation of
ephedrines (norephedrine, ephedrine, pseudoephedrine, and
methylephedrine) on a C18 column—decreasing band tailing,
reducing band broadening, and improving resolution—were fol-
lowed in (89). The retention times of the analytes increased
at first and then decreased with increase in the concentration
[BMIm][BF4] IL. This effect may be attributed to the compe-
tition between imidazolium cations and the polar groups of the
analytes for the silanol group on the alkylsilica surface, and also
to the formation of a weak bilayer electronic structure on the
C18 column. Several ILs with different alkyl substituents on the
imidazolium cations or with different counterions as the eluent
were compared.

Some amines including benzidine, benzylamine, N-
ethylaniline, and N,N-dimethylaniline have been separated us-
ing ILs as additives for the mobile phase in high-performance
liquid chromatography. The differences between ILs and tetra-
butylammonium bromide (TBA) on the separation of o-, m-,
p-phthalic acids were compared. It was concluded that ILs are
ion-pair reagents in essence, although their hydrophobicity and
hydrogen bonding play important roles (90).

Electrophoresis
There is one example on electrophoretic separation of

highly hydrophobic compounds and hydrophobic proteins in
a nonaqueous solvent. The nonaqueous solvent was an IL or a
mixture of an organic solvent containing an IL in an amount
to render the solvent electrically conductive and amenable for
electrophoretic separation. The hydrophobic proteins were sep-
arated by electrophoresis using an electrophoresis gel that was
compatible with the organic solvent and IL. The formation of a
nonaqueous electrophoresis polyurethane gel containing the IL
[EMIm][TfO] was demonstrated (91). Hypol G-50 prepolymer
was used as a precursor for the polyurethane gel.

More studies have been performed in capillary electrophore-
sis (CE) on use of ILs. Acetonitrile is a well-suited medium for
nonaqueous capillary electroseparations and enables extending
the range of applications of CE techniques to more hydrophobic
species. In many cases salts which are liquid at room tempera-
ture, show a better solubility in organic solvents, and can be used
in nonaqueous capillary zone electrophoresis as ionic additives
for adjustment of analyte mobility and separation. The separa-
tion of different analytes in organic solvents is achieved because
they become charged in the presence of ILs in separation media.
The first such kind of application of ILs was demonstrated in
(92). In the next study (93, 94), 1-alkyl-3-methylimidasolium-
based ILs were used as additives in separation media to as-
sess the interactions between the analytes and the ionic additive
present, to find an influence of the type and concentration of
the ionic additive, and also to find an influence of the nature of
the nonaqueous medium employed. The anionic part as well
as the concentration of an IL influenced the general elec-
trophoretic mobility of the buffer system. Different organic sol-
vents (acetonitrile and methanol) contributed differently to the
conversion of analytes into a charged form. Complexes with ei-
ther an anionic or a cationic part of the IL additive were formed.
The separation of phenols and aromatic acids, as well as polyphe-
nolic compounds was discussed.

Also in aqueous media, use of 1-alkyl-3-methylimidazolium-
based ILs was successful (95) for resolving phenolic compounds
found in grape seed extracts. The method is simple and repro-
ducible. The separation mechanism seems to involve the asso-
ciation between the imidazolium cations and the polyphenols.
The same kind of buffer was found useful for the analysis of
basic proteins including lysozyme, cytochrome c, trypsinogen,
and α-chymotrypsinogen A (96). The method, in which 1-alkyl-
3-methylimidazolium-based ILs were used as the running elec-
trolytes, led to a surface charge reversal on the capillary wall.
The effects of the alkyl group, imidazolium counterion, and the
concentration of the ILs were discussed. The optimum buffer
system was a 90 mM [EMIm][BF4] solution. Baseline separa-
tion, high efficiencies, and symmetrical peaks of four proteins
were obtained. The RSD values of migration times and peak
areas were <0.68% and <3.0%, respectively. The separation
mechanism seems to involve the association between the imida-
zolium cations and the proteins.

Aqueous CE studies were performed to investigate inter-
actions between halophenols and 1-ethyl-3-methylimidazolium
tetrafluoroborate or tetraethylammonium tetrafluoroborate elec-
trolytes (97). In both cases, increased halogen size correlated
with increased affinity for the electrolyte cation. For isomers,
the ortho-substituted isomer exhibited higher affinity than the
para isomer. Irreproducible CE results for analyte pairs in the
presence of the IL stimulated investigations of the interactions
between halophenols as well as with the cations of the elec-
trolyte. These interactions were explored by proton and fluo-
rine one-dimensional nuclear magnetic resonance (NMR). The
NMR results indicated differences in the interactions between
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tetraethylammonium/iodophenols and imidazolium/iodophe-
nols. The NMR results also indicated hydrophobic stacking in-
teractions between the iodophenols and possible similar inter-
action among phenols and imidazolium.

The electroosmotic flow of bare silica capillary was reversed
by the covalently bonded RTIL coating (98). With run buffer of
5 mM [EMIm] with different anions (BF4, Cl, PF6, and TfO)
at pH 8.5, NH4+ in human urine was separated from the K+

matrix and was detected to be 0.37 ± 0.012%. K+, Na+, Li+,
Ca2+, Mg2+, and Ba2+ were baseline separated in RTIL-coated
capillary with run buffer of 10 mM [EMIm][OH]–acetic acid
at pH 5, and the concentrations of the above ions in a red wine
were detected to be 907, 0, 27.9, 0, 71.0, 83.4, and 31.1 µg/mL,
respectively. The same kind of coating by IL was used in (99) to
eliminate the adsorption of the analytes onto the bare capillary
wall. Sildenafil (SL) and its metabolite UK-103,320 (UK) in hu-
man serum were detected by solid-phase extraction followed by
capillary zone electrophoresis-mass spectrometry analysis. The
drugs were baseline separated within 14 min with detection lim-
its (S/N = 3) of 14 and 17 ng/mL for SL and UK, respectively.
The method developed showed good intraday precision in terms
of RSD with respect to migration time (RSD ≤ 0.76%, n = 5)
and peak area (RSD ≤ 3.4%, n = 5). Also an IL-coated capillary
was prepared and investigated for DNA separation (100). Below
900 base pairs, the larger DNA fragment suffered more retar-
dation in the IL-coated capillary due to the increasing charge
density of the fragment with size. In the presence of 4% hy-
droxyethylcellulose, the phiX174 DNA-Hae III digest fragments
were baseline separated in both IL- and polyacrylamide-coated
capillary except for the fragments of 271 and 281 base pairs; the
analysis time was shorter in the IL-coated capillary. These exper-
iments indicated that the IL-coated capillary could work stably
in the run buffer for at least 96 h with no notable deterioration
in performance.

A capillary zone electrophoresis-potential gradient detection
(PGD) method coupled with field-amplified sample injection
was developed to determine alkali metal, alkali-earth metal,
nickel, lead, and ammonium ions (101). The capillary surface
was coated with dialkylimidazolium-based IL and thus the elec-
troosmotic flow of the capillary was reversed. The buffer was
composed of 7.5 mM lactic acid, 0.6 mM 18-crown-6, 12 mM
α-cyclodextrin (α-CD); it was adjusted to pH 4.0 by 1-hexyl-
3-methylimidazolium hydroxide. The 11 cations were baseline
separated within 14 min with 5.1–18.9 ∗ 104 plates (for 40-cm-
long capillary) in separation efficiency, and the detection limits
were at 0.27–7.3 ng/mL. The method showed good reproducibil-
ity in terms of migration time with RSD ± 0.90% for run-to-run
and RSD ± 1.65% for day-to-day assessment.

The use of ILs as modifiers in the separation of achiral and
chiral analytes in micellar electrokinetic chromatography has
been reported (102). Polymeric surfactants and ILs were added
to a low-conducting buffer solution. The polymeric surfactants
used in this study were poly(sodium N-undecylelinic sulfate)
and poly(sodium oleyl-L-leucylvalinate). It was expected that

these ILs would have the ability to assist in the separation of
hydrophobic mixtures while maintaining adequate background
current. Three analyte mixtures were separated using various
buffer combinations of polymeric surfactant and ILs. The ILs
improved the resolution and peak efficiency of the analytes while
maintaining adequate background current.

Application of ILs as useful additives is also possible in
atomic spectroscopy. The analysis of gold by inductively cou-
pled plasma atomic emission spectrometry (ICP-AES) in aque-
ous solution in the presence of up to 50% w/v of IL has been re-
ported (103). The ILs investigated contain [BMIm] cation with
the anions Cl−, BF4−, HSO4−, or N(CN)2−. A facile route to
the HSO4− salt was also described. The presence of ILs altered
the nebulization efficiency and sample transport properties, and
the AES signal intensity and apparent concentration of gold in
solution usually was suppressed principally as a result of in-
creased viscosity of solutions containing an IL. However, the
counterplay between a lower surface tension and a higher vis-
cosity was illustrated by the results for the [BMIm][BF4] IL. The
presence of this liquid at low concentrations caused an enhanced
apparent concentration of gold, whereas at higher concentrations
the apparent concentration was diminished as the viscosity of
the solution increased. Comparative data with simple sodium
salts was also reported. Use of the standard addition method to
compensate for matrix effects in the presence of ILs is effective.

CONCLUSIONS
All evidence points to ILs as a unique class of polar sol-

vents suitable for technical development. Ionic liquid studies
indicate their unique solvent properties: low cohesion for ILs
with weakly associated ions compared with molecular liquids
of similar polarity, greater hydrogen-bond basicity than typical
polar molecular solvents, and a range of dipolarity/polarizability
that encompasses the same range as occupied by the most polar
molecular liquids (104). In terms of designer solvents, however,
further work is needed to fill the gaps in our knowledge of the
relationship between ion structures and physicochemical prop-
erties to develop a comprehensive approach for design of ILs.
There are several proofs of principle for an advantageous use of
some ILs, but the road to designing and optimization of TSILs
has a long way to go.
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