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ABSTRACT

Ionic liquids are liquids composed completely of ions. In the past
two decades, ionic liquids have been widely used as “green
solvents” replacing traditional organic solvents for organic synthesis
and catalysis. In addition, ionic liquids are playing an increasingly
important role in separation science. In this Account, the applica-
tion of ionic liquids in all areas of separation science including
extractions, gas chromatography, and supported liquid membrane
processes are highlighted.

1. Introduction

It has been the traditional view that the melting points of
salts are high. For example, sodium chloride melts at 801
°C. However, there is a class of salts or salt mixtures with
melting points below 100 °C, which are referred to as ionic
liquids (ILs). Room-temperature ionic liquids (RTILs) are
ILs with melting points at or below ambient temperature.
The cationic parts of most ionic liquids are organic-based
moieties such as imidazolium, N-alkylpyridinium, tet-
raalkylammonium, and tetraalkylphosphonium ions. The
anionic parts can be organic or inorganic and include such
entities as some halides, nitrate, acetate, hexafluorophos-
phate ([PFg]), tetrafluoroborate ([BE,]), trifluoromethyl-
sulfonate ([OTf]), and bis(trifluoromethanesulfonyl)imide
(INTf,]). The most common cations and anions are listed
in Figure 1. The first RTIL, ethylammonium nitrate (mp
13-14 °C), was reported in 1914.! However, ILs did not
draw much attention from chemists till 1992, when Wilkes
and co-workers reported air- and water-stable RTILs based
on imidazolium salts.?> Subsequently, research on the
synthesis, properties, and applications of RTILs has in-
creased substantially.

Ionic liquids have unique physicochemical properties.
For example, RTILs can have a broad liquid range. Many
RTILs remain in a liquid state at temperatures between
~0 and 300 or even 400 °C in the case of more recently
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FIGURE 1. Common cations and anions of room-temperature ionic
liquids. Cations: 1, imidazolium ion; 2, N-alkylpyridinium ion; 3,
tetraalkylammonium ion; 4, tetraalkylphosphonium ion. R,, R,, Rs, and
R, are alkyl groups and can be the same or different. Anions: 5,
hexafluorophosphate ([PFgl); 6, tetrafluoroborate ([BF,l); 7, trifluo-
romethylsulfonate ([OTf]); 8, bis(trifluoromethanesulfonyl)imide ([NTf,]).

developed ILs.>* Ionic liquids have low to negligible vapor
pressures. However a recent report indicated that several
1-n-alkyl-3-methylimidazolium bis(trifluoromethanesulfo-
nyl)imides ([C,MIM][NTf,]) could be vacuum distilled at
a rate of 0.024-0.12 g/h (at 300 °C and 10~* bar).®> Many,
but not all, ILs show high thermal stability. Some ILs with
imidazolium cations and weak nucleophilic anions were
stable at 250 °C,° and some dicationic ionic liquids are stable
at temperature exceeding 400 °C.* Most ILs are nonflam-
mable; however some with nitrate or perchlorate anions
are combustible.” In fact, a special class of ILs referred to
as “energetic ionic liquids” are being developed as high
explosives.” Tonic liquids may be the most complex of all
solvents because they are capable of virtually all possible
types of interactions with solutes.® ILs can solubilize a
variety of organic and inorganic compounds. They can be
designed to be immiscible or miscible with water and a
number of organic solvents.

The physicochemical properties of RTILs are influenced
by both their cationic and their anionic moieties. For
example, both the densities and surface tensions of ILs
based on [C,MIM] cations with the same anion decrease
when the length of alkyl chain increases.® In contrast, the
viscosities of the same group of ILs with the same anion
increase with an increase in alkyl chain length.® The
solubility of ILs depends on both the cation and anion.
For example, 1-butyl-3-methylimidazolium chloride
(IBMIM][CI]) and [BMIM][BF,] are soluble in water,
while [BMIM][PF;] and [BMIM][NTf,] are immiscible with
water.® Increasing the length of alkyl chain on the cation
lowers the solubility of ILs with [BF,] anions. 1-Octyl-3-
methylimidazolium tetrafluoroborate ([OMIM][BF,]) is
immiscible with water.® Combinations of different possible
cations and anions result in a large number of ionic liquids
with different properties. Therefore, RTILs often are

referred to as “tailor-made or tunable materials”.'®
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One ionic liquid, N-methylimidazolium chloride (mp
75 °C), was employed in an industrial process for the
manufacture of alkoxyphenylphosphines on a multiton
scale.!! Application of ILs also was extended into areas of
analytical chemistry'®'*™* including electrochemistry,
separations, mass spectrometry, and spectroscopy. In this
Account, the application of RTILs in the area of chemical
separations is examined. This includes liquid-liquid ex-
traction, liquid microextraction, solid microextraction, gas
chromatography (GC), and supported liquid membranes.

2. Gas Chromatography

Early on, a series of papers reported using various
quaternary ammonium and phosphonium salts as the gas
chromatography (GC) stationary phase for packed and
open-tubular columns.'>~'® However, the relatively narrow
liquid ranges and thermal instability of these salts limited
their practical application as GC stationary phases. Thus,
they were mainly of academic interest.

The unique properties of modern imidazolium-based
RTILs such as high viscosity, broad liquid range, high
thermostability, low volatility, good wetting ability for
fused silica capillary, and the possibility of multiple
interactions with a variety of solutes make these types of
ILs suitable candidates for GC stationary phases coated
on fused silica capillary columns. [BMIM][PFg] and
[BMIM][CI] were evaluated as GC stationary phases on
fused silica capillary columns.'® The Rohrschneider-M-
cReynolds constants for these two IL stationary phases
were determined and compared with a traditional pol-
ysiloxane stationary phase. The ionic liquid stationary
phase showed a dual-nature property. That is, ILs can
retain and separate nonpolar compounds as well as polar
compounds.'® Using a solvation parameter model devel-
oped by Abraham (i.e., a more elaborate version of the
earlier Rohrschneider-McReynolds approach), 17 RTILs
were characterized with inverse GC.?° The results showed
that the most important interactions between RTILs and
solutes were dipolarity, hydrogen bond basicity, and
dispersion forces. By use of this solvation parameter
approach, each ionic liquid could be characterized ac-
cording to its own unique hydrogen bond acidity, hydro-
gen bond basicity, dipolar, n-n + 7-x, and dispersion
interactions. This was not only useful in characterizing
and classifying ILs, but it also provided an explanation as
to their effect on both organic reactions and chromato-
graphic retention. The interaction constants further sup-
ported the previously proposed dual-nature property of
IL stationary phases.?® However, column bleed was ob-
served for these IL stationary phases below 200 °C due to
the decomposition or partial volatilization of the ILs.
Unsymmetrical peak shapes were also observed for some
classes of solutes that were proton donors (alcohols and
acids). To solve these problems, new GC stationary phases
based on two ILs with bulky monocations, 1-benzyl-3-
methylimidazolium trifluoromethanesulfonate ([BeMIM]
[OTf]) and 1-(4-methoxyphenyl)-3-methylimidazolium tri-
fluoromethanesulfonate (IMPMIM][OTf]), were prepared.
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FIGURE 2. Separation of isomeric sulfoxides on (A) 10-m BeMIM-TfO
column and (B) 10-m DB-17 column: 1, CH,Cl,; 2, p-trifluoromethyl
methylphenyl sulfoxide; 3, p-fluoromethylphenyl sulfoxide; 4, o-
chloromethylphenyl sulfoxide; 5, m-chloromethylphenyl sulfoxide, 6,
p-chloromethylphenyl sulfoxide; 7, m-bromomethylphenyl sulfoxide.
Conditions were (A) 170 and (B) 145 °C. Reproduced with permission
from ref 21. Copyright 2003 American Chemical Society.

Symmetric peak shapes and high thermostabilities were
observed on these two GC stationary phases. No column
bleed was observed for the [MPMIM][OTI] stationary
phase up to 260 °C. The separation of isomeric sulfoxides
(Figure 2) and polychlorinated biphenyls on [MPMIM][O-
Tf] column was better than that found on a commercial
polysiloxane column.?’ Subsequently, IL-GC stationary
phases were compared with polar and nonpolar com-
mercial stationary phases for the separation of volatile
components of herbal plants and essential oils.?* Station-
ary phase mixtures of ILs and polysiloxanes gave excep-
tionally high efficiencies and selectivities.??

Recently, we introduced unique types of ionic liquids
that provided tremendous thermal stability and ultralow
volatility. These were “multifunctional” ILs, including
germinal dicationic liquids, unsymmetrical dicationic
liquids, and tricationic liquids (see Figure 3).*?*?* Many
of these had stable liquid range from less than or equal
to —8 to greater than 410 °C. It was found that some
unsymmetrical dicationic liquids had melting points over
150 °C, lower than their symmetrical analogues.”® From
the standpoint of GC stationary phase stability, it was
found that using functionalized ILs with vinyl groups
provided the ultimate in high thermal stability and low
column bleed.?® This was because they could be cross-
linked. A partially cross-linked IL stationary phase was
used in 2-D GC for rapid separation (5 min) of a 20-
component mixture and a 13-component mixture found
in the headspace above U.S. currency.?®

A complete theoretical description of the association
of alkanes with ionic liquids in dilute solution was
formulated and tested using entropy and enthalpy values
measured by GC.?” The enthalpy can be described ac-
cording to Columb’s law and following the logic of a
classical Madelung-constant calculation.?” The entropy
can be calculated from W(n) = n?[2""']W(n - 1) where W
is the number of possible rearrangements for 7 ion pair(s)
that are ordered around or solvating a dissolved hydro-
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FIGURE 3. Examples of symmetric and unsymmetric dicationic ionic liquids and a tricationic ionic liquid developed in our laboratory.

carbon molecule. While more complex theoretical ap-
proaches/models can be used, as yet nothing has been
shown to produce more accurate or consistent results.*’

ILs can be used as chiral GC stationary phases as well.
Traditional chiral selectors such as derivatives of cyclo-
dextrin were dissolved in [BMIM][CI], and the mixture was
coated on a fused silica capillary. The enantiomeric
separation efficiencies of the IL columns were approxi-
mately ten times higher than comparable commercial
columns with the same chiral selectors. However, the new
chiral stationary phases separated fewer enantiomers. The
reason for this was that the IL cation tended to occupy
the cavity of the cyclodextrin and prevented the inclusion
complexation of some analytes.?® This was later confirmed
by Tran and co-workers who measured the binding of
[BMIM] to B-cyclodextrin.?® Chiral ILs based on N,N-
dimethylephedrinium bis(trifluoromethanesulfonyl)imide
were coated and investigated for enantiomeric separa-
tions.>® Three groups of chiral compounds including
sulfoxides, alcohols, and epoxides were separated. The
change of elution order was achieved by using the
diasteromeric chiral ILs as stationary phases.*® Develop-
ment of IL chiral stationary phases with broader enan-
tiomeric selectivity and greater thermal stability is the
main challenge in this area.

ILs can also be used as solvents for headspace GC.
Using imidazolium-based ILs as solvents, ethanol, ethyl
acetate, cyclohexane, and toluene were detected by head-
space GC.*! Three analytes with low vapor pressure and
boiling points over 200 °C (2-ethyl-hexanoic acid, forma-
mide, and tri-n-butylamine) were dissolved in ILs at the
ppm level and determined by headspace GC.*?

3. Liquid-Liquid Extraction

3.1. Extraction of Metal Ions. Dicyclohexyl-18-
crown-6 crown ether was dissolved in imidazolium-based
ILs to extract Sr** from aqueous solution.®® Compared
with traditional organic solvents such as chloroform
(distribution coefficient, D = 0.77) and toluene (D = 0.76),
exceptionally large D values (D = 10* in one case) were
obtained. In addition, the distribution coefficient of Sr**
between the ionic liquid and water was always less than
1 without the crown ether extractant.>® Further research
showed that the distribution of alkali and alkaline earth
ions depends on the hydrophobicity of the crown ether,
hydrophobicity of cations and anions of ILs, and the
constituents of the aqueous solution such as concentra-
tions and characteristics of the dissolved electrolytes.?*~3¢

Calix[4]arene crown ethers were used as extractants in
ILs for removal of Cs™ from water.>” Monoaza-substituted
crown ethers dissolved in ILs were used to extract Na™,
K', Cs™, and Sr*". The ILs and crown ethers can be
recycled through stripping the metal ions from the IL
phase with acidic aqueous solution.*® The mechanism for
the extraction of Sr** from aqueous solution to the RTIL
phase was investigated. When the cation of the Sr** crown
ether complex moved into the IL phase, the countercation
of the IL entered the aqueous phase to maintain charge
balance.*® There are a number of additional reports where
a combination of a chelating agent and an ionic liquid
are used to extract metal ions from aqueous solution.*°=44

A special class of ionic liquids (named task-specific
ionic liquids (TSILs)) have functional groups that permit
the extraction of metal ions from aqueous solution. These
ionic liquids can act as both solvents and extractants. Ionic
liquids with thiourea, thioether, and urea functional
groups were used to extract Hg?* and Cd** from aqueous
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FIGURE 4. UV absorption spectra of the aqueous layer indicates the degree to which gold nanoparticals are extracted from water (curve a)
to (b) benzene, (c) hexane, (d) chloroform, (e) 10-undecen-1-ol, and (f) [BMIM][PFy]. The inset test tubes showed the gold nanoparticals
before (left) and after (right) phase transfer from aqueous phase into [BMIMI[PF]. Modified from ref 48.

solution. Significant increases in the extraction efficiency
were observed for these two metal ions.*®> Another kind
of TSIL used for the extraction of Hg?" is an IL with a
polyether-linked bis-imidazolium cation. The introduction
of the ether linker in the IL increased the distribution
coefficient of Hg?* dramatically.*® ILs with 2-hydroxyben-
zylamine fragments were employed to extract americium
ions.*’

Wei and co-workers extracted gold nanoparticles and
nanorods quantitively from water to [BMIM][PFg4].*® The
size and shape of nanoparticles and nanorods did not
change in the extraction process (Figure 4).*® Cationic
CdTe quantum dots were efficiently extracted into
[BMIM][NTf,] from aqueous solution and photolumines-
cence of these nanomaterials was enhanced in the IL.*°

3.2. Extraction of Organic Molecules. The wide ap-
plication for RTILs in the extraction of organic compounds
began around 1998. Rogers and co-workers determined
the distribution ratio of 12 substituted benzene derivatives
between [BMIM] [PFg4] and water. The partitioning of these
compounds between the two phases depended on both
the charge and the hydrophobicity of the solutes.>® The
pH-dependent partitioning of an indicator dye, thymol
blue, between [C,,MIM][PFg4] and water was demonstrated
(Figure 5). Also it was shown that the distribution ratio of
thymol blue between [C,MIM][PFg4] and water increases
with increasing alkyl chain length of the IL cation.’* We
measured the partition coefficients for 40 compounds
(including organic acids, bases, amino acids, antioxidants,
and neutral compounds) at pH = 2, 5.1, and 10 between
[BMIM][PF4] and water.>? Distribution coefficients for the
molecular form of the solutes in the IL/water system and
in a l-octanol/water system were compared. Neutral
forms of ionizable compounds showed greater partitioning
to the IL phase than did their ionized forms. Triphasic
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FIGURE 5. When the pH of the aqueous solution is 1.5, thymol blue
is a neutral zwitterion (red color) and prefers the [BMIM][PF;] phase
(bottom layer). When the pH of the aqueous phase is 7, thymol blue
is in monoanionic form. Existence of the yellow monoanion dye in
aqueous phase was detectable (top layer). The blue dianion dye
prefers the aqueous phase when the pH of aqueous phase is 12.
Taken from ref 51 (http://dx.doi.org/10.1039/a908888a)}—Reproduced
by permission of The Royal Society of Chemistry.

systems of heptane/IL/chloroform and heptane/water/IL
also were demonstrated.>?

In general, amino acids prefer to reside in aqueous
solutions as opposed to ILs. [BMIM][PF,] with dicyclo-
hexyl-18-crown-6 was used to extract amino acids from
acidic aqueous solution.>® A heme protein cytochrome
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increases the solubility lysine-rich proteins and the compexation
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duced with permission from ref 54. Copyright 2006 American
Chemical Society.

IL phase

(Cyt-c) was transferred from water to ILs bearing a
hydroxyl group on the cationic moiety when dicyclohexyl-
18-crown-6 (DCH18C6) was used as an additive (Figure
6). The protein showed different structure and function
in the IL phase.>* Double-stranded DNAs can be extracted
into [BMIM][PF4] directly without the interference of
proteins and metal species in aqueous solutions. The
extraction was due to interactions between the cation of
the IL and P-O bonds of phosphate groups in the DNA.>®

The application of ILs for deep desulfurization of diesel
and gasoline fuels was assessed. Sulfur-containing aro-
matic compounds are difficult to remove from fuels with
traditional desulfurization methods.’® However, these
sulfur-containing compounds can be efficiently removed
by extracting fuels with RTILs.?® [BMIM][PF4] and [BMIM]
[BF,] with an oxidant (H,O,) were used to remove sulfur
compounds from light oils. Sulfur-containing compounds
were extracted into the IL phase and oxidized to sulfone.
With this method, the desulfurization yield increased by
one order of magnitude compared with a simple extrac-
tion with RTILs.%”

3.3. Recovery of Solutes Extracted in ILs and Regen-
eration of ILs. Distillation can be used to recover ther-
mostable compounds with low boiling points from ionic
liquids. Compounds with ionizable groups can be back-
extracted into water at suitable pHs. Organic solvents that
form two-phase systems with ILs can be used for the back
extractions of neutral, thermally unstable compounds.>®°
Also the “green” solvent supercritical-CO, is a good choice
for the recovery of solutes and the regeneration of ILs.
Supercritical-CO, can dissolve in the ILs, while ILs cannot
dissolve in supercritical-CO,. This unique property means
that solutes can be isolated from ILs without IL contami-
nation. It also provides a means for recycling the ILs.>® A
methanol/[BMIM][PFg] mixture can be separated using
pressurized CO,.>® Aromatic and aliphatic compounds
were extracted into a CO, phase from [BMIM][PF].586°
A two-step extraction system (water/RTIL/CO,) for triva-
lent lanthanum and europium was reported. The metal
ions were extracted from the aqueous phase into super-

critical-CO, via a RTIL/fluorinated f5-diketonate mixture
with high extraction efficiencies.®!

4. liguid-Phase Microextraction IV‘LPME) and
Solid-Phase Microextraction (SPME)

The unique properties of ILs such as high viscosity,
minimal vapor pressure, and compatibility with HPLC
make them suitable for LPME. Polycyclic aromatic hydro-
carbons (PAHs) were enriched in a 3 uL. [OMIM] [PFg] drop
using both a direct-immersion and headspace method.
Compared with 1-octanol, the large drop size and longer
survival of IL drops resulted in higher enrichments of
analytes.%> In other work, degradation products from
surfactants were extracted into a drop of 1-hexyl-3-
methylimidazolium hexafluorophosphate ([HMIM][PF]).
The results showed that the extraction efficiency is solute-
dependent.®® Chlorinated anilines in water® and form-
aldehyde in shiitake mushroom®® were enriched by either
headspace or direct-immersion using ILs.

[OMIM][PFg] also was coated on a steel or fused-silica
fiber for headspace SPME. Benzene, toluene, ethylben-
zene, and xylenes in paints were enriched in the IL coated
fiber and determined by GC.%¢ Coating the fibers with a
Nafion membrane and then absorbing the [OMIM][OTf]
made a thick IL layer with higher capacity. This fiber can
extract 2-3 times more PAHs compared with the fiber
without the Nafion membrane.®” Most recently, several
monocationic and dicationic ILs were used to coat SPME
fibers.%® They were shown to absorb both polar and nonpolar
analytes and also were compatible when coupled to GC.

5. Supported Liquid Membranes

A supported liquid membrane system includes a feed
solution, a solvent or solvent/carrier immobilized in the
porous structure of a polymeric or ceramic membrane,
and a receiving solution. The analyte dissolved in the
feeding solution goes through the membrane and is
enriched in the receiving solution.®*"° The organic solvent
supported liquid membrane is not stable because of the
loss of immobilized solvent via evaporation and its dis-
solution in the feed or the receiving solution. The unique
properties of ILs such as negligible vapor pressure and
immiscibility with water and some organic solvents can
overcome these problems.®%7° Several ILs combined with
different membrane supports were investigated for the
separation of a seven-component organic mixture. Dif-
ferent combinations produced different selectivities for
specific analytes. The high selectivity of secondary amines
over tertiary amines was attributed to their hydrogen-
bonding interactions with the 2-position proton on the
imidazolium cation.®®”® Hydrophobic ILs were used as
membranes for the separation of aromatic and alkyl
compounds.”! Tetrapropylammonium tetracyanoborate
was immobilized in a ceramic nanofiltration support and
then coated with a dimethylpolysiloxane layer. High
selectivity of 1,3-propanediol from aqueous mixtures by
vacuum pervaporation was obtained with this stable
multiphase membrane.”
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CRL: lipase to promote esterification reaction
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FIGURE 7. Lipase-facilitated enantioselective transport of (S)-
ibuprofen through a supported liquid membrane containing an
ionic liquid. Taken from ref 77 (http://dx.doi.org/10.1039/
b310990a)—Reproduced by permission of The Royal Society of
Chemistry.

Four different ILs were immobilized in porous hydro-
philic polyethersulfone supports and examined for the flux
and selectivity of CO,/N, and CO,/CH,. The selectivities
for CO,/N, (61) and CO,/CH, (20) were achieved with the
1-ethyl-3-methylimidazolium dicyanamide supported mem-
brane.”® Another reseach group used an alumina mem-
brane filled with [BMIM][NTf,] to achieve a selectivity of
127 for CO,/N,.”* With nanofiltration membranes as
support, four ILs were immobilized. The permeability of
the gas molecules H,, O,, N,, and CO was examined. A
selectivity of 4.3 for H,/CO, was achieved.”®

[OMIM][PF4] was immobilized in a polypropylene
hollow fiber and used for the hollow fiber-protected LPME
of chlorophenols from natural water samples. Low HPLC
detection limits and good reproducibility were obtained
due to the high stability of the hollow fiber-protected IL
membrane.”®

IL-supported liquid membranes also were used for the
separation of a racemate. (S)-Ibuprofen in the feed solu-
tion was converted to (S)-ibuprofen ester via catalysis by
a lipase, while (R)-ibuprofen did not react. Subsequently,
the (S)-ibuprofen ester was transported through a [BMIM]
[PF¢] filled membrane, and the (R)-ibuprofen was rejected.
The (S)-ibuprofen ester was hydrolyzed with the aid of
another lipase in the receiving solution to recover the (5)-
ibuprofen with an ee value up to 75% (Figure 7).””

6. Conclusions

ILs have been widely employed in extractions, as GC
stationary phases, and as supported liquid membranes.
In some cases, they can be considered “green” solvents,
but they have many other benefits including unusual
selectivities, high extraction efficiencies, dual-nature GC
properties, durability, and resistance to thermal degrada-
tions. It should be noted that the environmental benefits
of ILs need be carefully considered. Recent work demon-
strated the toxicity of some ILs.”® More research is also
needed on their long-term stability and recyclability. New
ILs or novel applications of existing ILs can be developed
that will further improve their capabilities for chemical
separations. For example, the loss of ILs into aqueous
media in metal ion extractions needs be suppressed. New
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ILs and coating methods are being developed for high
efficiency and high thermostability GC columns. Chiral
GC stationary phases with high thermostability and broad
enantiomeric selectivity are needed. One area that will
continue to grow in importance is the use of ILs as
absorbents in solid-phase extractions (SPE) and solid-
phase microextractions (SPME). It is likely that ILs will
fill the role of a polar absorbent for these techniques.

We gratefully acknowledge the support of this work by the
National Institutes of Health, Grant NIH RO1 GM53825-11.

References

(1) Walden, P. Molecular weights and electrical conductivity of several
fused salts. Bull. Acad. Sci. St. Petersburg 1914, 405-422.
Wilkes, J. S.; Zaworotko, M. J. Air and water stable 1-ethyl-3-
methylimidazolium based ionic liquids. J. Chem. Soc., Chem.
Commun. 1992, 965-967.

Brennecke, J. F.; Maginn, E. J. lonic liquids: Innovative fluids for

chemical processing. AIChE J. 2001, 47, 2384-2389.

Anderson, J. L.; Ding, R.; Ellern, A.; Armstrong, D. W. Structure

and properties of high stability geminal dicationic ionic liquids.

J. Am. Chem. Soc. 2005, 127, 593-604.

(5) Earle, M. J.; Esperanca, J. M.; Gilea, M. A.; Canongia Lopes, J. N.;

Rebelo, L. N.; Magee, J. W.; Seddon, K. R.; Widegren, J. A. The

distillation and volatility of ionic liquids. Nature 2006, 439, 831-

834.

Poole, C. F. Chromatographic and spectroscopic methods for the

determination of solvent properties of room temperature ionic

liquids. J. Chromatogr. A 2004, 1037, 49-82.

Smiglak, M.; Mathew Reichert, W.; Holbrey, J. D.; Wilkes, J. S.;

Sun, L.; Thrasher, J. S.; Kirichenko, K.; Singh, S.; Katritzky, A. R.;

Rogers, R. D. Combustible ionic liquids by design: Is laboratory

safety another ionic liquid myth? Chem. Commun. 2006, 2554—

2556.

Dzyuba, S. V.; Bartsch, R. A. Influence of structural variations in

1-alkyl(aralkyl)-3-methylimidazolium hexafluorophosphates and

bis(trifluoromethylsulfonyl)imides on physical properties of the

ionic liquids. ChemPhysChem 2002, 3, 161-166.

Holbrey, J. D.; Seddon, K. R. The phase behaviour of 1-alkyl-3-

methylimidazolium tetrafluoroborates; ionic liquids and ionic liquid

crystals. J. Chem. Soc., Dalton Trans. 1999, 2133-2139.

(10) Baker, G. A.; Baker, S. N.; Pandey, S.; Bright, F. V. An analytical
view of ionic liquids. Analyst 2005, 130, 800-808.

(11) Freemantle, M. BASF's smart ionic liquid. Chem. Eng. News 2003,
81(13), 9.

(12) Koel, M. lonic liquids in chemical analysis. Crit. Rev. Anal. Chem.
2005, 35, 177-192.

(13) Dietz, M. L. lonic liquids as extraction solvents: Where do we stand?
Sep. Sci. Technol. 2006, 41, 2047-2063.

(14) Anderson, J. L.; Armstrong, D. W.; Wei, G.-T. lonic liquids in
analytical chemistry. Anal. Chem. 2006, 78, 2893-2902.

(15) Gordon, J. E.; Selwyn, J. E.; Thorne, R. L. Molten quaternary
ammonium salts as stationary liquid phases for gas-liquid partition
chromatography. J. Org. Chem. 1966, 31, 1925-1930.

(16) Pacholec, F.; Butler, H. T.; Poole, C. F. Molten organic salt phase
for gas-liquid chromatography. Anal. Chem. 1982, 54, 1938-1941.

(17) Poole, C. F.; Butler, H. T.; Coddens, M. E.; Dhanesar, S. C.; Pacholec,
F. Survey of organic molten salt phases for gas chromatography.
J. Chromatogr. 1984, 289, 299-320.

(18) Pomaville, R. M.; Poole, S. K.; Davis, L. J.; Poole, C. F. Solute-
solvent interactions in tetra-n-butylphosphonium salts studied by
gas chromatography. J. Chromatogr. 1988, 438, 1-14.

(19) Armstrong, D. W.; He, L.; Liu, Y.-S. Examination of ionic liquids
and their interaction with molecules, when used as stationary
phases in gas chromatography. Anal. Chem. 1999, 71, 3873-3876.

(20) Anderson, J. L.; Ding, J.; Welton, T.; Armstrong, D. W. Character-
izing ionic liquids on the basis of multiple solvation interactions.
J. Am. Chem. Soc. 2002, 124, 14247-14254.

(21) Anderson, J. L.; Armstrong, D. W. High-stability ionic liquids. A
new class of stationary phases for gas chromatography. Anal.
Chem. 2003, 75, 4851-4858.

(22) Qi, M.; Armstrong, D. W. Dicationic ionic liquid stationary phase
for GC-MS analysis of volatile compounds in herbal plants. Anal.
Bioanal. Chem. 2007, 388, 889-899.

(2

(3

(4

(6

(7

(8

(9



(23)

(24)

(25)

(26)

(27

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

lonic Liquids in Separations Han and Armstrong

Payagala, T.; Huang, J.; Breitbach, Z. S.; Sharma, P. S.; Armstrong,
D. W. Unsymmetrical dicationic ionic liquids: Manipulation of
physicochemical properties using specific structural architectures.
Chem. Mater. 2007, submitted for publication.

Huang, K.; Breitbach, Z. S.; Armstrong, D. W. Unpublished results,
2007.

Anderson, J. L.; Armstrong, D. W. Immobilized ionic liquids as high-
selectivity/high-temperature/high-stability gas chromatography
stationary phase. Anal. Chem. 2005, 77, 6453-6462.

Lambertus, G. R.; Crank, J. A.; McGuigan, M. E.; Kendler, S.;
Armstrong, D. W.; Sacks, R. D. Rapid determination of complex
mixtures by dual-column gas chromatography with a novel
stationary phase combination and spectrometric detection. J. Chro-
matogr. A 2006, 1135, 230-240.

Berthod, A.; Kozak, J. J.; Anderson, J. L.; Ding, J.; Armstrong, D. W.
lonic liquid-alkane association in dilute solutions. Theor. Chem.
Acc. 2007, 117, 127-135.

Berthod, A.; He, L.; Armstrong, D. W. lonic liquids as stationary
phase solvents for methylated cyclodextrins in gas chromatogra-
phy. Chromatographia 2001, 53, 63-68.

Tran, C. D.; De Paoli Lacerda, S. H. Determination of binding
constants of cyclodextrins in room-temperature ionic liquids by
near-infrared spectrometry. Anal. Chem. 2002, 74, 5337-5341.
Ding, J.; Welton, T.; Armstrong, D. W. Chiral ionic liquids as
stationary phase in gas chromatography. Anal. Chem. 2004, 76,
6819-6822.

Koch. P.; Kuesters, E. lonic liquids as solvents in headspace gas
chromatography. World Patent W02004013612.

Andre, M.; Loidl, J.; Laus, G.; Schottenberger, H.; Bentivoglio, G.;
Wourst, K.; Ongania, K.-H. lonic liquids as advantageous solvents
for headspace gas chromatography of compounds with low vapor
pressure. Anal. Chem. 2005, 77, 702-705.

Dai, S.; Ju, Y. H.; Barnes, C. E. Solvent extraction of strontium
nitrate by a crown ether using room-temperature ionic liquids.
J. Chem. Soc., Dalton Trans. 1999, 1201-1202.

Visser, A. E.; Swatloski, R. P.; Matthew Reichert, W.; Griffin, S. T.;
Rogers, R. D. Traditional extractants in nontraditional solvents:
Group 1 and 2 extraction by crown ethers in room-temperature
ionic liquids. Ind. Eng. Chem. Res. 2000, 39, 3596-3604.

Chun, S.; Dzyuba, S. V.; Bartsch, R. A. Influence of structural
variation in room-temperature ionic liquids on the selectivity and
efficiency of competitive alkali metal salt extraction by a crown
ether. Anal. Chem. 2001, 73, 3737-3741.

Luo, H.; Dai, S.; Bonnesen, P. V.; Haverlock, T. J.; Moyer, B. A,;
Buchanan I, A. C. A striking effect of ionic-liquid anions in the
extraction of Sr>" and Cs?>" by dicyclohexano-18-crown-6. Solvent
Extr. lon Exch. 2006, 24, 19-31.

Luo, H.; Dai, S.; Bonnesen, P. V.; Buchanan, A. C., lll; Holbrey, J. D.;
Bridges, N. J.; Rogers, R. D. Extraction of cesium ions from
aqueous solutions using calix[4]arene-bis(tert-octylbenzo-crown-
6) in ionic liquids. Anal. Chem. 2004, 76, 3078-3083.

Luo, H.; Dai, S.; Bonnesen, P. V. Solvent extraction of Sr?>" and
Cs?" based on room-temperature ionic liquids containing monoaza-
substituted crown ethers. Anal. Chem. 2004, 76, 2773-2779.
Dietz, M. L.; Dzielawa, J. A. lon-exchange as a mode of cation
transfer into room-temperature ionic liquids containing crown
ethers: implications for the ‘greenness’ of ionic liquids as diluents
in liquid-liquid extraction. Chem. Commun. 2001, 2124-2125.
Visser, A. E.; Swatloski, R. P.; Griffin, S. T.; Hartman, D. H.; Rogers,
R. D. Liquid/liquid extraction of metal ions in room temperature
ionic liquids. Sep. Sci. Technol. 2001, 36, 785-804.

Wei, G.-Z.; Yang, Z.; Chen, C.-J. Room temperature ionic liquid as
a novel medium for liquid/liquid extraction of metal ions. Anal.
Chim. Acta 2003, 488, 183-192.

Shimojo, K.; Goto, M. Solvent extraction and stripping of silver
ions in room-temperature ionic liquids containing calixarenes.
Anal. Chem. 2004, 76, 5039-5044.

Nakashima, K.; Kubota, F.; Maruyama, T.; Goto, M. Feasibility of
ionic liquids as alternative separation media for industrial solvent
extraction process. Ind. Eng. Chem. Res. 2005, 44, 4368-4372.
Cocalia, V. A.; Jensen, M. P.; Holbrey, J. D.; Spear, S. K.; Stepinski,
D. C.; Rogers, R. D. Identical extraction behavior and coordination
of trivalent or hexavalent f-element cations using ionic liquid and
molecular solvents. Dalton Trans. 2005, 1966-1971.

Visser, A. E.; Swatloski, R. P.; Matthew Reichert, W.; Mayton, R.;
Sheff, S.; Wierzbicki, A.; Davis, J. H., Jr.; Rogers, R. D. Task-specific
ionic liquids for the extraction of metal ions from aqueous
solutions. Chem. Commun. 2001, 135-136.

Holbrey, J. D.; Visser, A. E.; Spear, S. K.; Matthew Reichert, W.;
Swatloski, R. P.; Broker, G. A.; Rogers, R. D. Mercury(ll) partitioning
from aqueous solutions with a new hydrophobic ethylene-glycol
functionalized bis-imidazolium ionic liquid. Green Chem. 2003, 5,
129-135.

(47)

(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69

Ouadi, A.; Gadenne, B.; Hesemann, P.; Moreau, J. E.; Billard, |.;
Gaillard, C.; Mekki, S.; Moutiers, G. Task-specific ionic liquids
bearing 2-hydroxybenzylamine units: Synthesis and americium-
extraction studies. Chem.—Eur. J. 2006, 12, 3074-3081.

Wei, G.-Z.; Yang, Z.; Lee, C.-Y.; Yang, H.-Y.; Chris Wang, C. R.
Aqueous-organic phase transfer of gold nanoparticles and gold
nanorods using an ionic liquid. J. Am. Chem. Soc. 2004, 126, 5036—
5037.

Nakashima, T.; Kawai, T. Quantum dots-ionic liquid hybrids:
Efficient extraction of cationic CdTe nanocrystals into an ionic
liquid. Chem. Commun. 2005, 1643-1645.

Huddleston, J. G.; Willauer, H. D.; Swatloski, R. P.; Visser, A. E.;
Rogers, R. D. Room temperature ionic liquids as novel media for
‘clean’ liquid-liquid extraction. Chem. Commun. 1998, 1765-1766.
Visser, A. E.; Swatloski, R. P.; Rogers, R. D. pH-Dependent partition-
ing in room temperature ionic liquids provides a link to traditional
solvent extraction behavior. Green Chem. 2000, 2, 1-4.
Carda-Broch, S.; Berthod, A.; Armstrong, D. W. Solvent properties
of the 1-butyl-3-methylimidazolium hexafluorophosphate ionic
liquid. Anal. Bioanal. Chem. 2003, 375, 191-199.

Smirnova, S. V.; Torocheshnikova, I. I.; Formanovsky, A. A.; Pletnev,
I. V. Solvent extraction of amino acids into a room temperature
ionic liquid with dicyclohexano-18-crown-6. Anal. Bioanal. Chem.
2004, 378, 1369-1375.

Shimojo, K.; Kamiya, N.; Tani, F.; Naganawa, H.; Naruta, Y.; Goto,
M. Extractive solubilization, structural change, and functional
conversion of cytochrome c¢ in ionic liquids via crown ether
complexation. Anal. Chem. 2006, 78, 7735-7742.

Wang, J.-H.; Cheng, D.-H.; Chen, X.-W.; Du, Z.; Fang, Z.-L. Direct
extraction of double-stranded DNA into ionic liquid 1-butyl-3-
methylimidazolium hexafluorophosphate and its quantification.
Anal. Chem. 2007, 79, 620-625.

Bdsmann, A.; Datsevich, L.; Jess, A.; Lauter, A.; Schmitz, C.;
Wasserscheid, P. Deep desulfurization of diesel fuel by extraction
with ionic liquids. Chem. Commun. 2001, 2494-2495.

Lo, W.-H.; Yang, H.-Y.; Wei, G.-Z. One-pot desulfurization of light
oils by chemical oxidation and solvent extraction with room
temperature ionic liquids. Green Chem. 2003, 5, 639-642.
Blanchard, L. A.; Hancu, D.; Beckman, E. J.; Brennecke, J. F. Green
processing using ionic liquids and CO,. Nature 1999, 399, 28-29.
Scurto, A. M.; Aki, S. V. K.; Brennecke, J. F. CO, as a separation
switch for ionic liquid/organic mixtures. J. Am. Chem. Soc. 2002,
124, 10276-10277.

Blanchard, L. A.; Brennecke, J. F. Recovery of organic products
from ionic liquids using supercritical carbon dioxide. Ind. Eng.
Chem. Res. 2001, 40, 287-292.

Mekki, S.; Wai, C. M.; Billard, I.; Moutiers, G.; Burt, J.; Yoon, B.;
Wang, J. S.; Gaillard, C.; Ouadi, A.; Hesemann, P. Extraction of
lanthanides from aqueous solution by using room-temperature
ionic liquid and supercritical carbon dioxide in conjunction.
Chem.—Eur. J. 2006, 12, 1760-1766.

Liu, J.-F.; Jiang, G.-B.; Chi, Y.-G.; Cai, Y.-Q.; Zhou, Q.-X.; Hu, J.-T.
Use of ionic liquids for liquid-phase microextraction of polycyclic
aromatic hydrocarbons. Anal. Chem. 2003, 75, 5870-5876.

Liu, J.-F.; Chi, Y.-G.; Jiang, G.-B.; Tai, C.; Peng, J.-F.; Hu, J.-T. lonic
liquid-based liquid-phase microextraction, a new sample enrich-
ment procedure for liquid chromatography. J. Chromatogr. A 2004,
1026, 143-147.

Peng, J.-F.; Liu, J.-F.; Jiang, G.-B.; Tai, C.; Huang, M.-J. lonic liquid
for high temperature headspace liquid-phase microextraction of
chlorinated anilines in environmental water samples. J. Chro-
matogr. A 2005, 1072, 3-6.

Liu, J.-F.; Peng, J.-F.; Chi, Y.-G.; Jiang, G.-B. Determination of
formaldehyde in shiitake mushroom by ionic liquid-based liquid-
phase microextraction coupled with liquid chromatography. Tal-
anta 2005, 65, 705-709.

Liu, J.-F; Li, N.; Jiang, G.-B.; Liu, J.-M.; J6nsson, J. A.; Wen, M.-J.
Disposable ionic liquid coating for headspace solid-phase microex-
traction of benzene, toluene, ethylbenzene, and xylenes in paints
followed by gas chromatography-flame ionization detection. J. Chro-
matogr. A 2005, 1066, 27-32.

Hsieh, Y.-N.; Huang, P.-C.; Sun, I.-W.; Whang, T.-J.; Hsu, C.-Y.;
Huang, H.-H.; Kuei, C.-H. Nafion membrane-supported ionic liquid-
solid phase microextraction for analyzing ultra trace PAHs in water
samples. Anal. Chim. Acta 2006, 557, 321-328.

Pino, V.; Baltazar, Q. Q.; Anderson, J. L. Examination of analyte
partitioning to monocationic and dicationic imidazolium-based
ionic liquid aggregates using solid-phase microextraction-gas
chromatography. J. Chromatogr. A 2007, 1148, 92-99.

Branco, L. C.; Crespo, J. G.; Afonso, C. M. Highly selective transport
of organic compounds by using supported liquid membranes
based on ionic liquids. Angew. Chem., Int. Ed. 2002, 41, 2771-2773.

VOL. 40, NO. 11, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 1085



(70)

(71)

(72)

(73)

(74)

1086

lonic Liquids in Separations Han and Armstrong

Branco, L. C.; Crespo, J. G.; Afonso, C. M. Studies on the selective
transport of organic compounds by using ionic liquids as novel
supported liquid membranes. Chem.—Eur. J. 2002, 8, 3865-3871.
Matsumoto, M.; Inomoto, Y.; Kondo, K. Selective separation of
aromatic hydrocarbons through supported liquid membranes
based on ionic liquids. J. Membr. Sci. 2005, 246, 77-81.

Izak, P.; Kockerling, M.; Kragl, U. Stability and selectivity of a
multiphase membrane, consisting of dimethylpolysiloxane on an
ionic liquid, use in the separation of solutes from aqueous mixtures
by pervaporation. Green Chem. 2006, 8, 947-948.

Scovazzo, P.; Kieft, J.; Finan, D. A.; Kovel, C.; DuBois, D.; Noble, R.
Gas separations using non-hexafluorophosphate [PFg]™ anion
supported ionic liquid membranes. J. Membr. Sci. 2004, 238, 57—
63.

Baltus, R. E.; Counce, R. M.; Culbertson, B. H.; Luo, H.; DePaoli,
D. W.; Dai, S.; Duckworth, D. C. Examination of the potential of
ionic liquids for gas separations. Sep. Sci. Technol. 2005, 40, 525-
541.

ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 11, 2007

(75)

(76)

(77)

(78)

Gan, Q.; Rooney, D.; Xue, M.; Thompson, G.; Zou, Y. An experi-
mental study of gas transport and separation properties of ionic
liquids supported on nanofiltration membranes. J. Membr. Sci.
2006, 280, 948-956.

Peng, J.-F.; Liu, J.-F.; Hu, X.-L.; Jiang, G.-B. Direct determination
of chlorophenols in environmental water samples by hollow fiber
supported ionic liquid membrane extraction coupled with high
performance liquid chromatography. J. Chromatogr. A 2007, 1139,
165-170.

Miyako, E.; Maruyama, T.; Kamiya, N.; Goto, M. Enzyme-facilitated
enantioselective transport of (S)-ibuprofen through a supported
liquid membrane based on ionic liquids. Chem. Commun. 2003,
2926-2927.

Docherty, K. M.; Kulpa, C. F., Jr. Toxicity and antimicrobial activity
of imidazolium and pyridinium ionic liquids. Green Chem. 2005,
7, 185-189.

AR700044Y





