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Abstract

The role of ionic liquids (ILs) in analytical chemistry is increasing substan-
tially every year. A decade ago there were but a handful of papers in this
area of research that were considered curiosities at best. Today, those pub-
lications are recognized as seminal articles that gave rise to one of the most
rapidly expanding areas of research in chemical analysis. In this review, we
briefly highlight early work involving ILs and discuss the most recent ad-
vances in separations, mass spectrometry, spectroscopy, and electroanalytical
chemistry. Many of the most important advances in these fields depend on
the development of new, often unique ILs and multifunctional ILs. A better
understanding of the chemical and physical properties of ILs is also essential.

145



Annual Review of Analytical Chemistry 2009.2:145-168. Downloaded from www.annualreviews.org
by Fordham University on 12/16/11. For personal use only

146

1. INTRODUCTION

Tonic liquids (ILs) are liquids composed entirely of ions. For a salt to be classified as an IL, it
must have a melting point of <100° C. Ionic liquids are termed room-temperature ionic liquids
(RTILs) if they are composed of a salt thatis liquid at room temperature. ILs almost always contain
an organic ion as either the cation or the anion. Typical cations are based on the imidazolium,
pyridinium, ammonium, or phosphonium group. Anions are more likely to be inorganic (such as
halides, BF4, PF) than are the cations, but organic anions are also common [examples include
trifluoromethanesulfonate (triflate) and bis[(trifluoromethyl)sulfonyl]Jamide (N'TF,)]. The desired
anions of a particular IL are often obtained through metathesis reactions. Given the numerous
combinations of cations and anions available, ILs have been touted as “designer” compounds.

ILs are different from the molten salts commonly studied in the mid- to late-twentieth century.
Molten salts are generally mixtures of alkali metal salts, which often have limited liquid ranges,
thermal stabilities, and variable chemical inertness (1). In contrast, ILs usually contain only one
type of cation and anion and can have exceptional stability and inertness over a wide range of
temperatures. For this reason, molten salt research is not described in this review. We also draw a
distinction between the ILs of today and other so-called ionic liquids that consist of an alkylimi-
dazolium cation and a chloroaluminate anion; the latter are not considered to be water stable, and
they can react with other substrates.

Given the volume of scientific literature involving ILs, it is not possible to discuss all of the
published work. In this review, we aim to describe early analytical developments that used ILs and
to highlight the most important recent advances in separations, mass spectrometry, Spectroscopy,
and electrochemistry.

2. IONIC LIQUIDS: EARLY HISTORY

The first report of a liquid saltis generally attributed to Paul Walden. In 1914, Walden (2) reported
the synthesis of ethylammonium nitrate, which has a melting point of 13-14° C. However, little
attention was paid to this report until a synthesis of air- and water-stable ILs based on imidazolium
salts was published in 1992 (1). These more stable ILs allowed researchers to study and experiment
with them in a variety of applications.

Initially, these new air- and water-stable ILs were applied to the arena of organic synthesis.
In 1995, Suarez and coworkers (3) synthesized 1-n-butyl-3-methylimidazolium (BMIM) BF4 and
PF to serve as a solvent for a two-phase catalysis reaction involving rhodium complexes for the
hydrogenation of cyclohexene. Later, BMIM BF4, PFy, and triflate (trifluoromethanesulfonate)
ILs were used in the hydrodimerization of 1,3-butadiene via palladium catalysts in a two-phase
system (4, 5). The Welton group (6) found that BMIM BF4 was an even better solvent than
dichloromethane for arene hydrogenation using ruthenium catalysts, although other ruthenium
catalysts were insoluble in the IL and were rather ineffective (7). Seddon and coworkers also carried
out enzyme-catalyzed reactions in BMIM PF; in a biphasic system (8) and later entirely in an IL
(9). By 1999, ILs with organic cations that were not based on imidazolium or pyridinium structures
began emerging for specific synthesis tasks (10). These studies show how ILs have become such
attractive replacements for traditional organic solvents in these applications. However, because
synthesis is not the focus of this review, we do not discuss these applications further.

Molten salts with alkylimidazolium cations and chloroaluminate anions were of interest in
electrochemical research in the 1980s. However, it became necessary to find alternatives because
of the chloroaluminates’ instability in water. Fuller and coworkers (11, 12) incorporated 1-ethyl-
3-methylimidazolium BFy, triflate, and PF¢ into a poly(vinylidene fluoride)-hexafluoropropylene
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copolymer to make a gel electrolyte. These ILs retained the same desirable properties as the earlier
chloroaluminate salts, such as high ionic conductivities and wide electrochemical windows, but the
former were more water stable. Further developments involving the use of ILs in electrochemical
applications are discussed in Section 3.6.

Early applications of ILs also included their use as solvents in liquid-liquid extractions. In 1998,
the Rogers group (13) began using ILs as solvents for the extraction of simple, substituted benzene
derivatives from water. BMIM BF, and PF, displayed partitioning behavior similar to that of the
traditional octan-1-ol/water system. Although distribution coefficients were higher in the octan-
1-ol/water system, the IL possessed an adequate extraction power for practical separations. The
authors determined that the uncharged forms of ionizable analytes were more efficiently extracted
into the IL layer, similar to their behavior with traditional organic solvents. The appeal of using
ILs as replacements for organic solvents thus arises from their negligible vapor pressure.

Dai and coworkers (14) added crown ethers to imidazolium ILs with either PF4 or NTF,
[bis[(trifluoromethyl)sulfonyl]amide] anions for the extraction of strontium nitrate from water.
When traditional organic solvents were used, the thermodynamically favored complexation of Sr**
was hindered by the thermodynamically unfavored desolvation of the nitrate ion. Alkyl chains on
the imidazolium cation and the identity of the anion influenced the distribution coefficient of the
Sr?*, with the best-performing IL having a distribution coefficient four orders of magnitude higher
than that of traditional organic solvents. Visser et al. (15) also used alkyl-3-methyl imidazolium PF
ILs along with organic [1-(pyridylazo)-2-naphthol and 1-(thiazoylazo)-2-naphthol] and inorganic
(cyanide, cyanate, thiocyanate, and halides) anions to extract metal cations such as Cd**, Co**,
Ni?*, Fe?*, and Hg?*. These early papers laid the foundation for a large volume of work describing
the use of ILs as extractants.

ILs have also been utilized in another separation technique: gas chromatography (GC). In
a 1999 study, Armstrong and coworkers (16) coated GC capillaries with BMIM PF4 or BMIM
ClL The IL GC columns exhibited a dual nature when separating compounds. Compared to a
relatively nonpolar commercial column employed under the same conditions, the IL columns
separated nonpolar compounds in much the same way and with similar retention times (16).
However, polar compounds such as acids, bases, and compounds capable of hydrogen bonding
could also be separated on the IL columns and displayed much different retention behaviors.
The ILs were also capable of dissolving large compounds, such as cyclodextrins normally used as
chiral GC stationary phases. Additionally, the authors learned more about the nature of the IL
stationary phase by using inverse GC and finding the Rohrschneider—-McReynolds constants of
the IL stationary phase. This work was followed by a more in-depth characterization of 17 RTTLs
using a linear free-energy approach (17).

The unique properties of ILs led Armstrong et al. (18) to investigate their application as poten-
tial liquid matrices for matrix-assisted laser desorption/ionization mass spectrometry (MALDI-
MS). The low vapor pressure of the ILs allowed them to persist in a vacuum while remaining
liquid. Analytes dissolved homogeneously in the IL eliminated the “hot spot” problems encoun-
tered with traditional solid matrices. In 2001, the authors tested 18 different IL matrices in the
MALDI format. Although all of the ILs possessed great solubility and vacuum stability, their abil-
ity to produce gas-phase analyte ions varied. To serve as effective matrices, the ILs needed to have
high absorptivity at the correct wavelength as well as the ability to donate protons to the analytes
(18).

These early works underlie many of the new developments discussed herein. The initial success
of these applications, along with the versatility and unique properties (such as low volatility, low
melting points, viscosity, etc.) of ILs, has led to the use of ILs in applications much broader
than these initial works. These unique properties are controlled by the structure of the cations
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and anions as well as which cations are paired with which anions. Monocations can be based
on different charge groups. Increasing the number of cations increases the number of structural
factors that influence properties of the ILs. Dicationic and tricationic ILs can vary in the type and
length of linkage chains connecting the charge groups. The geometry of tricationic liquids (linear
versus trigonal) also influences properties. Both dicationic and tricationic ILs can be synthesized
to have different types of charged groups, which can greatly affect observed properties. Changing
from inorganic to organic anions can also influence these properties. As with the cationic species,
increasing the charge groups allows for greater variances in the structure of the anion. By changing
the architecture of the ionic parts, ILs can be tuned to the desired properties for use in various
analytical applications.

3. RECENT DEVELOPMENTS

3.1. Gas Chromatography

In 2007, Han & Armstrong (19) reviewed the role of ILs in separation techniques including GC.
Creating GC stationary phases with high thermal stability is very important if IL stationary phases
are to compete with commercial GC stationary phases. GC stationary phases with higher thermal
stability were developed using geminal (or dicationic) ILs (20). Dicationic ILs with vinyl groups
were cross-linked after being coated on a silica capillary to yield GC stationary phases with very
high temperature stability and extremely low column bleed (21). Also, asymmetrical dicationic
ILs (22) and tricationic ILs (23) have recently been synthesized. In addition to creating new
avenues for tuning chemical properties, these multifunctional ILs have shown exceptional thermal
stability and very wide liquid ranges, and they may make intriguing new GC stationary phases.
Also highlighted in the review is the development of chiral GC stationary phases using ILs (19).
Enantioselectivity was achieved by dissolving cyclodextrin derivatives in ILs, which yielded very
high separation efficiencies but achieved lower numbers of separations compared to the output
of commercial columns used with the same selectors (24). A chiral stationary phase based on
N,N-dimethylphenylephedrine, where the IL itself is the chiral selector, resulted in enantiomeric
separations for sulfoxides, alcohols, and epoxides (25). However, this stationary phase racemized
or degraded at moderately high temperatures, which highlighted the need for higher-stability
chiral IL stationary phases.

New results in GC (published since the 2007 review by Han and Armstrong) have been reported.
In one study, polyethylene glycol (PEG)-linked geminal dicationic ILs were used as gas-liquid
chromatography (GLC) stationary phases (26). These imidazolium-based dicationic ILs utilized
PEG linkage chains rather than the traditional hydrocarbon linkers. Compared with commercial
polysiloxane and PEG stationary phases, the PEG dicationic liquids showed unique selectivity
and high separation power in separating 24 compounds in a flavor/fragrance mixture (Figure 1)
(26). Seeley et al. 27) compared a trihexyl(tetradecyl) phosphonium NTF; IL column with two
other commercially available columns (DB-Wax and HP-50+) for use in two-dimensional GC
with a relatively nonpolar commercial column (HP-5). Separations of homologous compounds
on the three different configurations showed that the IL column was more polar than the HP-
50+ column but less polar than the DB-Wax column. Two-dimensional separations of diesel fuel
revealed that the IL column excelled at separating different classes of diesel fuel components
(27). A 1,9-di(3-vinylimidazolium)nonane triflate stationary phase was used as the second column
in another two-dimensional GC configuration (28). Compared to the commercial DB-Wax col-
umn, the IL column showed high selectivity for dimethylmethylphosphonate from pentanol and
n-dodecane and was very good at separating all P-O-containing compounds from the other
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(a—d) Separation of a flavor and fragrance mixture with four different columns. 1, dichloromethane; 2, ethyl
propionate; 3, methyl butyrate; 4, ethyl butyrate; 5, isopropyl butyrate; 6, allyl butyrate; 7, methyl tiglate;
8, propyl butyrate; 9, ethyl valerate; 10, ethyl hexanoate; 11, isopropyl tiglate; 12, allyl tiglate; 13, propyl
tiglate; 14, ethyl heptanoate; 15, furfuryl propionate; 16, hexyl butyrate; 17, ethyl octanoate; 18, furfuryl
butyrate; 19, furfuryl pentanoate; 20, hexyl tiglate; 21, furfuryl hexanoate; 22, benzyl butyrate; 23, furfuryl
heptanoate; 24, furfuryl octanoate; 25, benzyl tiglate. Gas chromatography separation conditions: 40° C for
3 min, then 10° C min~! to 150° C; 1 ml min—! He; flame ionization detector. Abbreviations: NTF,,
bis[(trifluoromethyl)sulfonyl]amide; PEG, polyethylene glycol. Reproduced from Reference 29 with
permission from Springer.

31 compounds in a complex mixture. Breitbach & Armstrong (29) characterized 11 phosphonium-
based ILs and compared their physicochemical properties to those of analogous ILs, which are
based on the more common imidazolium structure. The phosphonium ILs were coated onto
capillaries and used as GLC stationary phases. They showed greater thermal stability than did
the nitrogen-based imidazolium ILs, making them extremely attractive for GC applications (29).
The phosphonium ILs also displayed different selectivity from those of imidazolium ILs and
commercial columns.

A mixture of BMIM CI and BMIM NTF, was used to improve the selectivity and resolution
factors of alcohols and aromatic compounds relative to the neat BMIM NTF, column (30). By
adding chloride ions, the authors changed the retention order of alcohols relative to other com-
pounds in the test mixture. As the chloride ion concentration in the stationary phase increased,
the retention times of the alcohols increased as well due to the higher hydrogen-bonding ability of
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the stationary phase (30). Tran & Challa (31) reported a fullerene-impregnated IL as a potential
GC stationary phase. They also attempted to use amino and hydroxyl derivatives as GC stationary
phases. By adding fullerene (or its derivatives), the polarity of the resulting stationary phase was
altered. Changing the IL used to coat the fullerene also affected the polarity of the stationary
phase.

3.2. Liquid-Liquid Extraction

In early applications, ILs were used to replace organic solvents in extraction procedures; these
studies were discussed in the review by Han & Armstrong (19). Therefore, we report the progress
in this area since then.

When ILs were first used to extract metals, complexing agents were often employed (15);
this approach is still in use today. 1-butyl-3-trimethylsilylimidazolium hexafluorophosphate was
used to extract lead from aqueous solutions using dithizone as a chelator (32). The lead was then
back-extracted into nitric acid solutions for direct analysis by graphite furnace atomic absorption.
A mixture of branched alkyl phosphine oxides in CsMIM (1-octyl-3-methylimidazolium) PF4
was used to extract scandium (III) from other lanthanides (IIT) (33). Today, when ILs are used to
extract metals from solutions, they can also be used in their pure form. Cerium (IV) was extracted
from nitric acid solutions containing thorium (IV) and other trivalent lanthanides using pure
CsMIM PFg (34). In some cases, ILs have been developed with special functional groups to aid
in the extraction process. Such ILs, termed task-specific ILs, were created for the extraction of
Wilkinson’s and Jacobsen’s catalysts from a homogeneous organic phase (35). Tested functional
groups included amino, hydroxyl, thioether, carboxylic, and olefin groups. ILs with longer carbon
chains containing amino or thioether functional groups performed the best for extracting the
catalysts (35).

ILs have been popularly used as solvents for the extraction of a variety of small molecules.
Recently, several hydrophilic ILs were tested for their ability to extract ethanol from a mixture of
ethyl acetate and ethanol (36). Ethanol cannot be separated from ethyl acetate via simple distillation
due to the formation of a low-boiling azeotrope. 1-allyl-3-methylimidazolium chloride, which is
nearly immiscible with ethyl acetate, had the highest extraction efficiency, and ethyl acetate was
found to be 99.27% pure after two extractions (36). The IL was recycled using simple distillation.
In a related study, anionic dyes were extracted from water solutions using imidazolium-based ILs
with either PF4 or BF, anions (37). The pH of the aqueous solution affected the charge on the
dyes and thus their extraction efficiency. The authors increased the extraction efficiency by raising
the temperature or by using imidazolium cations with longer alkyl chains (37).

A phosphonium IL with a 2,4,4-trimethylpentylphosphinic anion has been shown to be an
effective extractant for undissociated lactic acid (38). Lateef and coworkers (39) used ILs to extract
decabromodiphenylether and antimony trioxide from a suspension of high-impact polystyrene in
ethyl acetate. 1-hexylpyridinium bromide was the most efficient IL at removing flame retardants
from polymer suspensions, yielding a plastic that could be fed into recycling streams (39). 1-methyl-
3-alkyl imidazolium BF, or PF ILs were used to extract five phenols from aqueous solutions (40).
The ILs gave distribution coefficients that were one to two orders of magnitude larger than
the traditional solvents, dichloromethane and benzene, and in some cases, the ILs selectively
extracted one phenol over another (40). ILs are also commonly studied as extractants for various
hydrocarbons (41, 42). Use of two immiscible ILs (one based on phosphonium and the other on
imidazolium, with N'TF; as the common anion) did not separate benzene and hexane, the selected
test hydrocarbons (41). Under optimal conditions, a centrifugal extractor separated ethylbenzene
from octane with 90% efficiency through use of the IL BMIM PF; (42).
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The removal of aromatic sulfur compounds from fuels using ILs has also been studied (43,
44). Imidazolium-based ILs with alkyl phosphate anions were used to extract 3-methylthiophene,
benzothiophene, and dibenzothiophene from gasoline (43). Because most desulfurization work has
involved imidazolium ILs, Holbrey and coworkers (44) examined different cations and anions for
extraction of dibenzothiophene from dodecane. Polyaromatic quinolinium-based ILs exhibited
great extraction potential, but they had to be paired with NTF, anions to form low-melting salts.
Ethanolate and thiocyanate anions paired with 1-butyl-3-methylpyridinium cations also showed
promise as extractants (44). Du and coworkers (45) used BMIM bromide as the extraction solvent
in the microwave-assisted extraction of #rans-resveratrol from the Chinese herb Rbizma Polygoni
Cuspidati. The anion of the IL was shown to have a significant impact on the extraction ability of
the #rans-resveratrol. The bromide anion gave higher efficiencies than did either chloride or BF,
BMIM analogs (45).

The use of ILs as extractants for complex biomolecules is increasing. Recent studies have
focused upon penicillin G (46), double-stranded DNA (47), hemoglobin (48), and alcohol dehy-
drogenase enzymes (49). The IL trioctylmethylammonium chloride (TOMAC) more successfully
extracted penicillin G than did imidazolium-based ILs, but it was difficult to remove the penicillin
from the IL (46). Instead, the authors employed TOMAC as a membrane solution for a supported
liquid-membrane system and used chloride concentration as the driving force. The cation in
BMIM PF interacted with the oxygen molecules of the phosphates in the DNA, changing the con-
formation of the DNA and allowing for the quantification of the DNA through ethidium resonance
light scattering (47). Coordination between the cation of 1-butyl-3-trimethylsilylimidazolium PF
and the ferrous atom in hemoglobin allowed for the extraction of the protein without the need for
additives (48). Sodium dodecyl sulfate was used in the back-extraction to remove the protein from
the IL extractant. An IL with oligoethyleneglycol units was found to be mostly immiscible with an
aqueous solution containing a high amount of potassium phosphate (49). This two-phase system
allowed for the extraction of two different alcohol dehydrogenase enzymes from the aqueous so-
lution. The IL stabilized both the enzymes and the hydrophobic substrates, leading to increased
conversion rates and higher yields (49).

3.3. Microextraction

ILshave increasingly been used in microextraction techniques. Their negligible vapor pressure and
stability at higher temperatures, compared to those of traditional organic solvents, make ILs ideal
candidates for liquid-phase microextraction (LPME), especially as headspace (HS) extractants.
Recently, BMIM PF; was used as the extractant in HS-LPME of phenols (50) and in HS-SDME
(single-drop microextraction) of chlorobenzenes (51) from environmental water samples. Both
of these optimized methods exhibited excellent linearity and acceptable reproducibility for the
selected analytes, which were analyzed by high-performance liquid chromatography (HPLC).
However, in both studies, some matrix effects in the environmental samples were observed. Metal
ions formed competing complexes with the phenolic analytes, decreasing the ability of the phenols
to move into the headspace (50). Adding EDTA (ethylenediaminetetraacetic acid) to the samples
appeared to eliminate this interference. For the hydrophobic chlorobenzenes, significant matrix
effects were observed only in the effluent water from a wastewater treatment plant (51). It was
proposed that adsorption to solid material in the effluent reduced the amount of analyte in the
headspace.

The above applications used HPLC to analyze the compounds extracted by the ILs, allow-
ing for the direct injection of the extracted analytes and ILs into the analysis system. However,
the nonvolatility of ILs, which is normally an asset, becomes a liability when combining LPME
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Figure 2

Schematic diagram of the interface developed for direct introduction of ionic liquid containing extracted
analytes. Abbreviations: PFA, perfluoroalkoxi; SDME, single-drop microextraction; SS, stainless steel.
Reproduced from Reference 52 with permission from the American Chemical Society.

(including SDME) and GC. Aguilera-Herrador and coworkers (52) developed a removable inter-
face that permits the introduction of extracted analytes from SDME into the GC system while
preventing the IL from entering the column. Figure 2 shows the developed interface, which
has three zones: an injection zone, a removable zone, and a transfer zone. The new interface
is located directly above the GC injector to allow heat from the injector to be transmitted to
the injection zone of the new interface. The removable section is packed with cotton and is
made removable by Swagelok® nuts on the ends of the perfluoroalkoxi tube. Porcelain insulators
allow the new injection system to reach thermal equilibrium and to maintain a constant injec-
tion temperature. Aguilera-Herrador et al. chose dichloromethane, p-xylene, and z-undecane as
representative compounds and extracted them with BMIM PF4 with acceptable relative stan-
dard deviation values (52). Recently, IL-based HS-SPME was combined with cataluminescence
(CTL) detection for analysis of acetone in human plasma (53). The solid support was filter pa-
per saturated with various ILs. BMIM CO,CF; provided the highest acetone signal at the CTL
detector.
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3.4. Ionic Liquids as MALDI Matrices

Early use of ILs as MALDI matrices led to new applications of ILs. In the first application, IL
matrices were compared to conventional solid matrices, such as &-cyano-hydroxycinnamic acid,
on the basis of their ability to ionize traditional analytes such as insulin, bradykinin, and PEG
(18). Later, the Armstrong group (54) tested IL matrices for ionizing oligonucleotides. However,
the best ionic matrices for the oligonucleotides were solids, not liquids. Thus, even though higher
signal intensities could be reached with the new ionic matrices, homogeneity problems such as
hot spots occurred as with conventional solid matrices (55).

In early studies, IL matrices were also tested for small-molecule ionization. Through use of
amino acids, sugars, and vitamins as analytes, IL. matrices were made from sinapinic, a-cyano-
hydroxycinnamic, and 2,5-dihydroxybenzoic acids as well as equimolar amounts of organic bases
such as pyridine, 1-methylimidazole, and tributylamine (55). Compared to conventional solid ma-
trices, the IL matrices yielded better linearity, smaller standard deviations, and decreased analysis
time. Li & Gross (56) also achieved good calibrations and linearity with macromolecules using IL
matrices. They also noticed that the slope of the calibration curve correlated inversely with the
weight of the peptide studied.

Although the papers described above focused on the use of organic salts of classical MAL DI solid
matrices, Tholey and coworkers (57) used a different approach to analyzing small molecules via
MALDI-MS. Using more traditional ILs, the authors achieved ionization by adding the classical
solid matrices to the ILs. The homogeneity of the analyte in this mixture of ILs and solid matrix
was not high, but this type of approach may be useful for the quantification of analytes produced
by enzymatic reactions in ILs (57). However, most work involving IL. MALDI matrices continues
to utilize the organic salts of traditional solid matrices. Other matrix additives to IL matrices have
also been used to increase detectability (58).

Time-of-flight mass spectrometers were used in the MALDI applications discussed above. The
choice of mass analyzer can affect the quality of the spectra observed. The longer analysis times
of MALDI FT-MS (Fourier transform mass spectrometry) resulted in more fragmentation of
peptides and oligonucleotides when IL matrices, rather than traditional solid matrices, were used
(59). However, for phospholipids, the use of IL matrices actually resulted in the suppression of
fragmentation.

Recent research on IL MALDI matrices has focused on the analysis of peptides/proteins (60—
62), saccharides (63—65), and modified lipids (66, 67). «-cyano-hydroxycinnamic acid combined
with pyridine at a ratio of 2:1 led to better signal-to-noise ratios, reduced chemical noise, and
reduced matrix clusters for most peptides than did pure «-cyano-hydroxycinnamic acid or an
equimolar mixture of x-cyano-hydroxycinnamic acid and pyridine (60). Compared to pure x-
cyano-hydroxycinnamic acid, the optimized 2:1 mixture also led to more sequence coverage and
higher match scores for a protein excised from a two-dimensional gel for identification. IL matrices
were successfully used to monitor peptide products from a trypsin-catalyzed digestion of several
proteins (61). The presence of multiple peptide products led to large variations due to peak
suppression in peptide signals for some analytes. Addition of a peptide internal standard only
worsened the problem. Thus, the authors (61) advocated an internal standard-free approach to
quantification for this type of application. Analyte suppression in multianalyte peptide mixtures
was also observed when a 2,5-dihydroxybenzoic acid/pyridine IL matrix was used for a multianalyte
peptide mixture (62). However, the IL matrix gave cleaner spectra for the peptides than did the
classical solid matrix alone.

The imidazolium salt of a-cyano-hydroxycinnamic acid and the butylammonium salt of 2,5-
dihydroxybenzoic acid were used to produce sodium adducts of sulfated oligosaccharides for
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analysis by MALDI-MS (63). Prior to this new method, the standard procedure was to cre-
ate adducts between the oligosaccharides and various basic peptides, which was time consum-
ing. However, the saccharides did undergo some fragmentation with the loss of the labile SO;
group using the new IL-based matrices. Through use of a new IL matrix with a bis-1,1,3,3-
tetramethylguanidinium cation and an «-cyano-4-hydroxycinnamate anion, the loss of the SO;
group from dermatan and chondroitin sulfate was reduced even though the saccharides were de-
tected as sodium adducts (64). The guanidinium «-cyano-4-hydroxycinnamate IL and cesium salt
were also used for MALDI-MS analysis of glycoaminoglycan disaccharides as cesium salts (65).
The cesium salts of the disaccharides prevented loss of the SO; groups more effectively than did
lithium, sodium, potassium, and rubidium salts. Also, Fukuyama and coworkers (66) developed a
guanidinium-based IL MALDI matrix with p-coumaric acid as the anion for analysis of various
oligosaccharide forms. In addition to showing great sensitivity for sulfated, sialyated, and neutral
oligosaccharides, this new IL matrix was particularly effective in negative-ion mode for the de-
tection of glycopeptides from a digest of ribonuclease B. Figure 3 shows the ion intensities for a
classic MALDI matrix [2,5-dihydroxybenzoic acid (DHB)] and the two IL matrices. The higher
signal intensities from the entire spot are quite noticeable when IL matrices are used. Tissot
et al. (67) used both a crystalline matrix (norharmane) and an IL matrix (imidazolium «-cyano-
4-hydroxycinnamate) to characterize glycoaminoglycan polysaccharides. The IL matrix exhibited
less sulfate loss compared to the crystalline matrix, making it useful in determining the total num-
ber of sulfate groups. The crystalline matrix was useful for determining the length of the backbone
and the number of acetyl groups.

IL matrices and classical solid matrices were both evaluated for the analysis of lipids iso-
lated from biological samples, yielding two different outcomes. For the analysis of a chlorosul-
folipid from Ochromonas danica, the IL matrix 1-butylamine «-cyano-4-hydroxycinnamate pro-
vided higher signal-to-noise ratios than did the only crystalline matrix to give a signal (68). The
IL matrix was then used for characterization of the chlorosulfolipid. However, when a sulfolipid
from Porphyridium purpureum was used as the analyte, the classical matrix 2,5-dihydroxybenzoic
acid provided the best signal compared to two IL matrices using a-cyano-4-hydroxycinnamate as
the anion (69). These results highlight the fact that the choice of MALDI matrix continues to be
analyte dependent.

3.5. Spectroscopy

There is a large volume of work in the field of spectroscopy involving ILs as solvents for the study
of other species. In this section, we discuss early research on ILs in spectroscopy and highlight a
few analytical applications.

Spectroscopy has been used to understand the solvation characteristics of ILs (70-76).
Karmakar & Samanta (70) used time-resolved fluorescence data to show that the solvation of
coumarin 153 was biphasic (i.e., with fast and slow components) and dependent on the monitor-
ing wavelength. They also estimated that the IL. BMIM BF, was as polar as 2-propanol. Later,
coumarin 153 was used as a fluorescent probe by the Petrich group (71, 72) in time-resolved
fluorescence studies, which indicated that at least half of the solvation reorientation around the
probe was completed within 100 ps in bulk ILs. Dynamic solvation studies were performed on the
micelles formed by ILs when water was used as the bulk solvent. Initial results with an imidazolium-
based IL indicated that the organic cation still forms the majority of the early solvation when the
IL is present in the form of micelles, as well as when the IL is the bulk solvent (73). However,
later results using phosphonium ILs showed that this was not the case and that the calculated
solvation time is highly dependent on the construction of the solvation correlation function (74).
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Figure 3

Ton-intensity distributions of the analyte-matrix surface (810 um x 810 um) using 2,5-dihydroxybenzoic
acid (DHB) and guanidinium ionic liquid matrices (G, CHCA and G3 CA) for sodium neocarratetraose-41,3-
di-O-sulfate. Reproduced from Reference 66 with permission from the American Chemical Society.

Steady-state ultraviolet (UV) and time-resolved fluorescence measurements were used to show
that chiral ILs made using imidazole and chloromethyl methyl ether cause small but reproducible
stereodifferentiation in the fluorescence lifetimes of naproxen and an analog (both of which are
chiral) (75). These results are believed to represent the first time chiral ILs have induced such a
change in photophysical properties. Bhattacharya & Samanta (76) conducted excited-state proton-
transfer dynamics in room-temperature ILs using 7-hydroxyquinoline as the probe molecule. A
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small amount of methanol was required to observe the proton transfer. The amount of methanol
was found to change the viscosity of the bulk solution and to change the kinetics of the proton
transfer, but the microenvironments can have a different viscosity from that of the bulk solution
(76).

Long thought to be optically transparent materials, imidazolium-based ILs were shown to
exhibit significant absorbance in the UV region and a surprising amount of fluorescence in the
visible spectrum (77-79). Some of this absorbance in the UV spectrum may be caused by col-
ored impurities thought to exist at the parts-per-billion level (but with high molar absorptivities)
(80). The fact that two methods for decolorizing ILs have been developed gives credence to this
assumption (81, 82). The first method, decolorization, employs (#) a chromatography column
(50 cm x 36 mm inner diameter) filled bottom to top with celite to trap charcoal particles,
() flash chromatographic silica gel for the decolorizing/removal of polar and inorganic impu-
rities, and (¢) activated charcoal for decolorizing (81). This technique achieved excellent results
for the NTF,, PFs, and BF, anions, but itis not recommended for ILs capable of strong hydrogen
bonding or ILs that interact with charcoal. Although this method greatly reduced the color of the
ILs, the effect on the fluorescence from ILs was only reduced, not eliminated. Thus, only some
of the colored impurities give rise to this background fluorescence. Optical studies (mentioned
above) indicate that this background fluorescence may be inherent to the ILs themselves (77-79).
Another method was developed for the purification of ILs through use of solid-phase extraction
with an octyldecylsilyl sorbent (82). This method is capable of purifying ILs capable of hydrogen
bonding, but it works better for ILs with shorter alkyl chains. Removal of fluorescence-causing
impurities was not tested.

Tran & Lacerda (83) used near-infared spectrometry to determine the binding behavior of an-
alytes to cyclodextrins dissolved in 1-butyl-3-methylimidazolium chloride. The binding constants
of phenol with «-, 3-, and y-cyclodextrin increased with the size of the cyclodextrin cavity when
done in the IL. But for «- and p-cyclodextrin, the binding constants were an order of magnitude
lower than the corresponding binding constants in D, O. (y-cyclodextrin binding constants were
not determined in D,0.) The authors postulated that the lower binding constants achieved in the
IL resulted from the aromatic cation interfering with the inclusion of the phenol, which would
confirm a previous report to this effect by Armstrong and coworkers (24).

Spectroscopy has also been used to study the solvation effect of ILs on proteins. Denaturation
of Candida antarctica lipase B (CaLB) (84) and the thermostability of monellin (85) were studied by
FT-IR (Fourier transform infrared) spectroscopy and fluorescence, respectively. ILs consisting of
(@) either BMIM or ethylammonium cations and (b) nitrate, lactate, or ethylsulfate anions suf-
ficiently dissolved the CaLB, but the reaction rates were ten times slower than those in BMIM
BF, or PFg4, which do not dissolve CaLLB (84). The slower reaction rates were attributed to de-
naturation of the enzyme in the ILs, which was confirmed by FT-IR spectroscopy. Fluorescence
emission blueshifts of a tryptophan residue in the monellin indicated that the protein compacted
as temperatures rose when the protein was dissolved in 1-buytyl-1-methylpyrrolidinium NTF,,
which contained a nominal amount of water (2% by volume) (85).

X-ray photoelectron spectroscopy (XPS) of liquids is not commonly performed because liquids
tend to evaporate under the high-vacuum conditions necessary for analysis. However, ILs have
negligible vapor pressure even under high-vacuum conditions and therefore can be studied by XPS.
Smith and coworkers (86) found that the IL 1-ethyl-3-methyl imidazolium ethylsulfate exhibited
good photoelectron flux, and because of its ionic composition, it did not suffer from differential
charging effects. XPS was sensitive enough to easily detect a silicon impurity in the IL, which was
thought to have originated from the septum of the storage vial. XPS was also used to confirm the
instability of a palladium catalyst in the IL.
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ILs are also being studied as potential nuclear magnetic resonance (NMR) solvents. However,
unless the ionic liquids are deuterated, 'H signals from the IL can be observed throughout the
spectral range, especially when the ILs have long hydrocarbon chains. Giernoth & Bankman (87)
employed diffusion-ordered NMR spectroscopy to filter out the signals for IL solvents. In this
method, the signal from the IL—which is more viscous and slower to diffuse than the solute being
studied—can be almost totally suppressed if the difference between the diffusion coefficients is
large enough. The application of this suppression method was demonstrated for the ternerization
of dimethylsulfide with methyl iodide. With the solventsignal suppressed, the signals from the two
reactants were clearly visible, although the product cation signal was absent due to the presence
of a diffusion coefficient similar to that of the IL (88). The Rogers group was able to study
the composition of ripening banana pulp using conventional high-resolution *C NMR because
the signals from the BMIM CI did not overlap with the signals from the carbohydrates. The
IL was found to dissolve the banana pulp with essentially no additional sample preparation, and
signals from the anomeric carbons were used to estimate the molar composition ratios of the
carbohydrates.

BMIM PF; served as both the extraction solvent and the analysis medium in the spectrophoto-
metric determination of germanium in water samples (89). The germanium forms a red-colored
complex with methylbenzeneazosalicylfluorone in the presence of Triton X-100 and is extracted
into the IL layer. Linearity was achieved between 0 and 16 ng ml~! with a detection limit of
0.2 ng ml~!. Results obtained through use of this spectrophotometric method agreed extremely
well with an established electrothermal atomic absorption spectroscopy method (89).

Optical spectroscopy was explored for the speciation of several uranyl complexes that were
dissolved in either BMIM NTF; or 1-butyl-3-methyl pyrrolidinium NTF; (90). The molecular
symmetry of a uranyl complex yielded a characteristic vibrational fine structure of absorption spec-
tra. However, extended X-ray absorption fine-structure spectroscopy was necessary to determine
the coordination number or interatomic distances of the complexes.

Scanning electrochemical microscopy (SECM) was attempted in BMIM BF, and PF¢ (91).
These ILs, especially when purified, have much higher viscosities than do the aqueous or organic
solvents in which SECM is usually conducted, requiring scientists to use smaller electrodes and
slower approach speeds to achieve similar image quality (91). Thus, although it is possible to
replace the other solvents with ILs, conducting SECM in ILs remains a challenge.

3.6. Electrochemistry

For many years, chemists used molten salts and chloroaluminate salts in their electrochemical ap-
plications. Although there are some areas of research where these salts are still the preferred “ionic
solvents,” the use of RTILs in electrochemistry has become widespread. The studies we discuss
in this section focus on analytical applications from the wealth of electrochemistry literature. For
a more extensive overview of all electrochemical applications, see the review by Tsuda & Hussey
92).

Construction and development of new electrodes involving ILs have been undertaken by several
research groups (93-99). 1-octyl-3-methylimidazolium PF, was mixed with multiwalled carbon
nanotubes to create a thin gel film to cover a glassy carbon disk electrode (93). This electrode
was then used to detect dopamine in the presence of both ascorbic acid and uric acid using cyclic
voltammetry or differential pulse voltammetry. In this method, the anodic peaks of ascorbic acid are
moved to more negative potentials with the modified electrode, and the anodic peaks for uric acid
are shifted to more positive potentials, leading to the determination of dopamine without interfer-
ence. The detection limit for dopamine with differential pulse voltammetry was 1 x 1077 M (93).
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Replacing the nonconducting organic binder (such as paraffin) in carbon paste electrodes
has been a much more popular use of ILs in the fabrication of electrodes (94-97). The IL
n-octylpyridinium PFg was used as the binder to form a carbon composite electrode (94). This
electrode exhibited better characteristics than those of other carbon-based electrodes, including
but not limited to low background, low cost, ease of preparation, favorable electrochemical re-
sponse, and resistance to fouling. Additionally, the electrode demonstrated high selectivity for
biomolecules, which was exploited for the simultaneous determination of dopamine, ascorbic
acid, and uric acid using differential pulse voltammetry (95). Analysis in complex matrices found
in human serum and urine samples was also demonstrated. A similar electrode was constructed
for the detection of dopamine, but the IL used in this case was N-butylpyridinium PF4 (96). An
IL carbon paste electrode for the detection of calcium dobesilate was made using 1-pentyl-3-
methylimidazolium PFg (97). Compared to a traditional carbon paste electrode, this IL electrode
exhibited higher selectivity, faster electron transfer, and better reversibility, leading to a detection
limit of 4 x 1077 M for the angioprotective agent.

Several ILs were tested for use in a composite electrode (consisting of a suspension of gold
nanoparticles, single-walled carbon nanotubes, and the IL that was used to create a film over
a glassy carbon electrode) for the determination of the antibiotic chloamphenicol (98). The
best results were achieved with the most hydrophobic cation and anion pair. Thus, 1-octyl-3-
methylimidazolium PFs provided the highest peak currents, which was thought to be the re-
sult of higher accumulations of the antibiotic in the film. The detection limits, after 150 s on
an open circuit, was determined to be 5.0 x 1077 M (98). IL-polymer films using the N'TF; salts
of dodecylethyldiphenylphosphonium or 1-butyl-2,3-dimethylimidazolium cations were coated
on miniature, planar, screen-printed electrodes for use as ion-selective electrodes (99). The
phosphonium-based electrode gave near-Nernstian response for both anions and cations, whereas
the imidazolium-based electrode responded only to cations. Detection limits were higher for these
modified electrodes than for similar ion-selective electrodes with liquid inner-filling solutions (99).
However, the modified solid electrodes were thought to be more suitable for use in miniaturized
applications.

Electrodes also have been constructed for the study of biomolecules through use of ILs as mate-
rials for immobilization (100-102). Chitosan and BMIM BF, were used to immobilize hemoglobin
over a glassy carbon electrode, and this system was used to explore both electron transfer between
the protein and the glassy carbon electrode and other bioactivities (100). A similar electrode was
fashioned using horseradish peroxidase immobilized in a gelatin-N,N-dimethylformamide-IL gel
over a glassy carbon electrode (101). Again, 1-octyl-3-methylimidazolium PFs was chosen as the
IL for construction of the electrode, as the less-hydrophobic BMIM BF, and PF yielded smaller
peak currents. A hydrophobic phosphonium NTF, IL was also tested, and it produced results sim-
ilar to those obtained from the 1-octyl-3-methylimidazolium PF4. Cytochrome ¢ was immobilized
over a basal plane graphite electrode with gold nanoparticles and 1-ethyl-3-methyl imidazolium
BF4 (102). Reduction peak currents were linearly proportional to the concentration of oxygen
present, leading to the possible application of this electrode as an oxygen sensor.

The IL 1-ethyl-3-methylimidazolium NTF, was used as the solvent for the electrochemical
detection of ammonia using hydroquinone (103). It was tested as a solvent to achieve conditions that
were more tolerant of humidity and moisture. Analogous sweep shapes were observed in both the
IL and DMF (N,N-dimethylformamide), but the reversibility of the reaction in DMF was better
(103). The electrochemical oxidation of ammonia was also studied in both propylene carbonate
and in three ILs in studies aimed at developing an ammonia gas sensor (104). Analytical detection
of ammonia was highest in propylene carbonate through the indirect oxidation of ammonia with
hydroquinone. Direct oxidation of ammonia was better in the ILs than in the propylene carbonate,
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but analytical detection in the ILs remained an order of magnitude higher than in the indirect
hydroquinone method in propylene carbonate. The better detection limits in propylene carbonate
were thought to be attributable to the high viscosity of the ILs (104). The use of ILs in various
sensors is reviewed in Section 3.7, below.

Electrochemical methods have been employed to recover metals from nuclear wastewater and
other effluents (105, 106). Tsuda and coworkers (105) studied the feasibility of carrying out ce-
sium recovery from IL-based extractants by electrochemical reduction in the presence of water
and air, which represented actual conditions. Compared to dry ILs, the presence of water reduced
the effectiveness of the electrochemical reduction by almost a third, and the presence of oxygen
either greatly hindered or completely prevented the recovery of the cesium. By sparging the IL
extractant with nitrogen, both the water content and the oxygen content were reduced to levels
that permitted the recovery of cesium by electrochemical reduction. Electrochemical recovery of
other nuclear metallic contaminants from tissue paper was also attempted (106). BMIM CI dis-
solved a maximum of 15-17% by weight of the contaminated tissue paper containing uranium (VI)
nitrate and palladium (II) chloride. The paper-IL mixture was extremely viscous, and electrode-
position had to be carried out at elevated temperatures for both the palladium and the uranium.
The addition of DMSO (dimethyl sulfoxide) resulted in only a slight increase in the recovery
amount of palladium, whereas it prevented the electrodeposition of uranium as uranium oxide
(106).

The micro liquid-liquid interface created between a hydrophobic IL and an aqueous phase
at a capillary tip has been studied using voltammetry (107). A very small amount of current
circumvents the high solution resistance created by the viscous IL. Ion transfer across the liquid-
liquid interface can be studied using this method, which may have implications for extraction and
other applications (107).

Electrochemical processes of various analytes also have been carried out in ILs. The electro-
chemical properties of sulfur dioxide (108) and hydrogen sulfide (109) were studied with traditional
electrochemical methods such as cyclic voltammetry and chronoamperometry. These studies are
representative of the many papers in the literature that characterized various analytes using ILs,
rather than traditional choices, as solvents.

3.7. Ionic Liquid-Based Sensors and Other Instrumentation

Early sensors involving ILs tended to be electrochemically based (110-112). A supported mem-
brane electrode made by filling the pores of polyethylene with 1-ethyl-3-methylimidazolium BF4
was developed for use as an oxygen sensor (110). Via potential-step chronoamperometry, a change
in oxygen concentration was detected. However, the IL was prone to absorbing water, which
could render the electrode responses irreproducible in humid environments. A hydrogen perox-
ide biosensor was created by mixing BMIM BF, with tetraethyl orthosilicate to create a sol-gel
doped with horseradish peroxidase and ferrocene, then covering a glassy carbon electrode with
the sol-gel mixture (111). This IL sol-gel electrode gave faster response times than did the silica
sol-gel electrode alone, and it exhibited high affinity for the hydrogen peroxide. A membrane-free
sensor based on a two—electrode cell design also was proposed (112). Several ILs were examined
to create a film over the working electrode, which eliminated the need for the membrane. Because
of the ILs high viscosity, diffusion of oxygen through the ILs was on par with oxygen diffusion
through similarly constructed sensors with gas-permeable membranes. However, the response
time of the IL was slower than the response times for most of the membrane electrodes (112).
Application of such a sensor would be limited to conditions in which the electrolyte solutions of
the membrane sensors volatilize.
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More recent sensors have utilized various methods for detection of analyte molecules. Incor-
porating ILs into the sensor films of quartz crystal microbalances has been a popular method for
creating sensors (113-115). One sensing film was synthesized by partially filling the nanopores
from anodized alumina with the N'TF; salt of an imidazolium- or ammonium-based IL. The
nanopores prevented problems related to viscoelasticity and dewetting from interfering with the
changes in response caused by the adsorption of gas vapor (113). Six organic solvents (THE, cy-
clohexane, i-octane, methanol, toluene, and acetonitrile) were used as test analytes. In another
approach, a gas sensor array was made by adding 1-ethyl-3-methyl imidazolium BF, in vary-
ing concentrations to a plasma-polymerized film of p-phenylalanine (114). Methanol, ethanol,
n-propanol, and z-butanol were used to test the discrimination ability of the sensor array. Adding
the IL changed the interactions (i.e., lipophilicity, polarizability, and hydrogen bonding) between
the polymer film and the alcohols, inducing variances large enough to discriminate between the
alcohols.

Another gas sensor array was developed using seven ILs as the sensing thin films (without any
other support) on quartz crystal microbalances (115). To maximize solvent-analyte interactions,
the seven ILs were chosen from the imidazolium, phosphonium, and ammonium cation families
and had various anions to create a diverse array. Ethanol, heptane, benzene, and dichloromethane
were used as test analytes. Great linearity was achieved for concentration curves for ethanol,
heptanes, and benzene, but the high volatility of dichloromethane created nonlinear deviations
at high temperatures (115). Linear discriminant analysis was used to analyze the sensing patterns
and identify the analytes. There was only one failure in 28 samples of unknown concentrations.

ILs have also been used for the development of optical sensors. Because BMIM Cl dissolves
both cellulose and the metal complexant 1-(2-pyridylazo)-2-naphthol, these two compounds were
homogeneously combined to prepare a mercury (II) sensor (116). The IL-1-(2-pyridylazo)-2-
naphthol-cellulose mixture was spread to create a thin film, then the IL was rinsed away. The
resulting film was used for determining the presence of mercury (II), but only in the absence
of other metals such as zinc and copper. The films were used up to five times after stripping
the sensor with acetic acid. However, noticeable dye leaching was observed with each stripping
process. Using more selective complexing agents and chemically bonding the agent to the cellulose
must be achieved to improve the performance of this sensor (116). Through use of complexed
ruthenium—doped BMIM BF; or Br, a fluorescence-based oxygen-sensitive solution was developed
for potential use in an optical oxygen sensor (117). Nonadecafluorodecanoic acid was added to
enhance the amount of dissolved oxygen in the IL. With the perfluorochemical additive, the
authors obtained high oxygen sensitivity, complete linearity from 0% to 100% oxygen, and high
stability for the sensing solution.

Microfluidic devices designed with parallel cochannels for temperature control have employed
BMIM PFg and NTF, as heat transfer liquids (118). The temperature of the ionic liquids is
increased through the use of Joule heating from the supplied ac current. ILs were chosen because
aqueous solutions of potassium chloride reached the boiling point too easily, causing arcing and
damage to the chip. This approach to temperature control allowed the authors to maintain a steady
temperature (£ 0.2° C) for long periods of time (118).

In a very interesting application, two IL-based liquid-in-glass thermometer prototypes were
constructed (119). Tris(2-hydroxyethyl)methylammonium methylsulfate was the IL used to cre-
ate a thermometer for standard applications, and trihexyl(tetradecyl)phosphonium NTF, was
used as the filling liquid for a specialty thermometer covering a very wide temperature range.
Because both ILs are colorless, an intense red color was added by doping the ILs with tri-
hexyl(tetradecyl)phosphonium Direct Red 81 ionic solid. Even at 1% by weight (which gives
a color that is extremely intense), the addition of the dye had minimal impact on the change in
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volume of the ILs (119). Pyrex tubes with an inner diameter of 1.2 mm were used as the glass
portion of the thermometer. The freezing and boiling points of water were the two fixed points
on the degree scale. Both proof-of-concept thermometers gave good temperature agreement with
the boiling points of other liquids, a very promising result given the primitive construction of the
thermometer.

3.8. Other Analytical Applications

There are other analytical applications in which ILs have been dissolved in various solvents.
Because the dissolved salts do not maintain the same unique physical properties as undiluted ILs, we
do not discuss these applications in this review. However, some of these applications, particularly
in HPLC and capillary electrophoresis, have been described elsewhere (120, 121). Dissolved
multifunctional ILs have also been utilized in conjunction with electrospray ionization MS for the
ultrasensitive analysis of anions in the positive-ion mode. The method was first developed for the
MS determination of perchlorate (122). In this method, the dicationic-based reagents paired with
perchlorate ions to give ion complexes of an overall positive charge. This allowed determination of
perchlorate via the positive-ion mode, where arcing is less problematic; this method also reduced
interference from the hydrogen sulfate ion, which has almost the same mass as perchlorate. This
method was then used to determine the amounts of perchlorate, iodide, and thiocyanate in milk
(123), human urine (124), and seaweed and seawater (125). The method was examined for the
determination of a number of other ions (126), and other dicationic reagents were explored for
their ability to provide sensitive detection (127). Tricationic IL reagents were also developed for
the analysis of divalent anions (128). Even lower detection limits were obtained using tandem MS
in conjunction with the di- and tricationic reagents (126-128). ILs dispersed in aqueous solvents
have also been applied as extraction solvents (129-131). These are just a few examples of the
applications in which ILs can be used as dissolved salts to solve analytical problems.

Some studies on the fundamental properties of ILs have also been published recently (132,
133). A study on the electrowetting of ILs was conducted to determine the characteristics of
ILs that may make them useful for application as electrowetting components in dielectric-based
microfluidic devices (132). Figure 4 illustrates the basic process of electrowetting by an IL on a

Apply voltage

Remove voltage

Ysv 9‘/
Teflon layer ] Teflon layer ]
ITO layer ITO layer
6,>6
Glass slide Glass slide

Figure 4

A schematic showing electrowetting on dielectric for an ionic liquid (IL). The contact angle () of the drop decreases with increasing
voltage (V), and it returns to its original angle when the voltage is off. y, y 517, and y gz, are the surface tensions associated with the
liquid/vapor, solid/vapor, and solid/liquid interfaces, respectively. ILs can sometimes show different contact angles at negative versus
positive voltages, which makes them different from other liquids. Compared to most common electrowetting solvents, ILs are less
susceptible to evaporation, fouling, and thermal degradation. Abbreviation: I'TO, indium tin oxide.
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dielectric surface. The figure shows that ILs may be useful in microfluidic devices, among other
applications (132). GC was used to find the enthalpies and entropies of the transfer of a homologous
series of z-alkanes (133). This theoretical study allowed for the estimation of dielectric constants
and interionic distances of the ILs. On the basis of their findings, the authors proposed a basic
solvation model for the alkanes (133).

4. CONCLUSIONS

ILs are versatile, tunable materials that can be used to great advantage in chemical analysis. Their
negligible vapor pressure; high thermal, air, and water stability; variable solvent interactions; and
synthetic tunability allow them to be used in many different applications. Some applications of
ILs, such as liquid-liquid extraction and GC, are more mature than others (e.g., sensors). Simple
monocationic ILs and some MALDI matrices are already commercially available. In both cases, the
cost of the ILs themselves is essentially negligible compared to labor costs for analysis. However,
IL solvents remain more expensive than traditional solvents. Multicationic ILs are starting to
become commercially available in finished products (such as GC stationary phases). However, the
use of ILs in all areas of analytical chemistry is relatively new, and opportunities for discovery and
optimization abound. These new discoveries are impossible to predict, but they will likely require
an increased understanding in how IL structure determines the properties of the ILs. ILs will
probably play an increasingly important role in analytical chemistry in the foreseeable future.
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