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Abstract

Room-temperature ionic liquids (RTILs) are solvents that may have great potential in chemical analysis. Recent surge in the number of
publications/reports/books/monographs clearly indicate an increasing interest of scientific and engineering community toward these exciting
and unique solvents. Consequently, a variety of analytical applications of RTILs have started to emerge. This review presents an account of some
of the recent reports on RTILs in major subdisciplines of analytical chemistry. Specifically, recent literature representing the applications of
RTILs in chromatography, extraction, electroanalytical chemistry, sensing, and spectrometry is reviewed. With a rapid growth in the number of
publications on analytical applications of RTILs, it appears that in the near future these neoteric solvents are definitely going to be a permanent
feature in analytical chemistry.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction separate/remove from the products, difficult to recycle/reuse,
and impractical to dispose of without incurring substantial
During the time span of dramatic development in science costs and/or adversely affecting the environment and/or per-
and technology that we have witnessed in the last century,sonnel.
certain subjects have evolved over time in an extremely unfor-  The recently rediscovered (i.e., in their air- and moisture-
tunate way. The earlier periods of the last century appear tostable forms) neoteric room-temperature ionic liquids
contain entirely beneficial developments in science and tech-(RTILs), with virtually no vapor pressure, may well be the
nology toward mankind, however, as the activities over the ace within the deck of solvents of choice (VOC replacements)
later time period unfold, unfortunate long-term environmen- for the new millennium with potential as environmentally
tal consequences can and have become a significant legacypenign media for many industrially important chemical pro-
At the dawn of the new century, it is universally realized that cesse$l-5]. RTILs have shown potential as unique solvents
any further development in science and technology has towith wide range of solubility, miscibility, and other physico-
take into account the concerns and safety of our immediatechemical properties accompanied by an extremely promising
environment as well as the long-term effects that these devel-non-volatile behavior. One of the advantages arising from the
opments will have in the future. One of the longest-standing chemical structures of RTILs is that alteration of the cation or
problems facing the chemical industries and academia isanion can cause changes in properties such as viscosity, melt-
continued reliance on huge volumes of toxic, hazardous, ing point, water miscibility, and density. It is not surprising
flammable, and environmentally damaging organic solvents. that RTILs have shown tremendous applications in a variety
These volatile organic solvents (VOCs) are problematic to of chemical processes.
The unique molecular architecture combined with the
* Tel.: +91 11 26596503; fax: +91 11 26581102. potential uses of RTILs is increasingly piquing the interest
E-mail addresssipandey@chemistry.iitd.ac.in. of academic researchers and industries alike. Not only is the
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idea of doing chemistry in a non-molecular environment a describing an analytical view of ionic liquids authored by
novel concept, but also relatively little is known about the Baker, Baker, Pandey, and Bright that is recently published
RTILs themselves. As a consequence, many research group§l5]. The article chronicles recent progress made in the appli-
in the world have embraced research areas dealing with vari-cation of ionic liquids toward analytical problem-solving.
ous aspects and applications of RTILs. An exponential growth  In this review, we focus on recent analytical applications
in the number of publications on RTILs over last 5-6 years of air- and moisture-stable RTILs as they are of particular
is the result of increasing interest in these novel solvents. interest because they can be easily handled and used in wide
While a huge number of these publications report chemical variety of environments. We have tried to incorporate most
syntheses with RTIL as the solvent, number of reports on of the recent publications on analytical application of these
the applications of RTILs in catalysis is also not far behind. RTILs to the best of our effort. However, very few reports on
Although recently numerous analytical applications of RTILs other aspects of RTIL research such as, synthesis/catalysis
have appeared in literature, the full potential of these unique and structure/property elucidation of RTILs are selected for
solvents is still unexplored. Initial reports on utilization of inclusion in this review. These are judiciously selected pub-
RTILs in chromatography and extraction as well as for elec- lications that either directly or indirectly deal with analytical
troanalytical purposes started to appear in late 1990’s, it is applications of RTILs.
safe to say that most publications on analytical applications
of RTILs are more recent. It is impossible to include each
and every report on analytical applications of RTILs in this 2. Chromatographic applications of ionic liquids
review; we have tried to focus more on the recent efforts. We
are responsible for the selection of the articles and will be  RTILs have been used in a variety of chromatographic
grateful to the readers for any reports of oversight. methods as novel materials. It appears that unusual proper-
It is important to review some of the books, monographs, ties of these neoteric solvents could impart potential benefits
and conference proceedings published recently that deal withto many areas of separation science. Most work on applica-
various aspects of RTIL research. In this context, the book tions of RTILs in gas chromatography (GC) to date has been
edited by Wasserscheid and Wel{6h is an excellent refer-  conducted by Armstrong group. As one of the early reports
ence for new researchers about to venture in this exciting areaof the use of RTILs as stationary phase in GC, this group
of research; the emphasis of this book is mainly on synthetic has examined the behavior of two common RTILs, bmigPF
aspects of RTILs. A variety of preliminary reports encom- and bmimCl (bmim = 1-butyl-3-methylimidazolium), when
passing almost all areas of chemical sciences are publishedoated onto fused silica capillarjd6]. It was observed
in two volumes of ACS Symposium Serip58], and a third that the wetting ability and the viscosity of RTILs make
volume is due to come out in March 20(08]. Edited by them ideal coating stationary phases in various GC appli-
Rogers and Seddon, these collections contain the key papersations. Using inverse GC, the authors compared the per-
presented at three ACS symposia on RTILs, lonic Liquids: formance of aforementioned RTILs versus a popular com-
Industrial Applications for Green Chemistry, lonic Liquids mercial polysiloxane as stationary phases. They discovered
as Green Solvents: Progress and Prospects, and lonic Ligthat RTILs act as low-polarity stationary phases to nonpolar
uids: Properties and Structure, respectively. These symposiacompounds, however, more interestingly; solutes containing
were organized during the three different National Meet- strong proton-donor groups were efficiently retained. Fur-
ings of the American Chemical Society (ACS) held at San ther, the change of anion was shown to affect selectivity
Diego (2001), Boston (2002), and New York (2003), respec- and the solubilizing capacity of RTIL stationary phases. In
tively. Another similar monograph, published under NATO a separate investigation by the same group, RTIL bmimClI
Science Series and edited by Rogers, Seddon, and Volkovwas used as a solvent to dissolve per- and di-methylated
also contains some interesting reports on analytical applica-B-cyclodextrins to prepare stationary phases for capillary
tions of RTILs[10]. Finally, a collection edited by Hiroyuki ~ columns in GC for chiral separatidi?7]. Performance of
Ohno titled “Electrochemical Aspects of lonic Liquids” is the commercial cyclodextrin columns was compared with
scheduled to be released in April 20Q4]. Although review RTIL cyclodextrin columns and it was found that the effi-
articles on synthetic aspects of RTILs started to appear in lateciency of chiral separation of bmimCI cyclodextrin column
19909[12] (reference 12 is one of the first extensive reviews was significantly inferior. The reason for this observation
of its kind), attempts of reviewing analytical applications of was proposed to be the possibility of the formation of an
these solvents are definitely more recent. A recent article by inclusion complex between bmim and cyclodextrin cavity
Poole reviews chromatographic and spectroscopic methodgshus hindering the process of chiral recognition. Later, two

for the determination of solvent properties of RT1S]. A new RTILs containing bulky imidazolium cations, 1-benzyl-
more pertinent review of applications of RTILs in analytical 3-methylimidazolium trifluoromethanesulfonate and 1-(4-
chemistry is recently published by Liu and coworkgk4]. methoxyphenyl)-3-methylimidazolium trifluoromethanesul-

This review highlights efforts in RTIL research areain sample fonate, synthesized by Anderson and Armstrong showed
preparation, chromatography, and detection. It is important improved thermal stability as stationary phases in [G].
to mention a very comprehensive educational review article In a very recent collaborative effort, Ding, Welton, and Arm-
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strong have presented the first enantiomeric separations usinghe use of evaporative light-scattering detector for continuous
chiral RTIL stationary phases in G[@9]. The chiral RTIL- detection in CCC.
coated stationary phases were shown to separate many solutes One of the earlier reports of the use of RTIL buffer elec-
including alcohols, diols, alkoxides, sulfoxides, epoxides, trolytes in non-aqueous capillary electrophoresis (NACE)
and acetylated amines. demonstrated the separation of water-insoluble dyes in ace-
Before reviewing important contributions on applica- tonitrile that were previously not accessible using con-
tions of RTILs in high performance liquid chromatography ventional CE methodology28]. It was reported that the
(HPLC), it is important to mention a recently published anionic part of the RTIL changed the general electrophoretic
review article by Stalcup and Cabovska in this aj2al. mobility of the system and the separation of analytes was
This review presents some important work on applications achieved due to the dissociation of analytes in the presence
of RTILs in liquid chromatography. In an earlier attempt, of RTILs inthe separating medium. Application of 1-alkyl-3-
chromatographic behavior of ephedrines on a C18 column methylimidazolium RTILs in CE was reported by Stalcup et
was investigated with different concentrations of bmimBF  al. [29]. Phenolic compounds found in grape seed extracts
as the eluent at pH 3.(21]. Addition of RTIL resulted were resolved using these RTILs as running electrolytes.
in decreased band tailing, reduced band broadening, andAuthors propose the separation mechanism to involve asso-
improved resolution. Retention times were observed to first ciation between imidazolium cations and the polyphenols.
increase and than decrease with increasing concentration ofn another study, Warner and coworkers reported the use
RTIL. This was partly attributed to the competition between of RTILs as modifiers in the separation of achiral and chi-
imidazolium cations and the polar groups of the analyte for ral analytes in micellar electrokinetic chromatography along
the silanol group on the alkyl silica surface along with the with polymeric surfactantg30]. RTILs may show the abil-
formation of weak bilayer electronic structure on the C18 ity to assist in the separation of hydrophobic mixtures while
column. In another report, similar studies were performed maintaining adequate background current. Their investiga-
with 1-alkyl-3-methylimidazolium andN-butylpyridinium tion showed that presence of RTILs rendered improved res-
salts as new mobile phase additives for separation of cate-olution and peak efficiency. In a different type of applica-
cholamines in reversed-phase HP[22]. Separations with  tion, two groups have reported to utilize the RTIL-coated
good efficiencies were achieved. In another report by the capillary during CE separatioj831,32] In the first investi-
same group, amines were separated using RTILs as addigation, RTIL-coated capillary was prepared and investigated
tives for the mobile phase in HPL{23]. Effects of RTIL for DNA separation. The experiments indicated that the per-
alkyl chain length, counterion, and concentration were also formance of these capillaries was stable in the run buffer
reported. A comparison with tetrabutylammonium bromide for at least 96 h with no noticeable deterioration in perfor-
suggested that RTILs behave as ion-pair reagents, howevermance[31]. In the second report, a CE method in which
their H-bonding ability and hydrophobicity plays a major 1-alkyl-3-methylimidazolium RTILs were used as the run-
role. Recently, RTIL chemically modified silica particles ning electrolytesto separate basic proteins such as, lysozyme,
were used for the first time as the stationary phase in HPLC cytochrome, trypsinogen, and-chymotyypsinogen A, was
for the separation of alkaloid24]. The problem encountered established32]. Baseline separation, high efficiencies, and
in liquid chromatography during the separation of basic com- symmetrical peaks were obtained during the separation of
pounds due to the surface acidity of silica-based stationarythe four proteins. Again, the separation mechanism was sug-
phases was dealt recently by adding imidazoliumBFILs gested to involve association between imidazolium cations
[25]. It was observed that addition of 0.5-1.5% (v/v) of such and proteins.
RTILs blocked silanols and provided efficient separations of
strongly basic drugs using thin layer chromatography. These
drugs were hard to elute even with acetonitrile as the mobile 3. lonic liquids as solvents for extraction
phase. Application of bmimRFas a novel solvent in coun-
tercurrent chromatography (CCC) is reviewed by Berthod  Some of the initial reports on utilization of RTILs for
and Carda-Brocli26]. They investigated the partitioning of extraction purposes came from Robin Rogers and collab-
38 aromatic derivatives possessing acidic, basic, or neutralorators. In one of the first reports, this group studied the
moieties between bmimRFand water. It was observed that partitioning of substituted benzene derivatives between water
the high viscosity inherent to neat bmimPF6 limits its use and bmimPE [33]. In a subsequent and more detailed inves-
as a solvent in CCC; however, addition of a third low vis- tigation, utilizing an indicator dye thymol blue Rogers group
cosity solvent could alleviate this problem. In a subsequent demonstrated the reversible pH-dependent liquid/liquid par-
and more recent investigation, the same authors utilized atitioning for RTIL-containing systemi84]. Possibility of the
40:20:40% (w/w) water:acetonitrile:bmimpBiphasic lig- fine-tuning of the partitioning process by varying RTIL struc-
uid system in CC(27]. It was again demonstrated that the ture was also presented. 18-Crown-6 family crown ethers
major drawback in using RTIL was its high viscosity. Among were dissolved in 1-alkyl-3-methylimidazolium pPFRnd
minor drawbacks, significant UV absorbance by RTILs lim- investigated for the extraction of NaCs', and Sf* from
ited the use of UV detector and non-volatile nature precluded aqueous solutiong35]. In the presence of crown ethers in
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RTIL-based liquid/liquid separations, the resulting metal ion type of RTIL indicated the important role played by solva-
partitioning depended on the hydrophobicity of the crown tion in solvent extraction processes based on RTILs. Shimojo
ether and the composition of the aqueous phase. In compari-and Goto found that a calix[4]arene-bearing pyridine was sol-
son to traditional solvent extraction behavior, RTILs showed uble in 1-alkyl-3-methylimidazolium RFand showed a high
exceptional behavior and possibility of significantly compli- extraction ability and selectivity for Ag[47]. The extrac-
cated partitioning mechanism. It is important to mention that tion performance of pyridinocalix[4]arene was reported to
another report from a different research group also describedbe greatly enhanced by dissolution in RTILs in comparison
unprecedented large distribution coefficients achieved by to chloroform.
using RTILs as extraction solvents for separation of metal  Utilization of supercritical carbon dioxide (scG¥n con-
ions by crown ether§36]. Bartsch group also reported on cert with various popular ionic liquids is shown to have
the influence of structural variations in RTIL on the selectiv- modified and enhanced the overall extraction capabilities
ity and efficiency of competitive alkali metal salt extraction and applications of these neoteric solvep8-52] In an
by crown ether$37]. They showed that extraction efficiency initial report by Brennecke group, recovery of organic prod-
generally diminished as the length of the 1-alkyl group on ucts from ionic liquids using scCOis demonstrated48].
RTIL was increased. To further expand the utility of RTILs Recovery rates of various aromatic and aliphatic solutes from
in metal ion extraction, other well-known organic and inor- bmimPF; in the presence of environmentally benign seCO
ganic extractants were also utilizE38]. It was demonstrated  are presented. In a subsequent study, interesting outcomes
that metal ion affinity for the hydrophobic phase necessitates showing utility of scCQ as a separation switch for ionic lig-
the presence of an extractant. Later, in an exciting communi- uid/organic mixtures were published by the same gi{d9h
cation, Rogers and Davis, Jr. introduced task-specific RTILs lan another report, Brennecke and coworkers have shown
for extraction of metal ions from aqueous mili¢gQ]. In that liquid/liquid extraction with water resulted in the loss
such applications, imidazolium cations were derivatized to of some ionic liquid, whereas a variety of solutes could
include task-specific functionalities, such as metal ligating be extracted from ionic liquids with scGQwithout cross-
groups that when used as part of the solvent or doped in thecontamination[50]. Recently, enantioselective hydrogena-
less expensive RTILs could dramatically enhance the extrac-tion of N-(1-phenylethylidene)aniline using cationic iridium
tion of targeted metal ions. complexes with chiral phosphinooxazoline ligands is stud-
Fadeev and Meagher reported the potential of RTILs asied as a chemical probe to assess the potential of ionic
extractants in recovery of butyl alcohol from fermentation liquid/CO, media for multiphase catalysis by Leitner and
broth [40]. By measuring the partition coefficient between coworkerg51]. They observed that the products are readily
water and two RTILs (log P), Abraham et al. showed that isolated from the catalyst solution by G@xtraction with-
an increase in solute hydrogen bond basicity and soluteout cross-contamination of ionic liquid or catalyst. During
volume led to a decrease and increase inHpgespec- the electro-oxidation of benzyl alcohol by electrolysis in an
tively [41]. Similarly, an increase in solute hydrogen bond ionic liquid/scCQ system in an undivided cell, Zhao et al.
acidity also decreased I8y Surprisingly, RTILs showed also demonstrated that the products could be easily recov-
to have an increased affinity for polyaromatic hydrocar- ered from the ionic liquid by using scGQxtraction after
bons as compared to traditional organic solvents. RTIL, the electrolysis, and the ionic liquid could be reufe?i.
1-octyl-3-methylimidazoliumP§ was demonstrated to be
excellent extraction solvent in both direct-immersion and

headspace liquid phase microextraction (LPN/2). Model 4. Electroanalytical applications of ionic liquids
solutes, polycyclic aromatic hydrocarbons, were rapidly
and conveniently enriched in apd drop of aforemen- In one of the earlier reports, McEwen and coworkers

tioned RTIL suspended on the tip of a microsyringe fol- explored electrochemical properties of some common RTILs
lowed by a liquid chromatographic determination. Similar with an eye toward their applications in electrochemical
results were also reported for other solutes, 4-nonylphenol capacitor[53]. Later, in a series of papers published in the
and 4tert-octylphenol[43]. RTIL bmimPFs in concert with journalElectrochemistrydetailed preliminary investigations
dithizone metal chelator was demonstrated to form neu- of the potential of RTILs toward electroanalytical appli-
tral metal—dithizone complexes with heavy metal ions such cations were reported by many research grofigs-61]

as to extract heavy metal ions from aqueous solution into Among others, potential of RTILs as electrolytes, their use
bmimPF [44]. Distribution ratios of heavy metal complexes in photoelectrochemical solar cells, their applications in
between bmimP§ and water were found to be high and double-layer capacitors, as electrolytes in rechargeable cells,
extraction efficiencies pH dependent. In more recent stud-in electrodeposition of metals and alloys were discussed.
ies, novel crown etherd\talkyl aza-18-crown-6 series) and Other similar reports also hinted toward their applications
calixarenes crown ethers (calix[4]arene-tgsfoctylbenzo- as solvents for the electrodeposition of metals, semiconduc-
crown-6)) were synthesized and used in RTILs as recyclabletors, germanium nanoclusters, and germanium on Au(lll)
extractants for separation of%mnd C4 from aqueous solu-  [62—64] In an exciting report, a RTIL electrolyte consti-
tions [45,46] The strong dependence of selectivity on the tuted of 1-methyl-3-propylimidazolium iodide, 1-methyl-3-
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ethylimidazolium dicyanamide, and lithium iodide was com- 5. Sensing within ionic liquids
bined with an amphiphilic polypyridyl ruthenium sensitizer
to obtain a solar cell based on a solvent-free electrolyte with ~ Applications of RTILs in chemosensing are recently being
good efficiencie$65]. These unprecedented efficiencies for €xplored by many researchers. In one of the earlier reports,
dye-sensitized solar cells with pure RTIL electrolyte demon- Dai and coworkers have developed and evaluated the per-
strated one of the major electroanalytical applications of formance of a quartz crystal microbalance device employing
RTILs. The voltammetry of ferrocene and ferrocéneas RTILs as the sensing materials for organic vag@rg. The
studied in RTIL bmimPEwhen solid was adhered to glassy Sensing mechanism was shown to be based on the rapid
carbon or p|atinum disk e|ectr0d&]_ V0|tammograms of decrease in the ViSCOSity of RTIL membrane due to solu-
adhered ferrocene and ferrocérwere obtained and ana- bilization of analytes in RTILs. It was further observed that
lyzed in detail. Extensive studies on other redox-active solids this change in viscosity was specific to the gaseous chemical
suggested that voltammograms of solid particles adhered tospecies as well as to the type of RTIL. The sensor was shown
the electrode surface in contact with RTILs mostly exhibited to have a rapid response (<2s) with excellent reversibility
classical behavior associated with solution-phase diffusion- due to the fast diffusion of analytes in RTILs.
controlled voltammetry. In a separate investigation, Compton and coworkers have

In a more recent investigation, conductivity property of demonstrated the use of RTILs in gas sensor defigh
carbon nanotubes/RTILs and carbon microbeads/RTILs com-While comparing the attainable steady-state limiting currents
posite materials was studied utilizirar impedance tech- ~ and time responses of membrane-covered and membrane-
nology [67]. It was demonstrated that enzyme coated by independentgas sensors constituted of a variety of electrodes
RTILs-modified gold and glassy carbon electrodes allow and electrolyte materials, these researchers considered a new
efficient electron transfer between the electrode and the pro-design of membrane-free microelectrode modified with a thin
tein and also catalyze the reduction of molecular oxygen layer of a RTIL. It was concluded that the use of RTIL as
and hydrogen peroxide. Recently, the electrochemistry of an electrolyte eliminates the need for a membrane and sup-
cesium was investigated at Hg electrodes in RTIL tri-1- porting electrolyte, however, slower time responses resulted
butylmethylammonium bis((trifluoromethyl)sulfonyl)imide ~ due to higher viscosities of RTILs. It was suggested that
by using cyclic staircase voltammetry, rotating disk elec- these types of RTIL-based sensors may operate better in
trode voltammetry, and chronoamperomef6g8]. It was extreme operating conditions (e.g., high temperature and
observed that reduction of cesium showed quasireversiblePressure) due to thermal stability and extreme low volatil-
behavior with bulk deposition and stripping experiments ity of RTILs. Toward more specific gas sensing applications,
conducted at a rotating Hg film electrode showing an aver- @ solid-state amperometric,Gsensor was built by using
age recovery of 97% of the electrodeposited Cs. In anothersupported hydrophobic bmimporous polyethylene mem-
investigation, electrodeposition of Pd-Au alloy was stud- brane as a solid-state electrolf#&b5]. This RTIL-based @
ied within 1-ehtyl-3-methylimidazolium chloride tetrafluo- 9as sensor showed a wide detection range and high stability.
roborate system containing Pd(ll) and Au[89]. Authors In a similar investigation, the same group utilized a differ-
demonstrated that galvanostatic electrolysis of the solution €nt hydrophilic RTIL, 1-ethyl-3-methylimidazolium tetraflu-
resulted in a compact alloy deposition. Martiz et al. reported Oroborate, to fabricate a solid-state amperometric sensor for
electrogeneration of diorganylsilanones from difunctional O2 detection[77].
precursors in the presence of hexamethyldisiloxane and hex- Recently, Bennett and Leo have shown the application of
amethylcyclotrisiloxane within three RTIL§O0]. High sol- RTILs as stable solvents for ionic polymer transdu¢&®s.
ubility of oxygen and inertness toward superoxide anion They explored to replace water with highly stable RTILs to
associated with the RTILs selected allowed functional- saturate Nafioh membranes, which are known to operate as
ized siloxanes to be produced selectively in good isolated electromechanical actuators and sensors. Their experimental
yields. In an exciting interdisciplinary report, single-wall results demonstrated that Nafiorransducers solvated with
carbon nanotubes, fullerene peapods, and double-wall carRTIL 1-ethyl-3-methylimidazolium trifluoromethylsulfonate
bon nanotubes were charged electrochemically in 1-butyl-3- have improved stability when operated in air as compared to
methylimidazolium tetrafluoroborate/hexafluorophosphate the same materials solvated with water. However, the reduc-
[71]. It was observed that the electrochemistry of hanotubestioninthe speed ofthe response as compared to water was also
and peapods is dominated by their capacitive double-layernoteworthy. Finally, a critical evaluation of RTILs containing
charging. lithium methylsulfonyl group in ethanol sensing is reported

It is important to mention the two very recent review arti- by Lee and Choli79]. These RTILs were prepared from the
cles published on electrochemical applications of RTILs; one precursors poly(propylene glycol)-block-(ethylene glycol)-
by Buzzeo et al72], and the other by Endr§g3]. These two block-(propylene glycol)-bis(2-aminopropyl ether) with dif-
reviews provide a detailed account of the utilization of RTILs ferent molecular weights. In order to establish the sensitivity
in a variety of electrochemical processes. Readers are guidedf an ethanol sensor by using these RTILs, they were sub-
to these two informative reviews for further information on jected into sequential electrochemical tests with Ni electrodes
electroanalytical applications of RTILs. which performed at high sensitivity for the ethanol sensor.



DTD 5

6 S. Pandey / Analytica Chimica Acta xxx (2005) XXX—XXX

However, it was reported that only the derivative with low itated the analysis of RTIL as well as analytes dissolved in
molecular weight could detect ethanol. A linear relationship RTILs[85]. The task ofidentifying catalystsin RTILs usingin
was established between response current and ethanol corsitu NMR spectroscopy is problematic because of the require-
centration with detection limit around 0.13% (v/v) and 336 s ment of deuterated RTILs. Zhao has demonstrated that since
response time. many of the catalysts used in RTILs are ionic in nature, elec-
trospray ionization (ESI) MS could be used to detect such
catalysts in RTILg86]. The characterization of a ruthenium
6. lonic liquids in spectrometry catalyst immobilized in a RTIL was described in detalil.
Analysis of gold by inductively coupled plasma atomic
The use of RTILs in mass spectrometric analysis is rapidly emission spectrometry (ICP-AES) in agueous solution in the
increasing. In one of the first reports of its kind, appli- presence of up to 50% (w/v) of various RTILs is recently
cation of RTILs as matrixes for ultraviolet matrix-assisted reported[87]. The presence of RTILs is shown to alter the
laser desorption/ionization (UV-MALDI) mass spectrome- nebulization efficiency and sample transport properties. As a
try (MS) was established by Armstrong’s gro{g0]. All consequence of the higher viscosities associated with most
RTILs-based matrixes tested showed excellent solubilizing RTILs, the AES signal intensity and apparent concentration
properties and vacuum stability compared to other frequently of gold in solution is reported to be usually suppressed. Fur-
employed solid and liquid matrixes. It was observed, how- ther, the use of the standard addition method to compensate
ever, that these matrixes varied widely in their ability to for matrix error in the presence of RTILs was shown to be
produce analyte gas-phase ions. In a more recent effort,effective. There are many reports in the literature on detecting
performances of various RTIL MALDI-MS matrixes were a variety of species and impurities within RTILs using differ-
assessed and compared with frequently used conventionaknt atomic spectroscopic techniques; however, these reports
matrixeqd81]. It was demonstrated that vacuum-stable, liquid are about RTIL characterization and therefore are not dis-
consistency of RTIL matrix sample preparations consider- cussed in this review.
ably enhanced MALDI-MS analysis in terms of shot-to- A brief review of the recent research on RTIL in molec-
shot reproducibility. It was also shown that solvent prop- ular fluorescence spectrometry is provided by Warner and
erties and MALDI matrix properties of RTILs, such as coworkers[88]. In an attempt to demonstrate the appli-
2,5-dihydroxybenzoic acid butylamine, can be combined to cations of RTILs toward solute solvation, many research
enable fast and direct screening of an enzymatic reaction.groups have investigated the dynamic and static solvation
Quantitative MALDI-ToF (time-of-flight) MS using isotopic  processes for a variety of solutes within RTILs. Pandey
labeled internal standards and ionic liquid matrixes was and coworkers observed the behavior of several elec-
applied for the screening of 10 pyranose oxidase variantstronic absorption and fluorescence solvatochromic probes
using aliquots of enzyme reaction mixtures without pre- within RTIL [89], RTIL + water[90,91] RTIL + ethano[92],
purification step$82]. In another application, fast screening RTIL + water + ethano]93], and RTIL + RTIL[94] systems.
of low molecular weight compounds (three arborescidine Their investigations indicated that the solvation environment
alkaloids, the anesthetics levobupivacaine and mepivacaine afforded by RTILs is similar to that of short-chain alcohols.
and the antibiotic tetracycline) was performed by thin-layer It was also demonstrated that addition of a cosolvent can
chromatography (TLC) followed by direct on-spot MALDI-  drastically alter the physicochemical properties of RTILs and
ToF MS identification with nearly “matrix-free” mass spectra hence increase their overall analytical utility toward solute
using an UV-absorbing RTIL matrix, triethylamiretyano- solvation. In an attempt to increase solubilization capacity
4-hydroxycinnamic acid83]. The technique was demon- and capability of RTILs the same group provided prelim-
strated to be fast and sensitive, required little sample prepa-inary evidence of the formation of molecularly organized
ration and manipulation. The problem of inhomogeneous assemblies by nonionic surfactants within a low-viscosity
distribution of analytes and matrixes in solid sample prepa- RTIL [95]. Temperature-dependent solvent properties of neat
ration for quantitative measurements encountered in MALDI bmimPF; [96], bmimPF + water[96], and bmimPE+ CO,
MS was partly solved by the use of RTILs as matrijk&4]. [97] were explored by Bright group utilizing different solva-
Researchers prepared RTIL matrixes composed of equimo-tochromic probes. They also investigated the effect of water
lar combinations of classical MALDI matrices with organic on relaxation dynamics surrounding a fluorescence probe
bases in quantitative and qualitative analysis of low molecular within bmimPF [98]. Baker and coworkers used fluores-
weight compounds such as amino acids, sugars, and vita-cence correlation spectroscopy to determine the translational
mins. RTIL-based matrix systems allowed a homogeneousdiffusion coefficients of three differently charged fluores-
sample preparation leading to a facilitated quantitative and cent probes dissolved within bmimpPHF99]. In a recent
qualitative measurement of the analytes compared with clas-communication, they synthesized a series of RTIL-inspired
sical solid matrixes. In a recent communication, Dyson and N-alkyl-N-methylpyrrolidinium halides and showed them to
coworkers demonstrated that electrospray ionization MS of aggregate when dissolved in waf&00]. It is important to
neat RTILs did not require continuous sample injection. They mention here that many other research groups, namely those
also showed that the presence of a molecular solvent facil-of Brennecke, Samanta, Maroncelli, Seddon, Tran, Ham-
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aguchi, Welton, McLean, Gordon, Pagni, Kazarian, Eckert,
Sarkar, Petrich, Armstrong, Billard, among others, have also
employed different spectroscopic probes to extensively char-
acterize solvation within RTIL-based systems; however, due
to the lack of space it is impossible to incorporate even brief
accounts of their significant work in this review.

Baker and coworkers reported a self-referencing opti-
cal thermometer based on a reversible, temperature-
dependent monomer—excimer interconversion of 1,3-bis(1-
pyrenyl)propane dissolved in a RTI[101]. Monomer-
to-excimer fluorescence intensity ratio of 1,3-bis(1-
pyrenyl)propane was shown to vary dramatically in the
25-140°C temperature range. In another interesting inves-
tigation, they demonstrated, using the single tryptophan

[3] Y. Chauvin, H. Olivier-Bourbigou, CHEMTECH Sep. (1995) 26.

[4] K.R. Seddon, J. Chem. Tech. Biotechnol. 68 (1997) 351.

[5] J.S. Wilkes, Green Chem. 4 (2002) 73.

[6] P. Wasserscheid, T. Welton (Eds.), lonic Liquids in Synthesis,
Wiley-VCH, 2003.

[7] R.D. Rogers, K.R. Seddon (Eds.), lonic Liquids: Industrial Applica-
tions for Green Chemistry, ACS Symposium Series 818, American
Chemical Society, Washington, DC, 2002.

[8] R.D. Rogers, K.R. Seddon (Eds.), lonic Liquids as Green Solvents:
Progress and Prospects, ACS Symposium Series 856, American
Chemical Society, Washington, DC, 2003.

[9] R.D. Rogers, K.R. Seddon (Eds.), lonic Liquids Ill: Fundamentals,
Challenges, and Oppurtunities, ACS Symposium Series, American
Chemical Society, Washington, DC, 2005.

[10] Green industrial applications of ionic liquids, in: R.D. Rogers, K.R.
Seddon, S. Volkov (Eds.), NATO Science Series Il: Mathematics,
Physics, and Chemistry, Kluwer Academic, 2003.

residue in the sweet protein monellin as a spectroscopic han- [11] H. ohno (Ed.), Electrochemical Aspects of lonic Liquids, Wiley-

dle, that RTIL affords extreme thermodynamic stabilization
to the protein as compared to wafd02]. Pandey group
showed that bmimPR§~<an be used as a solvent to discrimi-
nate between alternant and nonalternant polycyclic aromatic
hydrocarbons (PAHs) from a mixtuf@03]. Nitromethane
was observed to selectively quench the fluorescence from
alternant PAHs (PAHs containing only benzenoid structures),
while fluorescence from nonalternant PAHs (PAHs contain-
ing five-membered rings as well) was not quenched at all.
Finally, in a recent effort, Baker group has presented a simple

Interscience, 2005.

[12] T. Welton, Chem. Rev. 99 (1999) 2071.

[13] C.F. Poole, J. Chromatogr. A 1037 (2004) 49.

[14] J.F. Liu, J.A. Jonsson, G.B. Jiang, Trends Anal. Chem. 24 (2005)
20.

[15] G.A. Baker, S. Baker, S. Pandey, F.V. Bright, Analyst 130 (2005)
800.

[16] D.W. Armstrong, L.F. He, Y.S. Liu, Anal. Chem. 71 (1999) 3873.

[17] A. Berthod, L.F. He, D.W. Armstrong, Chromatographia 53 (2001)
63.

[18] J.L. Anderson, D.W. Armstrong, Anal. Chem. 75 (2003) 4851.

[19] J. Ding, T. Welton, D.W. Armstrong, Anal. Chem. 76 (2004) 6819.

spectroscopic colorimetric method that can be used to assess[20] A.M. Stalcup, B. Cabovska, J. Lig. Chromatogr. Rel. Tech. 27

the relative intrinsic hydrolytic stabilities of water-miscible
and water-immiscible ionic liquidg.04].

7. Conclusions
Due to their unusual characteristics as well as potential

environment-friendly behavior, RTILs are finding more and
more applications in a variety of analytical processes, such

(2004) 1443.

[21] L.J. He, W.Z. Zhang, L. Zhao, X. Liu, S.X. Jiang, J. Chromatogr.
A. 1007 (2003) 39.

[22] W.Z. Zhang, L.J. He, Y.L. Gu, X. Liu, S.X. Jiang, Anal. Lett. 36
(2003) 827.

[23] X. Xiaohua, Z. Liang, L. Xia, S.X. Jiang, Anal. Chim. Acta 519
(2004) 207.

[24] S.J. Liu, F. Zhou, L. Zhao, X.H. Xiao, X. Liu, S.X. Jiang, Chem.
Lett. 33 (2004) 496.

[25] R. Kaliszan, M.P. Marszall, M.J. Markuszewski, T. Baczek, J. Per-
nak, J. Chromatogr. A 1030 (2004) 263.

as, separation, extraction, electroanalysis, sensing, and Sspec-2¢] A. Berthod, S. Carda-Broch, J. Lig. Chromatogr. Rel. Tech. 26

trometry, among others. It is safe to say that once the physic-
ochemical properties of these neoteric solvents are well-
established, number of analytical applications of RTILs will

increase dramatically as researchers are discovering more and

more about these exciting solvents. There is no doubt that, in
the near future, RTILs will establish themselves as important
solvents in chemical analysis.
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