
Analytica Chimica Acta xxx (2005) xxx–xxx

Analytical applications of room-temperature ionic liquids:
A review of recent efforts

Siddharth Pandey∗

Department of Chemistry, Indian Institute of Technology, Hauz Khas, New Delhi 110016, India

Received 16 February 2005; received in revised form 10 June 2005; accepted 10 June 2005

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
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ublications on analytical applications of RTILs, it appears that in the near future these neoteric solvents are definitely going to be a
eature in analytical chemistry.

2005 Elsevier B.V. All rights reserved.
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. Introduction

During the time span of dramatic development in science
nd technology that we have witnessed in the last century,
ertain subjects have evolved over time in an extremely unfor-
unate way. The earlier periods of the last century appear to
ontain entirely beneficial developments in science and tech-
ology toward mankind, however, as the activities over the

ater time period unfold, unfortunate long-term environmen-
al consequences can and have become a significant legacy.
t the dawn of the new century, it is universally realized that
ny further development in science and technology has to

ake into account the concerns and safety of our immediate
nvironment as well as the long-term effects that these devel-
pments will have in the future. One of the longest-standing
roblems facing the chemical industries and academia is
ontinued reliance on huge volumes of toxic, hazardous,
ammable, and environmentally damaging organic solvents.
hese volatile organic solvents (VOCs) are problematic to
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separate/remove from the products, difficult to recycle/re
and impractical to dispose of without incurring substan
costs and/or adversely affecting the environment and/or
sonnel.

The recently rediscovered (i.e., in their air- and moist
stable forms) neoteric room-temperature ionic liqu
(RTILs), with virtually no vapor pressure, may well be
ace within the deck of solvents of choice (VOC replaceme
for the new millennium with potential as environmenta
benign media for many industrially important chemical p
cesses[1–5]. RTILs have shown potential as unique solve
with wide range of solubility, miscibility, and other physic
chemical properties accompanied by an extremely prom
non-volatile behavior. One of the advantages arising from
chemical structures of RTILs is that alteration of the catio
anion can cause changes in properties such as viscosity
ing point, water miscibility, and density. It is not surpris
that RTILs have shown tremendous applications in a va
of chemical processes.

The unique molecular architecture combined with
potential uses of RTILs is increasingly piquing the inte
E-mail address:sipandey@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
novel concept, but also relatively little is known about the
RTILs themselves. As a consequence, many research groups
in the world have embraced research areas dealing with vari-
ous aspects and applications of RTILs. An exponential growth
in the number of publications on RTILs over last 5–6 years
is the result of increasing interest in these novel solvents.
While a huge number of these publications report chemical
syntheses with RTIL as the solvent, number of reports on
the applications of RTILs in catalysis is also not far behind.
Although recently numerous analytical applications of RTILs
have appeared in literature, the full potential of these unique
solvents is still unexplored. Initial reports on utilization of
RTILs in chromatography and extraction as well as for elec-
troanalytical purposes started to appear in late 1990’s, it is
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
review; we have tried to focus more on the recent efforts. We
are responsible for the selection of the articles and will be
grateful to the readers for any reports of oversight.

It is important to review some of the books, monographs,
and conference proceedings published recently that deal with
various aspects of RTIL research. In this context, the book
edited by Wasserscheid and Welton[6] is an excellent refer-
ence for new researchers about to venture in this exciting area
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describing an analytical view of ionic liquids authored by
Baker, Baker, Pandey, and Bright that is recently published
[15]. The article chronicles recent progress made in the appli-
cation of ionic liquids toward analytical problem-solving.

In this review, we focus on recent analytical applications
of air- and moisture-stable RTILs as they are of particular
interest because they can be easily handled and used in wide
variety of environments. We have tried to incorporate most
of the recent publications on analytical application of these
RTILs to the best of our effort. However, very few reports on
other aspects of RTIL research such as, synthesis/catalysis
and structure/property elucidation of RTILs are selected for
inclusion in this review. These are judiciously selected pub-
lications that either directly or indirectly deal with analytical
applications of RTILs.

2. Chromatographic applications of ionic liquids

RTILs have been used in a variety of chromatographic
methods as novel materials. It appears that unusual proper-
ties of these neoteric solvents could impart potential benefits
to many areas of separation science. Most work on applica-
tions of RTILs in gas chromatography (GC) to date has been
conducted by Armstrong group. As one of the early reports
of the use of RTILs as stationary phase in GC, this group
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f research; the emphasis of this book is mainly on synt
spects of RTILs. A variety of preliminary reports enco
assing almost all areas of chemical sciences are pub

n two volumes of ACS Symposium Series[7,8], and a third
olume is due to come out in March 2005[9]. Edited by
ogers and Seddon, these collections contain the key p
resented at three ACS symposia on RTILs, Ionic Liqu

ndustrial Applications for Green Chemistry, Ionic Liqu
s Green Solvents: Progress and Prospects, and Ioni
ids: Properties and Structure, respectively. These sym
ere organized during the three different National M

ngs of the American Chemical Society (ACS) held at
iego (2001), Boston (2002), and New York (2003), res

ively. Another similar monograph, published under NA
cience Series and edited by Rogers, Seddon, and V
lso contains some interesting reports on analytical app

ions of RTILs[10]. Finally, a collection edited by Hiroyu
hno titled “Electrochemical Aspects of Ionic Liquids”
cheduled to be released in April 2005[11]. Although review
rticles on synthetic aspects of RTILs started to appear i
990s[12] (reference 12 is one of the first extensive revi
f its kind), attempts of reviewing analytical applications

hese solvents are definitely more recent. A recent artic
oole reviews chromatographic and spectroscopic me

or the determination of solvent properties of RTILs[13]. A
ore pertinent review of applications of RTILs in analyt

hemistry is recently published by Liu and coworkers[14].
his review highlights efforts in RTIL research area in sam
reparation, chromatography, and detection. It is impo

o mention a very comprehensive educational review a
as examined the behavior of two common RTILs, bmim6
nd bmimCl (bmim = 1-butyl-3-methylimidazolium), wh
oated onto fused silica capillary[16]. It was observe
hat the wetting ability and the viscosity of RTILs ma
hem ideal coating stationary phases in various GC a
ations. Using inverse GC, the authors compared the
ormance of aforementioned RTILs versus a popular c
ercial polysiloxane as stationary phases. They discov

hat RTILs act as low-polarity stationary phases to nonp
ompounds, however, more interestingly; solutes conta
trong proton-donor groups were efficiently retained.
her, the change of anion was shown to affect selec
nd the solubilizing capacity of RTIL stationary phases
separate investigation by the same group, RTIL bm
as used as a solvent to dissolve per- and di-methy
-cyclodextrins to prepare stationary phases for capi
olumns in GC for chiral separation[17]. Performance o
he commercial cyclodextrin columns was compared
TIL cyclodextrin columns and it was found that the e
iency of chiral separation of bmimCl cyclodextrin colu
as significantly inferior. The reason for this observa
as proposed to be the possibility of the formation o

nclusion complex between bmim and cyclodextrin ca
hus hindering the process of chiral recognition. Later,
ew RTILs containing bulky imidazolium cations, 1-benz
-methylimidazolium trifluoromethanesulfonate and 1
ethoxyphenyl)-3-methylimidazolium trifluoromethanes

onate, synthesized by Anderson and Armstrong sho
mproved thermal stability as stationary phases in GC[18].
n a very recent collaborative effort, Ding, Welton, and A
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strong have presented the first enantiomeric separations using
chiral RTIL stationary phases in GC[19]. The chiral RTIL-
coated stationary phases were shown to separate many solutes
including alcohols, diols, alkoxides, sulfoxides, epoxides,
and acetylated amines.

Before reviewing important contributions on applica-
tions of RTILs in high performance liquid chromatography
(HPLC), it is important to mention a recently published
review article by Stalcup and Cabovska in this area[20].
This review presents some important work on applications
of RTILs in liquid chromatography. In an earlier attempt,
chromatographic behavior of ephedrines on a C18 column
was investigated with different concentrations of bmimBF4
as the eluent at pH 3.0[21]. Addition of RTIL resulted
in decreased band tailing, reduced band broadening, and
improved resolution. Retention times were observed to first
increase and than decrease with increasing concentration of
RTIL. This was partly attributed to the competition between
imidazolium cations and the polar groups of the analyte for
the silanol group on the alkyl silica surface along with the
formation of weak bilayer electronic structure on the C18
column. In another report, similar studies were performed
with 1-alkyl-3-methylimidazolium andN-butylpyridinium
salts as new mobile phase additives for separation of cate-
cholamines in reversed-phase HPLC[22]. Separations with
good efficiencies were achieved. In another report by the
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the use of evaporative light-scattering detector for continuous
detection in CCC.

One of the earlier reports of the use of RTIL buffer elec-
trolytes in non-aqueous capillary electrophoresis (NACE)
demonstrated the separation of water-insoluble dyes in ace-
tonitrile that were previously not accessible using con-
ventional CE methodology[28]. It was reported that the
anionic part of the RTIL changed the general electrophoretic
mobility of the system and the separation of analytes was
achieved due to the dissociation of analytes in the presence
of RTILs in the separating medium. Application of 1-alkyl-3-
methylimidazolium RTILs in CE was reported by Stalcup et
al. [29]. Phenolic compounds found in grape seed extracts
were resolved using these RTILs as running electrolytes.
Authors propose the separation mechanism to involve asso-
ciation between imidazolium cations and the polyphenols.
In another study, Warner and coworkers reported the use
of RTILs as modifiers in the separation of achiral and chi-
ral analytes in micellar electrokinetic chromatography along
with polymeric surfactants[30]. RTILs may show the abil-
ity to assist in the separation of hydrophobic mixtures while
maintaining adequate background current. Their investiga-
tion showed that presence of RTILs rendered improved res-
olution and peak efficiency. In a different type of applica-
tion, two groups have reported to utilize the RTIL-coated
capillary during CE separations[31,32]. In the first investi-
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ame group, amines were separated using RTILs as
ives for the mobile phase in HPLC[23]. Effects of RTIL
lkyl chain length, counterion, and concentration were
eported. A comparison with tetrabutylammonium brom
uggested that RTILs behave as ion-pair reagents, how
heir H-bonding ability and hydrophobicity plays a ma
ole. Recently, RTIL chemically modified silica partic
ere used for the first time as the stationary phase in H

or the separation of alkaloids[24]. The problem encounter
n liquid chromatography during the separation of basic c
ounds due to the surface acidity of silica-based statio
hases was dealt recently by adding imidazoliumBF4 RTILs

25]. It was observed that addition of 0.5–1.5% (v/v) of s
TILs blocked silanols and provided efficient separation
trongly basic drugs using thin layer chromatography. T
rugs were hard to elute even with acetonitrile as the m
hase. Application of bmimPF6 as a novel solvent in cou

ercurrent chromatography (CCC) is reviewed by Bert
nd Carda-Broch[26]. They investigated the partitioning
8 aromatic derivatives possessing acidic, basic, or ne
oieties between bmimPF6 and water. It was observed th

he high viscosity inherent to neat bmimPF6 limits its
s a solvent in CCC; however, addition of a third low
osity solvent could alleviate this problem. In a subseq
nd more recent investigation, the same authors utiliz
0:20:40% (w/w) water:acetonitrile:bmimPF6 biphasic liq-
id system in CCC[27]. It was again demonstrated that
ajor drawback in using RTIL was its high viscosity. Amo
inor drawbacks, significant UV absorbance by RTILs

ted the use of UV detector and non-volatile nature preclu
ation, RTIL-coated capillary was prepared and investig
or DNA separation. The experiments indicated that the
ormance of these capillaries was stable in the run b
or at least 96 h with no noticeable deterioration in per
ance[31]. In the second report, a CE method in wh
-alkyl-3-methylimidazolium RTILs were used as the r
ing electrolytes to separate basic proteins such as, lyso
ytochromec, trypsinogen, and�-chymotyypsinogen A, wa
stablished[32]. Baseline separation, high efficiencies,
ymmetrical peaks were obtained during the separatio
he four proteins. Again, the separation mechanism was
ested to involve association between imidazolium ca
nd proteins.

. Ionic liquids as solvents for extraction

Some of the initial reports on utilization of RTILs f
xtraction purposes came from Robin Rogers and co
rators. In one of the first reports, this group studied
artitioning of substituted benzene derivatives between w
nd bmimPF6 [33]. In a subsequent and more detailed inv

igation, utilizing an indicator dye thymol blue Rogers gro
emonstrated the reversible pH-dependent liquid/liquid

itioning for RTIL-containing systems[34]. Possibility of the
ne-tuning of the partitioning process by varying RTIL str
ure was also presented. 18-Crown-6 family crown et
ere dissolved in 1-alkyl-3-methylimidazolium PF6 and

nvestigated for the extraction of Na+, Cs+, and Sr2+ from
queous solutions[35]. In the presence of crown ethers
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RTIL-based liquid/liquid separations, the resulting metal ion
partitioning depended on the hydrophobicity of the crown
ether and the composition of the aqueous phase. In compari-
son to traditional solvent extraction behavior, RTILs showed
exceptional behavior and possibility of significantly compli-
cated partitioning mechanism. It is important to mention that
another report from a different research group also described
unprecedented large distribution coefficients achieved by
using RTILs as extraction solvents for separation of metal
ions by crown ethers[36]. Bartsch group also reported on
the influence of structural variations in RTIL on the selectiv-
ity and efficiency of competitive alkali metal salt extraction
by crown ethers[37]. They showed that extraction efficiency
generally diminished as the length of the 1-alkyl group on
RTIL was increased. To further expand the utility of RTILs
in metal ion extraction, other well-known organic and inor-
ganic extractants were also utilized[38]. It was demonstrated
that metal ion affinity for the hydrophobic phase necessitates
the presence of an extractant. Later, in an exciting communi-
cation, Rogers and Davis, Jr. introduced task-specific RTILs
for extraction of metal ions from aqueous milieu[39]. In
such applications, imidazolium cations were derivatized to
include task-specific functionalities, such as metal ligating
groups that when used as part of the solvent or doped in the
less expensive RTILs could dramatically enhance the extrac-
tion of targeted metal ions.
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type of RTIL indicated the important role played by solva-
tion in solvent extraction processes based on RTILs. Shimojo
and Goto found that a calix[4]arene-bearing pyridine was sol-
uble in 1-alkyl-3-methylimidazolium PF6 and showed a high
extraction ability and selectivity for Ag+ [47]. The extrac-
tion performance of pyridinocalix[4]arene was reported to
be greatly enhanced by dissolution in RTILs in comparison
to chloroform.

Utilization of supercritical carbon dioxide (scCO2) in con-
cert with various popular ionic liquids is shown to have
modified and enhanced the overall extraction capabilities
and applications of these neoteric solvents[48–52]. In an
initial report by Brennecke group, recovery of organic prod-
ucts from ionic liquids using scCO2 is demonstrated[48].
Recovery rates of various aromatic and aliphatic solutes from
bmimPF6 in the presence of environmentally benign scCO2
are presented. In a subsequent study, interesting outcomes
showing utility of scCO2 as a separation switch for ionic liq-
uid/organic mixtures were published by the same group[49].
Ian another report, Brennecke and coworkers have shown
that liquid/liquid extraction with water resulted in the loss
of some ionic liquid, whereas a variety of solutes could
be extracted from ionic liquids with scCO2 without cross-
contamination[50]. Recently, enantioselective hydrogena-
tion of N-(1-phenylethylidene)aniline using cationic iridium
complexes with chiral phosphinooxazoline ligands is stud-
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Fadeev and Meagher reported the potential of RTIL
xtractants in recovery of butyl alcohol from fermenta
roth [40]. By measuring the partition coefficient betwe
ater and two RTILs (log P), Abraham et al. showed
n increase in solute hydrogen bond basicity and s
olume led to a decrease and increase in logP, respec
ively [41]. Similarly, an increase in solute hydrogen bo
cidity also decreased logP. Surprisingly, RTILs showe

o have an increased affinity for polyaromatic hydro
ons as compared to traditional organic solvents. R
-octyl-3-methylimidazoliumPF6 was demonstrated to
xcellent extraction solvent in both direct-immersion
eadspace liquid phase microextraction (LPME)[42]. Model
olutes, polycyclic aromatic hydrocarbons, were rap
nd conveniently enriched in a 3�L drop of aforemen

ioned RTIL suspended on the tip of a microsyringe
owed by a liquid chromatographic determination. Sim
esults were also reported for other solutes, 4-nonylph
nd 4-tert-octylphenol[43]. RTIL bmimPF6 in concert with
ithizone metal chelator was demonstrated to form

ral metal–dithizone complexes with heavy metal ions s
s to extract heavy metal ions from aqueous solution
mimPF6 [44]. Distribution ratios of heavy metal complex
etween bmimPF6 and water were found to be high a
xtraction efficiencies pH dependent. In more recent s

es, novel crown ethers (N-alkyl aza-18-crown-6 series) a
alixarenes crown ethers (calix[4]arene-bis(tert-octylbenzo
rown-6)) were synthesized and used in RTILs as recyc
xtractants for separation of Sr2+ and Cs+ from aqueous solu
ions [45,46]. The strong dependence of selectivity on
ed as a chemical probe to assess the potential of
iquid/CO2 media for multiphase catalysis by Leitner a
oworkers[51]. They observed that the products are rea
solated from the catalyst solution by CO2 extraction with-
ut cross-contamination of ionic liquid or catalyst. Dur

he electro-oxidation of benzyl alcohol by electrolysis in
onic liquid/scCO2 system in an undivided cell, Zhao et
lso demonstrated that the products could be easily r
red from the ionic liquid by using scCO2 extraction afte

he electrolysis, and the ionic liquid could be reused[52].

. Electroanalytical applications of ionic liquids

In one of the earlier reports, McEwen and cowork
xplored electrochemical properties of some common R
ith an eye toward their applications in electrochem
apacitor[53]. Later, in a series of papers published in

ournalElectrochemistry, detailed preliminary investigatio
f the potential of RTILs toward electroanalytical ap
ations were reported by many research groups[54–61].
mong others, potential of RTILs as electrolytes, their

n photoelectrochemical solar cells, their application
ouble-layer capacitors, as electrolytes in rechargeable

n electrodeposition of metals and alloys were discus
ther similar reports also hinted toward their applicat
s solvents for the electrodeposition of metals, semicon

ors, germanium nanoclusters, and germanium on Au
62–64]. In an exciting report, a RTIL electrolyte cons
uted of 1-methyl-3-propylimidazolium iodide, 1-methyl
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ethylimidazolium dicyanamide, and lithium iodide was com-
bined with an amphiphilic polypyridyl ruthenium sensitizer
to obtain a solar cell based on a solvent-free electrolyte with
good efficiencies[65]. These unprecedented efficiencies for
dye-sensitized solar cells with pure RTIL electrolyte demon-
strated one of the major electroanalytical applications of
RTILs. The voltammetry of ferrocene and ferrocene+ was
studied in RTIL bmimPF6 when solid was adhered to glassy
carbon or platinum disk electrodes[66]. Voltammograms of
adhered ferrocene and ferrocene+ were obtained and ana-
lyzed in detail. Extensive studies on other redox-active solids
suggested that voltammograms of solid particles adhered to
the electrode surface in contact with RTILs mostly exhibited
classical behavior associated with solution-phase diffusion-
controlled voltammetry.

In a more recent investigation, conductivity property of
carbon nanotubes/RTILs and carbon microbeads/RTILs com-
posite materials was studied utilizingac impedance tech-
nology [67]. It was demonstrated that enzyme coated by
RTILs-modified gold and glassy carbon electrodes allow
efficient electron transfer between the electrode and the pro-
tein and also catalyze the reduction of molecular oxygen
and hydrogen peroxide. Recently, the electrochemistry of
cesium was investigated at Hg electrodes in RTIL tri-1-
butylmethylammonium bis((trifluoromethyl)sulfonyl)imide
by using cyclic staircase voltammetry, rotating disk elec-
t
o sible
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5. Sensing within ionic liquids

Applications of RTILs in chemosensing are recently being
explored by many researchers. In one of the earlier reports,
Dai and coworkers have developed and evaluated the per-
formance of a quartz crystal microbalance device employing
RTILs as the sensing materials for organic vapors[74]. The
sensing mechanism was shown to be based on the rapid
decrease in the viscosity of RTIL membrane due to solu-
bilization of analytes in RTILs. It was further observed that
this change in viscosity was specific to the gaseous chemical
species as well as to the type of RTIL. The sensor was shown
to have a rapid response (<2 s) with excellent reversibility
due to the fast diffusion of analytes in RTILs.

In a separate investigation, Compton and coworkers have
demonstrated the use of RTILs in gas sensor design[75].
While comparing the attainable steady-state limiting currents
and time responses of membrane-covered and membrane-
independent gas sensors constituted of a variety of electrodes
and electrolyte materials, these researchers considered a new
design of membrane-free microelectrode modified with a thin
layer of a RTIL. It was concluded that the use of RTIL as
an electrolyte eliminates the need for a membrane and sup-
porting electrolyte, however, slower time responses resulted
due to higher viscosities of RTILs. It was suggested that
these types of RTIL-based sensors may operate better in
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rode voltammetry, and chronoamperometry[68]. It was
bserved that reduction of cesium showed quasirever
ehavior with bulk deposition and stripping experime
onducted at a rotating Hg film electrode showing an a
ge recovery of 97% of the electrodeposited Cs. In an

nvestigation, electrodeposition of Pd-Au alloy was s
ed within 1-ehtyl-3-methylimidazolium chloride tetraflu
oborate system containing Pd(II) and Au(I)[69]. Authors
emonstrated that galvanostatic electrolysis of the sol
esulted in a compact alloy deposition. Martiz et al. repo
lectrogeneration of diorganylsilanones from difunctio
recursors in the presence of hexamethyldisiloxane and
methylcyclotrisiloxane within three RTILs[70]. High sol-
bility of oxygen and inertness toward superoxide an
ssociated with the RTILs selected allowed functio

zed siloxanes to be produced selectively in good isol
ields. In an exciting interdisciplinary report, single-w
arbon nanotubes, fullerene peapods, and double-wal
on nanotubes were charged electrochemically in 1-but
ethylimidazolium tetrafluoroborate/hexafluorophosp

71]. It was observed that the electrochemistry of nanot
nd peapods is dominated by their capacitive double-
harging.

It is important to mention the two very recent review a
les published on electrochemical applications of RTILs;
y Buzzeo et al.[72], and the other by Endres[73]. These two
eviews provide a detailed account of the utilization of RT
n a variety of electrochemical processes. Readers are g
o these two informative reviews for further information
lectroanalytical applications of RTILs.
xtreme operating conditions (e.g., high temperature
ressure) due to thermal stability and extreme low vol

ty of RTILs. Toward more specific gas sensing applicati
solid-state amperometric O2 sensor was built by usin

upported hydrophobic bmimPF6 porous polyethylene mem
rane as a solid-state electrolyte[76]. This RTIL-based O2
as sensor showed a wide detection range and high sta

n a similar investigation, the same group utilized a dif
nt hydrophilic RTIL, 1-ethyl-3-methylimidazolium tetrafl
roborate, to fabricate a solid-state amperometric sens
2 detection[77].
Recently, Bennett and Leo have shown the applicatio

TILs as stable solvents for ionic polymer transducers[78].
hey explored to replace water with highly stable RTIL
aturate Nafion

TM
membranes, which are known to operat

lectromechanical actuators and sensors. Their experim
esults demonstrated that Nafion

TM
transducers solvated wi

TIL 1-ethyl-3-methylimidazolium trifluoromethylsulfona
ave improved stability when operated in air as compar

he same materials solvated with water. However, the re
ion in the speed of the response as compared to water wa
oteworthy. Finally, a critical evaluation of RTILs contain

ithium methylsulfonyl group in ethanol sensing is repor
y Lee and Chou[79]. These RTILs were prepared from
recursors poly(propylene glycol)-block-(ethylene glyc
lock-(propylene glycol)-bis(2-aminopropyl ether) with d

erent molecular weights. In order to establish the sensit
f an ethanol sensor by using these RTILs, they were

ected into sequential electrochemical tests with Ni electr
hich performed at high sensitivity for the ethanol sen
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However, it was reported that only the derivative with low
molecular weight could detect ethanol. A linear relationship
was established between response current and ethanol con-
centration with detection limit around 0.13% (v/v) and 336 s
response time.

6. Ionic liquids in spectrometry

The use of RTILs in mass spectrometric analysis is rapidly
increasing. In one of the first reports of its kind, appli-
cation of RTILs as matrixes for ultraviolet matrix-assisted
laser desorption/ionization (UV-MALDI) mass spectrome-
try (MS) was established by Armstrong’s group[80]. All
RTILs-based matrixes tested showed excellent solubilizing
properties and vacuum stability compared to other frequently
employed solid and liquid matrixes. It was observed, how-
ever, that these matrixes varied widely in their ability to
produce analyte gas-phase ions. In a more recent effort,
performances of various RTIL MALDI–MS matrixes were
assessed and compared with frequently used conventional
matrixes[81]. It was demonstrated that vacuum-stable, liquid
consistency of RTIL matrix sample preparations consider-
ably enhanced MALDI–MS analysis in terms of shot-to-
shot reproducibility. It was also shown that solvent prop-
erties and MALDI matrix properties of RTILs, such as
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itated the analysis of RTIL as well as analytes dissolved in
RTILs[85]. The task of identifying catalysts in RTILs using in
situ NMR spectroscopy is problematic because of the require-
ment of deuterated RTILs. Zhao has demonstrated that since
many of the catalysts used in RTILs are ionic in nature, elec-
trospray ionization (ESI) MS could be used to detect such
catalysts in RTILs[86]. The characterization of a ruthenium
catalyst immobilized in a RTIL was described in detail.

Analysis of gold by inductively coupled plasma atomic
emission spectrometry (ICP-AES) in aqueous solution in the
presence of up to 50% (w/v) of various RTILs is recently
reported[87]. The presence of RTILs is shown to alter the
nebulization efficiency and sample transport properties. As a
consequence of the higher viscosities associated with most
RTILs, the AES signal intensity and apparent concentration
of gold in solution is reported to be usually suppressed. Fur-
ther, the use of the standard addition method to compensate
for matrix error in the presence of RTILs was shown to be
effective. There are many reports in the literature on detecting
a variety of species and impurities within RTILs using differ-
ent atomic spectroscopic techniques; however, these reports
are about RTIL characterization and therefore are not dis-
cussed in this review.

A brief review of the recent research on RTIL in molec-
ular fluorescence spectrometry is provided by Warner and
coworkers[88]. In an attempt to demonstrate the appli-
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,5-dihydroxybenzoic acid butylamine, can be combine
nable fast and direct screening of an enzymatic reac
uantitative MALDI-ToF (time-of-flight) MS using isotop

abeled internal standards and ionic liquid matrixes
pplied for the screening of 10 pyranose oxidase var
sing aliquots of enzyme reaction mixtures without p
urification steps[82]. In another application, fast screen
f low molecular weight compounds (three arboresci
lkaloids, the anesthetics levobupivacaine and mepivac
nd the antibiotic tetracycline) was performed by thin-la
hromatography (TLC) followed by direct on-spot MALD
oF MS identification with nearly “matrix-free” mass spec
sing an UV-absorbing RTIL matrix, triethylamine/�-cyano-
-hydroxycinnamic acid[83]. The technique was demo
trated to be fast and sensitive, required little sample p
ation and manipulation. The problem of inhomogene
istribution of analytes and matrixes in solid sample pr
ation for quantitative measurements encountered in MA
S was partly solved by the use of RTILs as matrixes[84].
esearchers prepared RTIL matrixes composed of equ

ar combinations of classical MALDI matrices with orga
ases in quantitative and qualitative analysis of low molec
eight compounds such as amino acids, sugars, and
ins. RTIL-based matrix systems allowed a homogen

ample preparation leading to a facilitated quantitative
ualitative measurement of the analytes compared with
ical solid matrixes. In a recent communication, Dyson
oworkers demonstrated that electrospray ionization M
eat RTILs did not require continuous sample injection. T
lso showed that the presence of a molecular solvent
ations of RTILs toward solute solvation, many rese
roups have investigated the dynamic and static solv
rocesses for a variety of solutes within RTILs. Pan
nd coworkers observed the behavior of several

ronic absorption and fluorescence solvatochromic pr
ithin RTIL [89], RTIL + water[90,91], RTIL + ethanol[92],
TIL + water + ethanol[93], and RTIL + RTIL[94] systems
heir investigations indicated that the solvation environm
fforded by RTILs is similar to that of short-chain alcoh

t was also demonstrated that addition of a cosolvent
rastically alter the physicochemical properties of RTILs
ence increase their overall analytical utility toward so
olvation. In an attempt to increase solubilization capa
nd capability of RTILs the same group provided pre

nary evidence of the formation of molecularly organi
ssemblies by nonionic surfactants within a low-visco
TIL [95]. Temperature-dependent solvent properties of
mimPF6 [96], bmimPF6 + water[96], and bmimPF6 + CO2
97] were explored by Bright group utilizing different solv
ochromic probes. They also investigated the effect of w
n relaxation dynamics surrounding a fluorescence p
ithin bmimPF6 [98]. Baker and coworkers used fluor
ence correlation spectroscopy to determine the transla
iffusion coefficients of three differently charged fluor
ent probes dissolved within bmimPF6 [99]. In a recen
ommunication, they synthesized a series of RTIL-insp
-alkyl-N-methylpyrrolidinium halides and showed them
ggregate when dissolved in water[100]. It is important to
ention here that many other research groups, namely
f Brennecke, Samanta, Maroncelli, Seddon, Tran, H
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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 RTIL[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
residue in the sweet protein monellin as a spectroscopic han-
dle, that RTIL affords extreme thermodynamic stabilization
to the protein as compared to water[102]. Pandey group
showed that bmimPF6 can be used as a solvent to discrimi-
nate between alternant and nonalternant polycyclic aromatic
hydrocarbons (PAHs) from a mixture[103]. 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
spectroscopic colorimetric method that can be used to assess
t le
a
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. Conclusions

Due to their unusual characteristics as well as pote
nvironment-friendly behavior, RTILs are finding more
ore applications in a variety of analytical processes,
s, separation, extraction, electroanalysis, sensing, and

rometry, among others. It is safe to say that once the ph
chemical properties of these neoteric solvents are
stablished, number of analytical applications of RTILs

ncrease dramatically as researchers are discovering mo
ore about these exciting solvents. There is no doubt th

he near future, RTILs will establish themselves as impo
olvents in chemical analysis.
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