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Abstract

Room temperature ionic liquids are novel solvents with favorable environmental and technical features. Synthetic routes to over 200 room
temperature ionic liquids are known but for most ionic liquids physicochemical data are generally lacking orincomplete. Chromatographic and
spectroscopic methods afford suitable tools for the study of solvation properties under conditions that approximate infinite dilution. Gas—liquid
chromatography is suitable for the determination of gas—liquid partition coefficients and activity coefficients as well as thermodynamic
constants derived from either of these parameters and their variation with temperature. The solvation parameter model can be used to define
the contribution from individual intermolecular interactions to the gas—liquid partition coefficient. Application of chemometric procedures to
a large database of system constants for ionic liquids indicates their unique solvent properties: low cohesion for ionic liquids with weakly
associated ions compared with non-ionic liquids of similar polarity; greater hydrogen-bond basicity than typical polar non-ionic solvents;
and a range of dipolarity/polarizability that encompasses the same range as occupied by the most polar non-ionic liquids. These properties
can be crudely related to ion structures but further work is required to develop a comprehensive approach for the design of ionic liquids for
specific applications. Data for liquid-liquid partition coefficients is scarce by comparison with gas—liquid partition coefficients. Preliminary
studies indicate the possibility of using the solvation parameter model for interpretation of liquid-liquid partition coefficients determined
by shake-flask procedures as well as the feasibility of using liquid—liquid chromatography for the convenient and rapid determination of
liquid—liquid partition coefficients. Spectroscopic measurements of solvatochromic and fluorescent probe molecules in room temperature
ionic liquids provide insights into solvent intermolecular interactions although interpretation of the different and generally uncorrelated
“polarity” scales is sometimes ambiguous. All evidence points to the ionic liquids as a unique class of polar solvents suitable for technical
development. In terms of designer solvents, however, further work is needed to fill the gaps in our knowledge of the relationship between ion
structures and physicochemical properties.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

(or molten) organic salts in the most recent literature. The
description room temperature ionic liquid identifies a sub-

lonic liquids are simply liquids composed entirely of set of the studies of ionic liquids that can be performed at
ions. They have garnered increasing interest in the last fewroom temperature because the melting point of these mate-
years as novel solvents for synthesis, separations, electrorials lies below room temperature. Until recently, there were
chemistry and process chemistry. Organic ionic liquids were few known room temperature ionic liquids, which because
known for almost a century, but it was only during the last of their limited number, were treated as chemical curiosi-
decade or so that they emerged as important materials withties. This picture has changed dramatically in a short time
a growing applications base sufficient to sustain interest in with over 200 room temperature ionic liquids known today.
their development. Inorganic liquids, also known as molten Subsequently, room temperature ionic liquids have entered
or fused salts, have an even longer history and are betterthe main stream of studies of ionic liquids, where they facil-
characterized, but their high melting points, reactivity and itate a wider range of laboratory studies with potential for
poor solvation properties limit applications involving or- industrial applications at low and convenient temperatures.
ganic compounds. They are not discussed specifically in thisin addition, they are considered possible replacements for
article. By comparison, organic ionic liquids generally have conventional organic solvents, which more often than not
lower melting points and favorable solvation properties for are liquid at room temperature.
supporting a wider range of chemical applications involv-  The design of chemical products and processes that reduce
ing organic compounds. It is a subset of these ionic liquids, or eliminate the use and generation of hazardous substances
room temperature ionic liquids, which are discussed here. is the main goal of green chemistid;2]. The identification

There is no agreed nomenclature for the materials re- of environmentally benign solvents and separation processes
ferred to as ionic liquids in this report. lonic liquids are is one of the most active research areas in this field today.
generally defined as organic salts with a melting point be- Most traditional chemical processes use large quantities of
low some arbitrary temperature, for example, 160 The organic solvents, which because of their volatility, flamma-
melting point limit has nothing to do with any fundamental bility and toxicity are incompatible with the aims of green
property of the salts. It merely reflects the convenience of chemistry. An ideal solvent for green chemistry should have
moderate temperatures for laboratory studies while ensuringlow volatility, be chemically and physically stable, easy to
the availability of a varied pool of materials for study. At handle, recyclable and reusable. Possible replacements for
temperatures above their melting point, useful organic saltstraditional solvents that are more compatible with the aims
afford stable liquids suitable for a variety of chemical appli- of green chemistry include water, perfluorinated solvents,
cations where the ionic liquid acts as a solvent, electrolyte or supercritical fluids and ionic liquidg8-5]. Development of
reagent for chemical transformations. Other common termsthese solvents is occurring in parallel because of their com-
used to describe ionic liquids (and required for comprehen- plementary properties. Water, for example, is readily avail-
sive information retrieval) include molten salts, fused salts, able, inexpensive, has low toxicity and is recyclable but is
liquid organic salts and non-aqueous ionic liquids. Although limited by the low solubility of many organic compounds,
the term ionic liquids fails to distinguish between inorganic its high vapor pressure, and destruction of some products
and organic salts, this is probably less important than the and catalysts. Many useful reactions carried out in organic
fact that ionic liquids has become the most widely used key- solvents are ineffective or impossible in water. Cost, toxic-
word to identify the broad range of studies employing liquid ity, poor solubility of reactants, the need for specific ligands
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to solubilize catalysts, thermal stability, and product con- 2. Development of room temperature ionic liquids
tamination have so far restricted the use of perfluorinated
solvents. Supercritical fluids are limited for many applica- 2.1. Early history
tions by a narrow range of solvating properties, more com-
plex process design and higher energy requirements. lonic The first report of a room temperature ionic liquid is prob-
liquids, on the other hand, can conceivably be designed toably due to Ray and Rakshit in 19117]. These authors
provide a varied range of properties. Generally favorable prepared the nitrite salts of ethylamine, dimethylamine and
properties include virtually no vapor pressure; low flamma- trimethylamine, which, however, spontaneously decompose
bility; high solubility of organic, inorganic and polymeric  on standing. The first useful room temperature ionic liquid,
materials; high conductivity and large electrochemical win- ethylammonium nitrate, was described by Wal{is] a few
dows; low corrosion tendencies; good thermal stability; low years later. This seems to have created little interest at the
viscosity to facilitate mixing; and large density differences time[19] and it was not until the 1980s that the physical and
compared with other process fluids to hasten phase separaehemical properties of this salt where studied to any signif-
tion. Low toxicity would be beneficial, but toxicity data for icant exten{20]. This revival of interest stemmed from as-
ionic liquids is so far scarc®]. Their environmental impact  sertions that ethylammonium nitrate exhibited several of the
also remains to be determined. unique solvent properties associated only with water. This
Current interest in room temperature ionic liquids is water-like behavior was inferred from the heats, entropies
driven by their potential or proven applications as elec- and free energies of solution of non-polar gases in ethylam-
trolytes for electrochemical devices and processes and asnonium nitratg20] and from a nearly ideal heat of mixing
solvents for organic synthesis. Emerging applications in- with water as well as the observation of micelle formation
clude new materials production, solvents for separation andby surfactants dissolved in ethylammonium nitrg&—23]
extraction processes and as a medium for enzyme catal-Mirejovsky and Arnett[24] concluded from the measure-
ysis. These applications are only briefly mentioned here ment of heats of solution of alcohols in ethylammonium ni-
since they have been reviewed often in the last few yearstrate that the most important characteristic of the ionic liquid
[2-5,7-14] The main benefits of ionic liquids as solvents was its high cohesive energy, confirmed by retention mea-
for organic reactions, including reactions catalyzed by tran- surements of different solutes by gas-liquid chromatography
sition metals, are their ability to enhance reaction rates and[25], and not the formation of a water-like, hydrogen-bonded
improve chemo- and regioselectivity relative to traditional structure. The interest in ethylammonium nitrate led to the
organic solvents. This leads to improved product yield and discovery of several analogous alkylammonium nitrate and
purity as well as allowing the design of processes with thiocyannate room temperature ionic liquids summarized in
favorable green chemistry attributes. In addition, small Table 1 [26—28]Ethylammonium nitrate, and to a lesser ex-
amounts of ionic liquids insure an efficient absorption of tentn-propylammonium nitrate, are still widely used today.
microwave energy for more efficient energy trangfes]. Contemporary studies, for example, include their use as sol-
lonic liquids with non-coordinating anions dissolve polar vents for organic and enzymatic reactig,13,29,30] as
transition metal complexes without usually affecting their conductive solvent$31-33]} as solvents for cyclodextrins
properties. In a number of cases, ionic liquids were shown [34]; as solvents and support electrolytes for electrochemi-
to have a beneficial effect on catalytic reactions, which pro- cal reaction$35]; and in studies of the critical conditions for
ceed more efficiently than in traditional organic solvents. demixing of mixtures formed with organic solvei#6,37]
Products can often be isolated by solvent extraction or more Several tetraalkylammonium salts are liquid at room
simply by phase separation. In addition, since ionic liquids temperature Table 3. These were discovered by chance
have no vapor pressure, products can be easily recoveredvhile pursuing applications of the more common higher
by distillation. Of great interest and practical utility are melting point salts. The melting point minimum for
the increasing number of reaction specific effects that have quaternary alkylammonium salts usually occurs around
been discovered as the variety of common reactions testedetran-pentylammonium and tetna-hexylammonium with
in ionic liquids increases. Extensively studied processes in-a further reduction for tetraalkylammonium cations con-
clude Diels—Alder reactions, Fridel-Crafts alkylation, Heck taining different alkyl group§38]. Tetran-hexylammonium
reactions, nucleophilic and electrophilic displacement re- benzoate was shown to be a suitable solvent for electrochem-
actions and hydrogenation reactions. Enzymes, especiallyical and kinetic studieg39]. Based on the rate of solvolysis
lipases, maintain their catalytic activity in ionic liquids af- of tert-butyl chloride in tetran-hexylammonium benzoate,
fording enhanced (enantio)selectivity, greater operational the polarity of the ionic liquid was estimated to lie between
stability, ease of biocatalyst recycling and simpler prod- those of ethanol and water. Tetneaeptylammonium chlo-
uct recovery schemes compared with traditional solvents ride is a viscous, hygroscopic yellow liquid at room tempera-
[13,14] The commercial availability of an increasing num- ture with difficult handling characteristi¢30,40] A number
ber of ionic liquids, some in bulk quantities, has contributed of tetraalkylammonium tetraalkylborides are liquid at room
to the rapid expansion of studies in organic synthesis andtemperature with the most widely studied example being
process desigfi6]. N-hexyl-N,N,N-triethylammonium triethyhk-hexylboride
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Table 1

Physical properties of room temperature alkylammonium nitrate and thiocyanate ionic liquids@t 25

lonic liquid Melting Refractive Density Viscosity Dielectric Temperature UV max
point (°C) index (g/ml) (cP) constant limit (°C)® (nm)

Ethylammonium nitrate 12.5 1.4537 1.122 32.1 13.4 170 (D), 120 (WL) 292

n-Propylammonium nitrate 4.0 1.4561 1.157 66.6 18.1 120 (D), 110 (WL) 294

Tri-n-butylammonium nitrate 215 1.4627 0.918 637 127.2 120 (D), 80 (WL) 268

Di-n-propylammonium thiocyanate 55 1.5062 0.964 85.9 43.3 180 (D), 130 (WL) 275

Butylammonium thiocyanate 20.5 1.5264 0.949 97.1 33.9 190 (D), 120 (WL) 275

secButylammonium thiocyanate 22 1.5262 1.013 196 36.1 200 (D), 120 (WL) 273

a8 D = temperature at which decomposition (e.g. change in the color) is observeg; Winperature at which weight loss is observed when maintained
at this temperature for some time (hours).

[41]. The tetraalkylammonium tetralkylborides are air-stable general considerations of reaction rates and electrochemical
liquids (although this is disputef12]) and were used as and spectroscopic properties, these solvents were said to ex-
solvents for spectroscopy, synthesis and electrochemistryhibit similar polarity to conventional polar organic solvents.
as detailed in a number of reports from the 19J4%-49] Lewis acid—base interactions were absent. A combination of
and comprehensively reviewed by Hus4&9]. Based on the difficult multi-step synthesis, lack of a simple purification

Table 2
Physical properties of room temperature tetraalkylammonium ionic liquids &€ 25
lonic liquid Melting Refractive  Density Viscosity Temperature Amax Reference
point °C) index (g/ml) (cP) limit (°C) (nm)
Tetran-heptylammonium
Bis(trifluoromethylsulfonyl)amide 11.2 1.10 453 [54]
Chloride -9 0.882 (35) 598 130 (WL) [30,40]
Tetran-hexylammonium
Benzoate -50 0.938 895 110 (WL) [39]
Bis(trifluoromethylsulfonyl)amide —6.8 111 435 [54]
Tetran-pentylammonium
2-[Bis(2-hydroxyethyl)amino]ethanesulfonate [56]
Bis(trifluoromethylsulfonyl)amide 25.2 1.16 430 [54]
2-(Cyclohexylamino)ethanesulfonate 170 (WL) 228 [55,56]
2-Hydroxy-4-morpholinopropanesulfonate [55,56]
Tetran-butylammonium
2-(Cyclohexylamino)ethanesulfonate 1.4834 27379 180 (WL) 22§55,56]
2-Hydroxy-4-morpholinopropanesulfonate 1.4778 4699 170 (WL) 22[565,56]
4-Morpholinopropanesulfonate 180 (WL) [56]
2-[Bis(2-hydroxyethyl)amino]ethanesulfonate 1.485 7349 170 (WL) 22[65,56]
3-(Cyclohexylamino)-1-propanesulfonate 160 (WL) [56]
3-{[Tris(hydroxymethyl)methyl]aminp-1-propanesulfonate 180 (WL) [56]
Octanesulfonate 180 (WL) [57]
Perfluorooctanesulfonate 220 (WL) [57]
Tetran-propylammonium
2-(Cyclohexylamino)ethanesulfonate 160 (WL) 288 [55]
2-Hydroxy-4-morpholinopropanesulfonate [56]
N-Hexyl-N,N,N-tributylammonium
Methanesulfonate [53]
Thiocyanate [52]
N-Hexyl-N,N,N-triethylammonium
Triethyl-n-hexylboride <-78 0.847 258 130 (WL) [41,42]
Dicyanamide —43 230 (D) [51]
N-HeptylN,N,N-tri-n-butylammonium
Camphorate 170 (WL) [60]
N-PentyIN,N,N-triethylammonium
Dicyanamide [51]

Refractive index at the sodium-D line; W& weight loss determined by evaporation=bdecomposition temperaturiyax = long wavelength absorption
maximum for the pure ionic liquid; number in parenthesis is the temperature of the measurement when othef@han 25
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procedurg42] and high viscosity has diminished interest in 200+
these ionic liquids in recent years. Improved performance
for electrochemical applications was demonstrated by the
recently synthesized N-pentyl,N,N-tiethylammonium
dicyanamide [51], N-hexyl-N,N,N-triethylammonium di-
cyanamide [51] and N-hexyl-N,N,N-tributylammonium
thiocyanate[52] and methanesulfonat®3] ionic liquids.
Similarly, the bis(trifluoromethylsulfonyl)amide salts of
the tetran-pentylammonium, tetra-hexylammonium and -
tetran-heptylammonium cations are probably better candi- '1000 4 g {2 1{6
dates for exploitation in electrochemical processes than the
tetraalkylammonium tetralkylborides ionic liquifs4]. CHAIN LENGTH
The synthesis of a range of tetraalkylammonium sulfonate rig. 1. phase diagram for 1-alkyl-3-methylimidazolium tetrafluoroborate
salts containing anions with different polar functional groups salts as a function of the alkyl chain length. Melting points are indicated
for use as stationary phases in gas chromatography lead tdy the filled boxes, glass transition temperatures by the open boxes and
the discovery of 15 room temperature ionic liqu[e5—58] the clearing temperatures by the filled circles (data fif881).
The chromatographic properties of these salts, including
those that are liquid at room temperature, are reviewed in interactions (such as avoidance of hydrogen-bonding) and
[59] and their thermodynamic and physicochemical proper- effective charge dispersion over the cation and/or anion is
ties in [60]. Salient physical properties are summarized in likely to result in low melting 1,3-dialkylimidazolium salts
Table 2 Their spectroscopic and chromatographic proper- [74,90] These factors reduce the lattice energy of the crys-
ties are discussed lateBéctions 3.1 and 3)2 talline form of the salt and hence lower the melting point.
Haloaluminate and chlorocuprate salts are a well- The effect of charge delocalization and an irregular shape
characterized group of ionic liquids with many applications of the anion has on the melting point is reflectedable 3
in organic synthesis and electrochemig§6$—63] Because by the high proportion of anions such as tetrafluoroborate,
of their reactivity with water, oxygen and many functional hexafluorophosphate,  bis(trifluoromethylsulfonyl)amide,
groups, they are, however, a poor choice as a general sol-dicyanamide, perfluoroalkanesulfonates and perfluoroalka-
vent, and difficult to handle in the laboratory. A major necarboxylates among the room temperature ionic liquids.
breakthrough in the chemistry of ionic liquids was realized Delocalization of the negative charge within the S—N-S
in 1992, with the report from Wilke and Zaworotko of a backbone of the bis(trifluoromethylsulfonyl)amide anion,
series of air-stable imidazolium salts with anions such as for example, combined with steric protection provided by
tetrafluoroborate and hexafluorophosphié&#. In contrast the sulfonyl oxygen atoms of the trifluoromethylsulfonyl
to the chloroaluminate salts, these ionic liquids were tol- groups presumably decrease ion—ion interactions within
erant to a variety of polar functional groups and opened the solid thus facilitating ion mobility{91]. The effect
the door to a wider range of chemical and electrochemi- of chain length (cation symmetry) on the phase diagram
cal applications. Salts based on the 1,3-dialkylimidazolium for 1-alkyl-3-methylimidazolium tetrafluoroborates is il-
cation represent the largest group of room temperature ioniclustrated inFig. 1 [83] The salts with short alkyl chains

-
o
Q

Q
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liquids currently available. (n = 2-10) are liquid at room temperature forming glasses
when cooled below ambient temperature. The cations with
2.2. 1,3-Dialkylimidazolium salts longer alkyl chains { = 12-18) are low melting solids

forming a smectic mesophase region between the melting

The now lengthy list of 1,3-dialkylimidazolium room and clearing temperatures. Similar results were observed for
temperature ionic liquids is summarized imable 3 other ionic liquids[92,93] Many room temperature ionic
[2,5,51,52,65-87]In several cases, all that is known about liquids exhibit several glass phase transitions possibly de-
these salts is the method of synthesis and the fact that theyrived from a progressive onset of dynamic rotational and/or
are liquid at room temperature, in a few cases, a full range translational motion of one or more ions from an ordered
of physical properties are available. Melting points are dif- low-temperature phadé2,72-74,94]
ficult to correlate with chemical composition. Only modest ~ The viscosity of most 1,3-dialkylimidazolium ionic lig-
success was obtained using computer generated moleculanids remains substantially greater than typical organic
descriptors to predict melting points of imidazolium bro- solvents[51]. Higher temperatures or dilution with other
mides [88]. Ab initio calculations of interaction energies solvents can be used to lower the viscosity into a more
have shown some promise for predicting the melting points desirable range for applications restricted by high viscosity.
of 1-alkyl-3-methylimidazolium halide$89]. The calcu- In general, the addition of co-solvent notably reduces the
lated interaction energy was found to increase with decreas-viscosity, with the effect being stronger the higher the di-
ing alkyl chain length but no trend was found for the anion electric constant of the co-solvent. The viscosity of the ionic
radius. Qualitatively, low symmetry, weak intermolecular liquids is essentially determined by their tendency to form
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Table 3
Physical properties of room temperature 1,3-dialkylimidazolium ionic liquids ac25
lonic liquid Melting Refractive Density Viscosity Temperature  Amax References
point (°C) index (g/ml) (cP) limit (°C) (nm)

1-Benzyl-3-methylimidazolium

Bis(trifluoromethylsulfonyl)amide [65]
1,3-Bis(3-fluoropropyl)imidazolium

Bis(trifluoromethylsulfonyl)amide -80 1.57 [66]

Hexafluorophosphate [66]

1,3-Bis(3,3,3-trifluoropropyl)imidazolium

Bis(trifluoromethylsulfonyl)amide —62 1.85 [66]
1-Butoxymethyl-3-butoxymethyl-2-methylimidazolium

Tetrafluoroborate [67]
1-Butoxymethyl-3-decyloxymethyl-2-methylimidazolium

Tetrafluoroborate [67]
1-Butoxymethyl-3-dodecyloxymethyl-2-ethylimidazolium

Tetrafluoroborate [67]
1-Butoxymethyl-2-ethyl-3-heptyloxymethylimidazolium

Hexafluorophosphate [67]

Tetrafluoroborate [67]
1-Butoxymethyl-2-ethyl-3-hexyloxymethylimidazolium

Hexafluorophosphate [67]

Tetrafluoroborate [67]
1-Butoxymethyl-2-ethyl-3-nonyloxymethylimidazolium

Hexafluorophosphate [67]

Tetrafluoroborate [67]
1-Butoxymethyl-2-ethyl-3-octyloxymethylimidazolium

Hexafluorophosphate [67]

Tetrafluoroborate [67]
1-Butoxymethyl-2-ethyl-3-propyloxymethylimidazolium

Tetrafluoroborate [67]
1-Butoxymethyl-3-heptyloxymethyl-2-methylimidazolium

Hexafluorophosphate [67]

Tetrafluoroborate [67]
1-Butoxymethyl-3-hexyloxymethyl-2-methylimidazolium

Hexafluorophosphate [67]

Tetrafluoroborate [67]
1-Butoxymethyl-2-methyl-3-nonyloxymethylimidazolium

Hexafluorophosphate [67]

Tetrafluoroborate [67]
1-Butoxymethyl-2-methyl-3-octyloxymethylimidazolium

Hexafluorophosphate [67]

Tetrafluoroborate [67]
1-Butoxymethyl-2-methyl-3-pentoxymethylimidazolium

Tetrafluoroborate [67]
1-Butoxymethyl-2-methyl-3-propyloxymethylimidazolium

Tetrafluoroborate 5-7 [67]
1-Butyl-2,3-dimethylimidazolium

Bis(trifluoromethylsulfonyl)amide 97 [68,69]

Chlorideé* [69,70]

Diethyleneglycolmonomethylethersulfate [70]

Octylsulfate [70]

Tetrafluoroborate [69,70]
1-Butyl-3-ethylimidazolium

Bis(trifluoromethylsulfonyl)amide 1.4285 (20) 1.404 (19) 48 [71]

Ethylsulfate 387 (D) [72]

Perfluorobutanesulfonate 21 1.4025 (20) 1.427 (18) 323 (20) [71]

Trifluoroacetate 1.183 89 (20) [71]

Trifluoromethanesulfonate 2 1.441 (20) 90 (20) [71]
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Table 3 Continued
lonic liquid Melting Refractive  Density Viscosity Temperature  Amax References
point (°C) index (g/ml) (cP) limit (°C) (nm)

3-Butyl-1-(2-hydroxyethyl)imidazolium

Hexafluorophosphate 542 [73]

Tetrafluoroborate 204 [73]
3-Butyl-1-{2-[2-(2-hydroxyethoxy)ethoxy]ethyimidazolium

Hexafluorophosphate 923 [73]
1-Butyl-3-methylimidazolium

Bis(trifluoromethylsulfonyl)amide —4 (=25, WE) 1.4271 (20) 1.429 69 (27, WE) 439 (D) [5,68,69,74]

(349, WE)

Bromide 212 [70,75]

Chlorideé* [69,76]

Dibutylphosphate [77]

Diethyleneglycolmonomethylethersulfate 340 [70]

Heptafluorobutyrate 1.4142 (20) 1.333 (22) 182 (20) [71]

Hexafluoroantinomate [69,76]

Hexafluorophosphate 10 (4, WE) 1.373 450 (397, WE)349 (D) [2,68,69,74,78]

257, 371 (20), (360, WE)
330 (20)

lodide —72 1110 265 (D) [74]

Methylsulfate -5 392 (D) [72]

Nitrate 1.1574 266 [2,79]

Perfluorobutanesulfonate 20 1.4052 (20) 1.473 (18) 373 (20) [71]

Tetrafluoroborate -81, -71 1.208 219, 154 (20) 403(D) [2,5,69,74,79]

Tetra[4-dimethyl(octyl)silylphenyl]borate —20 170 (D) [80]

Tetra[4-dimethyl(1,1,2,2-tetrahydro- -10 190 (D) [80]

perfluorodecanyl)silylphenyl]borate

Trifluoroacetate 1.4487 (20) 1.209 (21) 73 (20) [71]

Trifluoromethanesulfonate 16 1.4380 (20) 1.290 (20) 90 (20), 99 (20) [2,69,71]
1-iso-Butyl-3-methylimidazolium

Bis(trifluoromethylsulfonyl)amide 1.4289 (20) 1.428 (20) 83 (20) [71]
1-N-Butylacetylamide-3-methylimidazolium

Tetrafluoroborate [81]
1-N-Butyl-N-methylacetylamide-3-methylimidazolium

Bis(trifluoromethylsulfonyl)amide [81]

Bromide [81]

Dicyanamide [81]

Tetrafluoroborate [81]
1-n-Decyl-3-methylyimidazolium

Bis(trifluoromethylsulfonyl)amide [65]

Hexafluorophosphate [82]

Tetrafluoroborate -25 1.072 928 (20) [2,83]

Trifluoromethanesulfonate 981 [2]
1-N,N-Diethylacetylamide-3-methylimidazolium

Tetrafluoroborate [81]
1,3-Diethylimidazolium

Bis(trifluoromethylsulfonyl)amide 14 1.4260 (20) 1.452 (22) 35 (20) [71]

Bromide 190 [75]

Ethylsulfate 389 (D) [72]

Trifluoroacetate 1.4431 (20) 1.250 (22) 43 (20) [71]

Trifluoromethanesulfonate 23 1.4367 (20) 1.330 (22) 53 (20) [71]
1,3-Diethyl-5-methylimidazolium

Bis(trifluoromethylsulfonyl)amide -22 1.4300 (20) 1.432 (23) 36 (20) [71]
1,3-Dimethylimidazolium

Bis(trifluoromethylsulfonyl)amide 22 1.4220 (20) 1.559 (22) 44 (20) [71]

Dimethylphosphate [77]

Methylsulfate [70]
1-Ethyl-2,3-dimethylimidazolium

Bis(trifluoromethylsulfonyl)amide 20 1.4305 (20) 1.495 (21) 88 (20) [71]

4-Methylbenzenesulfonate [70]
1-Ethyl-3,5-dimethylimidazolium

Bis(trifluoromethanesulfonyl)amide -39 1.4275 (20) 1.470 (22) 37 [71]

Trifluoromethanesulfonate 6 1.440 (20) 1.334 (20) 51 (20) [71]
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Table 3 Continued

lonic liquid Melting Refractive Density Viscosity Temperature  Amax References
point °C) index (g/ml) (cP) limit (°C) (nm)

L-1-Ethyl-3-(2-hydroxy-3-methyl-2-butanyl)imidazolium

Bromide 11-12 [84]
L-1-Ethyl-3-(Z-hydroxy-4-methyl-2-pentanyl)imidazolium

Bromide 15-16 [84]
L-1-Ethyl-3-(2-hydroxy-2-propanyl)imidazolium

Bromide 56 [84]
1-Ethyl-3-methylimidazolium

Bis(trifluoromethylsulfonyl)amide -3 1.4231 (20) 1.520 (22) 34 (20), 28 400 (D) [61,63]

Bromide [70]

Dicyanamide -21 1.06 21 (20) 275 (D) [51]

Ethylsulfate 408 (D) [72]

Heptafluorobutyrate 1.450 (22) 105 (20) [71]

4-Methylbenzenesulfonate [70]

Methylsulfate 390 (D) [72]

Tetrafluoroborate 5.8 1.248 (20) 66.5 (20) [2]

Thiocyanate —6 237 (WL) [52]

Trifluoroacetate -14 1.4405 (20) 1.285 (22) 35 (20) [71,74]

Trifluoromethanesulfonate -9 1.4332 (20) 1.390 (22) 45 (20), 50 (20) [2,71]
1-Ethylacetyl-3-methylimidazolium

Bis(trifluoromethylsulfonyl)amide [81]

Bromide [81]

Dicyanamide [81]

Hexafluorophosphate [81]

Tetrafluoroborate [81]
1-n-Heptyl-3-methylimidazolium

Chloride 190 [75,82]

Tetrafluoroborate -81 [83]
1-n-Hexyl-3-ethylimidazolium

Chloride 192 [75]
1-n-Hexyl-3-methylimidazolium

Chloride 1.034 18,000 [2,74]

Hexafluorophosphate —-61 1.304 585 (452, WE), 376 (D) [2,74,82]

690 (20) (374, WE)

Nitrate 1.119 804 (20) [2]

Tetrafluoroborate —82 1.208 314 [2,83]
1-n-Hexyl-2,3,4,5-tetramethylimidazolium

Bis(trifluoromethylsulfonyl)amide [76]
1-n-Hexylacetyl-3-methylimidazolium

Bis(trifluoromethylsulfonyl)amide [81]

Bromide [81]

Hexafluorophosphate [81]

Tetrafluoroborate [81]
1-(4-Hydroxybutyl)-3-methylimidazolium

Bromide [73]
1-[2-(2-Hydroxyethoxyethyl]-3-methylimidazolium

Bis(trifluoromethylsulfonyl)amide 922 [73]

Hexafluorophosphate 370 [73]

Tetrafluoroborate 201 [73]
1-{2-[2-(2-Hydroxyethoxy)ethoxy]ethy}3-methylimidazolium

Bis(trifluoromethylsulfonyl)amide 2249 [73]

Hexafluorophosphate 864 [73]

Tetrafluoroborate 391 [73]
1-(2-Hydroxyethyl)-3-methylimidazolium

Bis(trifluoromethylsulfonyl)amide 541 [82,85]

Chloride [73]

Hexafluorophosphate 336, 149 [73,85]
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Table 3 Continued
lonic liquid Melting Refractive Density Viscosity Temperature  Amax References
point (°C) index (g/ml) (cP) limit (°C) (nm)

Tetrafluoroborate 86, 90 [73,85]

Trifluoroacetate [73]
1-(3-Hydroxypropyl)-3-methylimidazole

Chloride [86]

a-Cyano-4-hydroxycinnamate [86]

Hexafluorophosphate 538 [85]
1-[2-(2-Methoxyethoxyethyl)]-3-methylimidazolium

Chloride 613 (20) [73]

Hexafluorophosphate 426 (20) [73]

Tetrafluoroborate 377 (20) [73]
1-(2-Methoxyethyl)-3-methylimidazolium

Bis(trifluoromethylsulfonyl)amide 1.4293 (20) 1.496 (22) 54 (20) [71]

Chloride [73]

Hexafluorophosphate 284 [73]

Tetrafluoroborate 263 (20) [73]
1-Methylacetyl-3-methylimidazolium

Bis(trifluoromethylsulfonyl)amide [81]

Tetrafluoroborate [81]
1-(4-Methylbenzyl)-3-methylimidazolium

Chloride [75]
1-n-Nonyl-3-methylimidazolium

Tetrafluoroborate —-80 [83]
1-n-Octyl-3-methylimidazolium

Bis(trifluoromethylsulfonyl)amide 93 [65]

Chloride 1.012 33070 [2,74]

Diethyleneglycolmonomethylethersulfate 1025 [70]

Hexafluorophosphate 1.235 (20) 691, 866 (20) [2,68,82,87]

Octylsulfate [70]

Tetrafluoroborate -79 1.110 439 [2,83]

Trifluoromethanesulfonate 492 [2]
1-n-Octyl-2,3,4,5-tetramethylimidazolium

Bis(trifluoromethylsulfonyl)amide [76]
1-n-Octylacetyl-3-methylimidazolium

Bis(trifluoromethylsulfonyl)amide [81]

Bromide [81]

Hexafluorophosphate [81]

Tetrafluoroborate [81]
1-Pentyl-3-methylimidazolium

Chloride [75]

Tetrafluoroborate -88 [83]
1-(2-Phenylethyl)-3-methylimidazolium

Chloride 203 [75]
1-Propyl-3-ethylimidazolium

Bromide 190 [75]

Ethylsulfate 387 (D) [72]
1-Propyl-3-methylimidazolium

Bis(trifluoromethylsulfonyl)amide [65]

Chloride 210 [75]

Methylsulfate 389 (D) [72]

Tetrafluoroborate -13.9 [83]
1-n-Propylacetyl-3-methylimidazolium

Bis(trifluoromethylsulfonyl)amide [81]

Bromide [81]

Hexafluorophosphate [81]

Tetrafluoroborate [81]
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Table 3 Continued

lonic liquid Melting Refractive Density Viscosity Temperature Amax References
point (°C) index (g/ml) (cP) limit (°C) (nm)
1-(2,2,2-Trifluoroethyl)-3-methylimidazolium
Bis(trifluoromethylsulfonyl)amide 1.4090 (20) 1.656 (20) 248 (20) [71]
1-(3,3,3-Trifluoropropyl)-3-methylimidazolium
Bis(trifluoromethylsulfonyl)amide -70 1.44 [66]

Refractive index at the sodium-D line; WA weight loss determined by evaporation;=Ddecomposition temperature; WE water equilibrated sample;
Amax = long wavelength absorption maximum for the pure ionic liquid; number in parenthesis indicated the temperature of the measurement when other
than 25°C.

@ Reported as a solid or semi-solid in at least one reference.

hydrogen-bonds and by the strength of van der Waals inter-[58,76,77,86,95,96,98,99,101,102The trialkylalkoxyam-
actions. Delocalization of the charge over the anion seems tomonium and alkylammonium sulfonate and carboxylate
favor lower viscosity by weakening hydrogen-bonding with salts were studied as matrixes for MALDI mass spectrom-
the cation. Longer alkyl chains on the cation result in an in- etry [86,101] For this application, low melting salts were
crease in viscosity due to stronger van der Waals interactionsfound to be more useful than room temperature ionic lig-
[71]. For the same cation, viscosity decreases in the order:uids. From several tetraalkylphosphonium salts synthesized
chloride> hexafluorophosphate tetrafluoroborate- nitrate for use as stationary phases in gas chromatography two
>bis(trifluoromethylsulfonyl)amide. These trends are visi- were identified as room temperature ionic liquiff8].

ble in the entries iMable 3 The density of the 1,3-dialkyl-  Subsequently, several other tetraalkylphosphonium salts
imidazolium ionic liquids at room temperature is typically have been identified as room temperature ionic liquids
greater than water and decreases approximately linearly[77]. Engel and co-worker§l03,104] have described the

with an increase in the cation alkyl chain lendt74].
Many of the 1,3-dialkylimidazolium salts with weak nucle-
ophilic anions show exceptional thermal stability allowing
their use for applications at temperatures above’Z5@&nd

in some cases, above 490, in an inert atmosphere.

2.3. Other heterocyclic cations

synthesis of several complex polycationic phosphate, hex-
afluorophosphate and phosphate ester salts, some of which
are liquid at room temperature. The synthesis of a se-
ries of trialkylsulfonium bis(trifluoromethylsulfonyl)amide
salts resulted in the identification of two room tem-
perature ionic liquids with high electrical conductiv-
ity [101]. A number of tetraalkyldimethylguanidinium
salts with asymmetrical alkyl substituents and either bis-

The high success rate in the discovery of room tempera- (trifluoromethylsulfonyl)amide, chloride, hexafluorophos-

ture ionic liquids based on the 1,3-dialkylimidazolium cation phate or tetrafluoroborate anions were shown to be stable
encouraged studies of other asymmetrically substituted liquids at room temperaturfd02].

heterocyclic cations in the hope of discovering additional ~ Not of direct interest to this review, a number of polymers
ionic liquids with a wider range of physical and chemical Wwith ionic groups are liquid at room temperature, and are
properties. This strategy has proven successfable 4, used in electrochemical devices and as liquid ion exchangers
and is far from exhausted, with a number of room temper- [105].

ature ionic liquids of theN-alkylpryridinium [70,79,95]
N-alkylimidazolium [96], N-alkyl-4-methylpyrrolidinium
[51], 1-alkyl-2-methylpyrrolinium[97], N-alkylisoquinoli-
nium [98], and 1,4-dialkyl-1,2,4-triazoliun{99] cations A number of room temperature ionic liquids are now
already reported. The tetrafluoroborate salts of severalcommercially availablg16,70] These tend to be marketed
N-heterocyclic cations were shown to be highly conduct- as fine chemicals rather than solvents, are relatively expen-
ing room temperature liquidgLl00]. The same asymmet-  sive compared to traditional solvents, and generally have a
ric and charge-delocalized anions used successfully with lower specified purity compared with organic solvents for
1,3-dialkylimidazolium cations to produce low melting salts chemical applications. The effect of impurities on the prop-
were generally used with the above cations. Factors affectingerties of ionic liquids appears to be a somewhat neglected
melting points, viscosity, density and thermal stability seem issue, especially with regard to trace level contamination.
to parallel those discussed for the 1,3-dialkylimidazolium Most organic salts are easy to prepare by either acid—base
salts, although the database is not as extensive. type neutralization reactions or metathesis of halide salts
with silver, sodium or ammonium salts of the desired anion
[8-12]. The main advance in the synthesis of ionic liquids
of higher purity is the use of microwave irradiation to en-
hance reaction rates, the extent of reaction and to reduce
byproduct productiorfl06—109] Many of these reactions

2.5. Impurities

2.4. Miscellaneous salts

A number of room temperature ionic liquids not belong-
ing to any of the above groups are summarizedable 5
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Table 4
Physical properties of room temperature ionic liquids at@5with heterocyclic cations other than 1,3-dialkylimidazolium
lonic liquid Melting point ¢C) Density (g/ml) Viscosity (cP) Temperature limitQ) Reference
N-Benzyl-2-ethylimidazolium

Bis(perfluoroethylsulfonyl)amide 552 [96]

Bis(trifluoromethylsulfonyl)amide 252 [96]

Hexafluorophosphate >1000 [96]

Perchlorate >1000 [96]

Tetrafluoroborate >1000 [96]

Trifluoromethanesulfonate >1000 [96]
N-Butylisoquinolinium

Bis(trifluoromethylsulfonamide) —62 1.23 [98]
N-Butyl-4-methylpyridinium

Bromide [70]

Tetrafluoroborate 1.184 [95]
N-Butyl-N-methylpyrrolidinium

Bis(trifluoromethylsulfonyl)amide [69,76]

Dicyanamide -55 0.93 50 (20) [51]

Thiocyanate [52]
N-Butylpyridinium

Tetrafluoroborate [79]
1-Butyl-4-(3,3,3-trifluoropropyl)-1,2,4-triazolium

Bis(trifluoromethylsulfonyl)amide —67 1.603 (24) 395 (D) [99]
N-Decanylisoquinolinium

Bis(trifluoromethylsulfonyl)amide -59 1.09 [98]
2,3-Dimethylindolinium

Tetrafluoroborate [100]
N-Dodecanylisoquinolinium

Bis(trifluoromethylsulfonyl)amide -51 1.08 [98]
1-Decanyl-4-(1-fluoroethyl)-1,2,4-triazolium

Bis(trifluoromethylsulfonyl)amide —62 425 (D) [99]
1-Decanyl-4-(3,3,3-trifluoropropyl)-1,2,4-triazolium

Bis(trifluoromethylsulfonyl)amide —68 400 (D) [99]
N-Ethylcarbazolium

Tetrafluoroborate [100]
N-Ethylimidazolium

Bis(perfluoroethylsulfonyl)amide 133 402 (D) [96]

Bis(trifluoromethylsulfonyl)amide 54 413 (D) [96]

Hexafluorophosphate 550 [96]

Perchlorate 21 112 [96]

Tetrafluoroborate 41 [96]

Trifluoromethanesulfonate 58 370 (D) [96]
N-Ethyl-2-methylimidazolium

Bis(perfluoroethylsulfonyl)amide -19 186 [96]

Bis(trifluoromethylsulfonyl)amide 69 [96]

Hexafluorophosphate >1000 [96]

Perchlorate 7 >1000 [96]

Tetrafluoroborate 100 309 (D) [96]

N-Ethyl-N-methylpyrrolidinium

Dicyanamide -10 250 (D) [51]
1-Ethylpiperidinium

Tetrafluoroborate -28 [100]
1-Heptyl-4-(1-fluoroethyl)-1,2,4-triazolium

Bis(trifluoromethylsulfonyl)amide -70 1.393 (24) 359 (D) [99]

1-Heptyl-4-(H,1H,2H,2H-perfluorooctyl)-1,2,4-triazolium
Bis(trifluoromethylsulfonyl)amide 22 405 (D) [99]
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Table 4 Continued

lonic liquid Melting point ¢C) Density (g/ml) Viscosity (cP) Temperature limit@) Reference
1-Heptyl-4-(3,3,3-trifluoropropyl)-1,2,4-triazonium

Bis(trifluoromethylsulfonyl)amide —67 402 (D) [99]
N-Hexadecylisoquinolinium

Bis(trifluoromethylsulfonyl)amide —49 1.05 [98]
N-Hexylisoguinolinium

Bis(trifluoromethylsulfonyl)amide =77 1.20 [98]
N-Hexyl-N-methylpyrrolidinium

Dicyanamide -11 0.92 45 (20) [51]

Thiocyanate [52]
N-Methylimidazolium

Bis(perfluoroethylsulfonyl)amide 11 218 [96]

Bis(trifluoromethylsulfonyl)amide 9 81 [96]
N-Methylindolium

Tetrafluoroborate [100]
N-Methylpyrazolium

Tetrafluoroborate —6 [100]
N-Methylpyrrolidinium

Tetrafluoroborate -32 [100]
N-Methylpyrrolium

Tetrafluoroborate [100]
N-Methyl-2-methylindolium

Tetrafluoroborate 245 [100]
2-Methylpyrrolium

Tetrafluoroborate 17.1 [100]
N-Methyl-2-methylimidazolium

Bis(perfluoroethylsulfonyl)amide 15 >1000 [96]

Bis(trifluoromethylsulfonyl)amide 22 100 [96]

Tetrafluoroborate 100 [96]
1-Methyl-4-(3,3,3-trifluoropropyl)-1,2,4-triazolium

Bis(trifluoromethylsulfonyl)amide —58 376 (D) [99]
2-Methyl-1-propylpyrrolinium

Bis(trifluoromethylsulfonyl)amide 19 1.46 (20) 57 400 (WL) [97]
N-Octadecylisoquinolinium

Bis(trifluoromethylsulfonyl)amide —47 1.05 [98]
N-Octylisoquinolinium

Bis(trifluoromethylsulfonyl)amide —68 1.17 [98]
N-Propyl-N-methylpyrrolidinium

Dicyanamide -35 0.92 45 [51]

Thiocyanate 7 [74]
Pyrrolium

Tetrafluoroborate [100]

N-Tetradecylisoquinolinium
Bis(trifluoromethylsulfonyl)amide -50 1.07 [98]

D = weight loss indicated by the onset of decomposition (DSC); ¥eight loss due to evaporation; number in parenthesis is the temperature of the
measurement when other than°Za

are solvent-free processes. Since most organic salts are hyhalide ion selective electrod&10]. Halide ions are known
groscopic to various extents water is a common contami- to coordinate to transition metal catalysts, and thus influ-
nant. The concentration of water is determined in a straight- ence (usually negatively) the rate of chemical reactions car-
forward manner by Karl-Fischer titration. Halide ions are ried outin contaminated ionic liquidé11]. The presence of
also present in many ionic liquids prepared by metathesis 1-alkylimidazole impurities in 1,3-dialkylimidazolium ionic
reactions and can be determined by potentiometry using aliquids can be assessed using a simple colorimetric reaction
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Table 5
Physical properties of miscellaneous room temperature ionic liquids &€ 25
lonic liquid Melting point (C) Density (g/ml) Viscosity (cP) Temperature limitQ) Reference
Bis(N-n-butyl-N-methyl)dimethylguanidinium

Hexafluorophosphate [102]
Bis(N-ethyl-N-n-butyl)dimethylguanidinium

Bis(trifluoromethylsulfonyl)amide 1.36 [102]

Tetrafluoroborate 1.05 [102]
Butylammonium

a-Cyano-4-hydroxycinnamate [86]
Diethylmethylammonium

a-Cyano-4-hydroxycinnamate [86]

Sinapinate [86]
Diethylphenylammonium

a-Cyano-4-hydroxycinnamate [86]
Dimethylammonium

2-Pyridinecarboxylate [76]
Tetran-butylphosphonium

Butanesulfate [77]

2-(Cyclohexylamino)ethanesulfonate 200 (WL) [58]

4-Morpholinopropanesulfonate 200 (WL) [58]
Tetrakis(N-n-hexyl)dimethylguanidinium

Bis(trifluoromethylsulfonyl)amide 1.20 346 [102]

Chloride 0.90 [102]
Hexafluorophosphate

Tetrafluoroborate 0.97 [102]
Tetrakis(N-octyl)dimethylguanidinium

Chloride 0.96 [102]

Hexafluorophosphate 0.91 [102]

Tetrafluoroborate 0.97 [102]
Tributylammonium

Acetate [76]

a-Cyano-4-hydroxycinnamate [86]

3-Hydroxypyridine-2-carboxylate [86]

2-Pyridinecarboxylate [76]

Sinapinate [86]
Tri-n-butyl(ethyl)phosphonium

Diethylphosphate [76]

Ethylsulfate [76]
Tri-n-butyl(methyl)phosphonium

Dimethylphosphate [76]

Methylsulfate [76]
Triethylammonium

a-Cyano-4-hydroxycinnamate [86]

2-Pyridinecarboxylate [76]

Sinapinate [86]
Triethylammonium(CHCH,0);CHs

Anthraquinone-2-sulfonate [86]

Sulfobenzoic acid [86]
Triethylsulfonium

Bis(trifluoromethylsulfonyl)amide -35 30 [101]
Trihexyl(tetradecyl)phosphonium

Bis(2,4,4-trimethylpentyl)phosphinate [77]

Chloride 18 [77]

Tetrafluoroborate 385 (WL) [77]
Triisobutyl(ethyl)phosphonium

Diethylphosphate [77]
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Table 5 Continued

lonic liquid Melting point ¢C) Density (g/ml) Viscosity (cP) Temperature limitQ) Reference
Triisobutyl(methyl)phosphonium
Dimethylphosphate [77]
4-Toluenesulfonate [77]

Tripropylammonium
a-Cyano-4-hydroxycinnamate [86]

D = weight loss indicated by the onset of decomposition (DSC); ¥veight loss due to evaporation; number in parenthesis is the temperature of the
measurement when other than°Zs

with copper(ll) chloridg[112]. Reversed-phase liquid chro- R,NtX~ = RzNHTX ™ + CH,=CH, 2)
matography has been used to detect UV-absorbing impuri-
ties in 1,3-dialkylimidazolium ionic liquid$113]. There is reasonable evidence to supgart (1) which is ex-

Both water and chloride impurities significantly alter pected to follow established orders of anion nucleophilicity
physical properties such as melting point, viscosity, den- towards saturated carbdhl6]. There is less general sup-
sity, conductivity and thermal stability. Some examples can port for Eq. (2) as it is not clear whether bases as weak
be found inTables 2—4for the physical properties of dry  as the anions commonly used for the preparation of room
and water equilibrated (WE) ionic liquids. The presence of temperature ionic liquids can bring about the elimination
chloride contamination commonly increases the viscosity depicted. The situation for quaternary phosphonium salts is
of ionic liquids, whereas the presence of water, or other more complicated and strongly affected by the identity of
co-solvents, reduces the viscosj#4,110] Water in ionic the anion[117,118]
liquids containing the hexafluorophosphate anion results In this report we have considered ionic liquids as chem-
in release of hydrogen fluoride at elevated temperaturesically inert solvents exerting their influence on other sub-
(>100°C) [114]. stances dissolved in them through physical interactions. Of

If room temperature ionic liquids are left open to the course, ionic liquids can be formulated as chemical reagents
atmosphere they can easily absorb water in amounts offor applications in chemical synthe$i2,119] These appli-
0.2-2 M, depending on the type of ionic liquid, the relative cations, important in their own right, are not considered here.
humidity and temperatuf@14,115] For a limited, although ~ The reader should be aware that at elevated temperatures es-
varied number of ionic liquids, FTIR spectroscopy revealed pecially, chemical transformations can occur in ionic liquids
that most water molecules absorbed from the atmospheredue to the reactivity of the anion or cation. Some reactions
were hydrogen-bonded via both hydrogen atoms of water involving nucleophilic displacement of halogens from sat-
to two anions of the ionic liquid. For ionic liquids with high  urated carbon, degradation of alkanethiols, proton transfer,
anion basicity (e.g. trifluoroacetates) aggregate formation, and oxidation by easily reduced anions (e.g. nitrate) were
or perhaps, even droplets of bulk liquid water dispersed observed for alkylammonium and tetraalkylammonium salts
throughout the ionic liquid is possible. This dispersed state used as stationary phases in gas chromatogrggihy20]
may prevail at high water concentrations obtained by the For a wide range of polar compounds with different func-
intentional addition of water to ionic liquids. tional groups, ionic liquids behaved as chemically inert sta-

tionary phases.

2.6. Thermal stability

An attractive feature of room temperature ionic liquids is 3. Physicochemical properties

their wide temperature operating range with virtually no ap-
parent vapor pressure. Eventually at some temperature, of- An understanding of the solvent and separation properties
ten 300-400C above room temperature, a Signiﬁcant vapor of ionic ||qU|dS requires that studies are performed to estab-
pressure is observed using differential scanning calorimetry lish core properties using different instrumental techniques.
(We|ght loss WL inTables 2_5 or thermal decomposition In this SeCtion, we will consider teChniqueS that rely upon
(D in Tables 2-% The presence of impurities may consider- Spectroscopic and chromatographic methods to provide in-
ably influence the fidelity of these measurements, by acting formation related to solvation properties of ionic liquids and,
as Cata|ysts for decomposition reactionsy for examp]e_ In thein particular, the contribution of intermolecular interactions
case of quaternary alkylammonium salts, two general reac-t0 solvation behavior.
tions, the reverse Menschukin reactidbg( (1) and Hof-
mann reactionkg. (2)), have been proposed to explain their 3.1. Spectroscopy
thermal decompositiof88,59}

Solvatochromic and fluorescent probe compounds have
RaN*X™ = RaN + RX 1) been utilized to determine the polarity of solvents, including
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ionic liquids. Several polarity scales have been devised oversystematic influence due to the size of the tetraalky-
the years but all suffer from a lack of a rigorous definition lammonium cation, it is that increasing the alkyl chain
of polarity. While the concept of solvent polarity is easily length leads to a small increase in tlﬂé}‘ value. The
grasped in a qualitative sense, the provision of an operationalalkyl chain length for the 1-alkyl-3-methylimidazolium
definition remains elusive. IUPAC defines solvent polarity bis(trifluoromethylsulfonyl)amide ionic liquids has virtually
as “the sum of all possible, non-specific and specific, inter- no influence on théf¥ values, which are similar to ethanol,
molecular interactions between the solute ions or moleculesbut the introduction of a polar functional group or a methyl
and solvent molecules, excluding such interactions leadinggroup at C-2 has a significant effect. The introduction of
to definite chemical alterations of the ions or molecules of a hydroxyl group, especially, and/or ether group increase
the solute”[121]. These interactions involve a number of the solvent polarity as determined by tEé scale, while a
distinct and different intermolecular forces with the conse- methyl group at C-2 reduces|[i5,69] These changes re-
guence that no single probe molecule or macroscopic phys-flect modification of the hydrogen-bond acidity of the cation
ical parameter is capable of providing a suitable scale of in keeping with the presumption that changes in Eigso
solvent polarity. On the other hand, studies of solute—solvent scale are dominated by the hydrogen-bond acidity of the
interactions by means of solvatochromic probes are both solvent.

simple and convenient, if only the interpretation is carefully =~ The Er@zg value of 1-butyl-3-methylimidazolium hex-
considered. The application of solvatochromic methods to afluorophosphate is similar to that of ethaf@®,126-128]

the characterization of solvent properties of room tempera- The hydrogen-bond basicity of binary mixtures of 1-butyl-

ture ionic liquids is discussed further. 3-methylimidazolium hexafluorophosphate and ethanol is
significantly lower than that of neat etharff@9]. This is
3.1.1. Reichardt's betaine dye explained by the fact that ethanol has a higher hydrogen-
Probably the most widely used empirical scale of bond acidity but lower dipolarity/polarizability than 1-butyl-
solvent polarity is theErzg scale, whereErag (in 3-methylimidazolium hexafluorophosphate. As the mole
kcal/mol) = 28,592 Amax (in Nm) and Amax is the wave- fraction of ethanol is increased, the increased hydrogen-bond

length maximum of the lowest energy, intermolecular acidity of the binary solvent system is reflected in the solva-
charge-transferm—w* absorption band of the zwitter- tochromic behavior of the indicator probe. There is a linear
ionic 2,6-diphenyl-4-(2,4,6-triphenyl-pyridino)phenolate  correlation of theErzg scale with temperature for dry
molecule [122,123] This compound exhibits one of 1-butyl-3-methylimidazolium hexafluorophosphaf&28].
the largest solvatochromic effects of any known com- The negative thermochromism arises from the increased
pound. Because of its zwitterionic structure, the solva- differential stabilization of the highly dipolar zwitterionic
tochromic properties of Reichardt's dye is strongly af- betaine ground state relative to the less dipolar excited state
fected by the hydrogen-bond acidity of the solvent, since at lower temperatures. Intentional addition of water (2%,
hydrogen-bond-donating solvents stabilize the ground statev/v) alters the hydrogen-bond acidity significantly and the
more than the excited state. Taft and Kamlet calculated thattemperature dependence is nearly doubled. This is an indi-
about two-thirds of the shift in the absorbance maximum of cation thatEr g values are significantly affected by the
Reichardt’'s dye could be assigned directly to specific inter- presence of water as an impurity. Compared with the dry
actions involving the phenoxide oxyggt4). In effect, the ionic liquid as little as 0.1% (w/w) water could be detected
Er30) scale is largely, but not exclusively, a measure of the in the ionic liquid by its shift in the long wavelength ab-
hydrogen-bond acidity of the solvent system. Reichardt and sorption band for Reichardt's betaine di30]. There is
Harbusch-GornelftL25] also devised a normalized scale of no evidence, however, that water selectively solvates the
Er@3o polarity, E¥ assigning water the value of 1.0 and betaine dye in ionic liquids containing a small amount
tetramethylsilane zero. of water.

The Et3o and E¥ scales of solvent polarity for ionic
liquids are summarized ifmable 6 [55,65,69,125-129] 3.1.2. Kamlet-Taft solvatochromic parameters
The E¥ values for the alkylammonium nitrate and thio- Kamlet and co-workerq131,133] and de Juan and
cyanate salts are much larger than for the tetralkylammo- co-workers[132] have used linear solvation energy rela-
nium and 1,3-dialkylimidazolium salts with values similar tionships and solvatochromic indicator compounds to char-
to those for water (except for tri-butylammonium ni- acterize the properties of numerous solvents used in organic
trate, 0.80). The tetraalkylammonium sulfonate salts have chemistry. Solvents are characterized by their capacity
much smaller values, between 0.40 and 0.65, similar to for interactions described as dipolarity/polarizability*},
the 1,3-dialkylimidazolium salts, which are more typ- hydrogen-bond acidityo{) and hydrogen-bond basicity)
ical of polar solvents such as dimethyl sulfoxide and determined by absorption measurements for individual or
dimethylacetamide at the lower end of the range and for- pairs of selected indicator compounds. The experimental
mamide and aliphatic alcohols at the higher end. The protocol and choice of indicator compounds is described
E$ values for the sulfonates are grouped into narrow elsewhere[28,55,133] The three scales are normalized
ranges characteristic of the anion, and if there is any so that dimethyl sulfoxide forr*, methanol fora, and
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Table 6
Solvent polarity of room temperature ionic liquids determined by solvatochromic compounds
lonic liquid Reichardt's dye Kamlet-Taft Reference
Et30) E-lN a* o B
1-Benzyl-3-methylimidazolium
Bis(trifluoromethylsulfonyl)amide 52.4 0.67 [65]
n-Butylammonium
Thiocyanate 61.4 0.95 1.23 0.92 [55]
secButylammonium
Thiocyanate 61.6 0.95 1.28 0.91 [55]
1-Butyl-3-methylimidazolium
Hexafluoroantimonate 0.67 1.04 0.64 0.15 [69]
Hexafluorophosphate 52.3 0.67 [126]
52.5 [127]
52.8 0.92 0.75 0.21 [128]
52.3 1.06 0.64 0.17 [129]
Bis(trifluoromethylsulfonyl)amide 51.5 0.64 [126]
Tetrafluoroborate 52.5 0.67 [126]
Trifluoromethanesulfonate 52.3 0.67 [126]
1-Butyl-2,3-dimethylimidazolium
Bis(trifluoromethylsulfonyl)amide 48.6 0.55 [126]
Tetrafluoroborate 0.58 1.08 0.40 0.36 [69]
1-Butyl-1-methylpyrrolidinium
Bis(trifluoromethylsulfonyl)amide 0.54 0.95 0.43 0.25 [69]
1-Decyl-3-methylimidazolium
Bis(trifluoromethylsulfonyl)amide 51.0 0.63 [65]
Dipropylammonium
Thiocyanate 63.3 1.01 1.16 0.97 0.39 [55]
Ethylammonium
Nitrate 61.6 0.95 1.24 0.85 0.46 [55]
1-(2-Hyroxyethyl)-3-methylimidazolium
Bis(trifluoromethylsulfonyl)amide 60.8 0.93 [65]
1-Methoxyethyl-3-methylimidazolium
Bis(trifluoromethylsulfonyl)amide 54.1 0.72 [65]
1-Octyl-3-methylimidazolium
Hexafluorophosphate 51.2 0.63 [126]
Bis(trifluoromethylsulfonyl)amide 51.1 0.63 [126]
Tetrafluoroborate 48.3 0.54 [117]
1-Octyl-2,3-dimethylimidazolium
Bis(trifluoromethylsulfonyl)amide 47.7 0.53 [126]
n-Propylammonium
Nitrate 60.6 0.92 117 0.88 0.52 [55]
1-n-Propyl-3-methylimidazolium
Bis(trifluoromethylsulfonyl)amide 51.9 0.65 [65]
Tetran-butylammonium
2-[Bis(2-hydroxyethyl)amino]ethansulfonate 47.8 0.53 1.07 0.14 0.81 [55]
2-(Cyclohexylamino)ethanesulfonate 50.7 0.62 1.01 0.34 0.98 [55]
2-Hydroxy-4-morpholinopropanesulfonate 46.5 0.49 1.07 0.03 0.74 [55]
Tetran-hexylammonium
Benzoate 44.3 0.42 [125]
Tetran-pentylammonium
2-(Cyclohexylamino)ethanesulfonate 495 0.58 1.00 0.15 0.91 [55]
2-Hydroxy-4-morpholinopropanesulfonate 47.3 0.51 1.02 0.26 0.96 [55]
Tetran-propylammonium
2-[Bis(2-hydroxyethyl)amino]ethansulfonate 49.0 0.56 0.99 0.35 1.00 [55]
2-(Cyclohexylamino)ethanesulfonate 50.9 0.62 1.08 0.34 0.80 [55]
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Table 6 Continued

lonic liquid Reichardt's dye Kamlet-Taft Reference
ET(30) E-’|\—‘ T[* o ﬁ

2-Hydroxy-4-morpholinopropanesulfonate 455 0.46 1.05 0.03 0.83 [55]
Tributylammonium

Nitrate 56.7 0.80 0.97 0.84 [55]
Non-ionic solvents

Water 63.1 1.00 1.09 1.17 0.18

Methanol 55.5 0.77 0.60 0.93 0.62

Ethanol 51.9 0.65 0.54 0.83 0.77

Acetonitrile 46.0 0.47 0.75 0.19 0.31

Dimethyl sulfoxide 45.0 0.44 1.00 0 0.76

Dimethylformamide 43.8 0.40 0.88 0 0.69

Acetone 42.2 0.36 0.71 0.08 0.48

Ethyl acetate 0.55 0 0.45

Methylene chloride 41.1 0.32 0.82 0.30 0

n-Heptane 32.3 0.05 —0.08 0 0

hexamethylphosphoramide fgr have values of one. The ture. 1-Butyl-3-methylimidazolium hexafluorophosphate
Er@3o scale is related to the Kamlet-Taft solvatochromic hasz* values slightly lower than for water and dimethyl

parameters by the general expresqiom, 134} sulfoxide but much higher than the short chain alcohols.
E1(30) = 30.31 + 14.67* + 16,53 3) Its hydrogen-bond ba_sicitw value, ig much lower than

_ _ _ _ that for the short chain alcohols, white values are sim-
The alkylammonium nitrate and thiocyanate salt$able 6 ilar to short chain alcohol§69,127,129] These results

are all more dipolar/polarizable than dimethyl sulfoxide demonstrate that 1-butyl-3-methylimidazolium hexafluo-
and water withz*>1 (except for trin-butylammonium  rophosphate is a remarkable amphoteric solvent with no
nitrate 7* = 0.97) [28]. These solvents are all strong peer among conventional organic solvents. Most solvents
hydrogen-bond acidsa( = 0.84-0.97) and moderate possessing such low nucleophilicity are generally regarded
hydrogen-bond baseg (= 0.39-0.52 for salts with avail-  as non-polar. However, the dipolarity/polarizability of

able values). These results are similar in character and1-butyl-3-methylimidazolium hexafluorophosphate at am-
magnitude to watern(* = 1.09, « = 1.17 andp = 0.18) bient conditions is 55-95% higher than the short chain

although selectivity differences between the ionic liquids alcohols and only 10-15% below that of water or dimethyl
and water is also indicated. The eight tetraalkylammo- sulfoxide.

nium sulfonate salts imable 6 all have =* values close
to 1.0 with no obvious trends in the values related to 3.1.3. Nile red

the structure of the anions or catiofs5]. None of the The visible absorption band for Nile red displays one
tetraalkylammonium sulfonate ionic liquids are strong of the largest positive solvatochromic shifts knoflr85].
hydrogen-bond acidsa(= 0.03-0.35). A largerx value It is most likely sensitive to changes in solvent dipolar-

closer to that of methanol was anticipated for the salts ity/polarizability, although exactly which factors dominate
containing the 2-hydroxy-4-morpholinopropanesulfonate shifts in its absorption maximum is unclear. Values for
and 2-[bis(2-hydroxyethyl)amino]ethanesulfonate anions. the electronic transition energyEyr) are available for

In this case, the hydroxyl groups of the anions are a number of 1-alkyl-3-methylimidazolium ionic liquids
probably involved in the formation of association com- (Table 9 [65,80,127,136] Perhaps what is most striking
plexes and are unavailable for interaction with the solva- of these results is the narrow range of values indicating
tochromic probe molecules. The largervalues for the  that neither the structure of the anion or cation have a
tetran-pentylammonium sulfonates is probably a conse- large affect on solvent polarity determined by Nile red.
quence of a weakening of the anion/anion interactions Conflict should be noted between the value indicated in
resulting from the accommodation of the larger cation into Table 7 for 1-butyl-3-methylimidazolium hexafluorophos-
the structured solvent. In contrast to the alkylammonium phate[136] and the value reported if127] of 580.2 nm.
nitrate and thiocyanate salts, the tetraalkylammonium sul- The former value is in broad agreement with the other
fonate salts are much stronger hydrogen-bond ba$es (  ionic liquids indicating a similar polarity to short chain
0.74-1.00). The most likely site for solvent hydrogen-bond alcohols, the latter value would place the polarity of
acceptor interactions is the sulfonate group, with secondary 1-butyl-3-methylimidazolium hexafluorophosphate much
interactions at the oxygen and nitrogen electron-donor siteshigher indicating a solvent polarity similar to water. For
of the anions. On the other hand, there is no simple rela- the 1-butyl-2-methylimidazolium ionic liquids, the polarity
tionship between th@ values and anion (or cation) struc- decreases, albeit slightly, through the anion series of nitrite,
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Table 7
Solvent polarity of ionic liquids determined by the solvatochromic indicator Nile red and the square planar copper complex acetylacetonatotetram-
ethylethyldiaminecopper(ll) tetraphenylborate

lonic liquid Nile red [Cu(acac)(tmen)][BRh Amax (nm)
Amax (nm) Enr (kcal/mol)

1-Benzyl-3-methylimidazolium

Bis(trifluoromethylsulfonyl)amide 546.0 51.8
1-Butyl-2,3-dimethylimidazolium

Bis(trifluoromethylsulfonyl)amide 547.5
1-Butyl-3-methylimidazolium

Nitrite 556.0 51.4

Nitrate 555.7 51.5

Tetrafluoroborate 550.8 51.9

Hexafluorophosphate 547.5, 580.2 52.2 516.5

Bis(trifluoromethylsulfonyl)amide 548.7 52.1 546.0

Trifluoromethanesulfonate 601.5

Tetra[4-dimethyl(octyl)silylphenyl]borate 534

Tetra[4-dimethyl(1,1,2,2-tetrahydro-perfluorodecanyl)silylphenyl]borate 542

1-Decyl-3-methylimidazolium

Bis(trifluoromethylsulfonyl)amide 560.5 52.2

Tetrafluoroborate 545.7 52.4
1-Hexyl-3-methylimidazolium

Hexafluorophosphate 551.7 51.8

Nitrate 552.9 51.7

Tetrafluoroborate 551.9 51.8
1-(2-Hyroxyethyl)-3-methylimidazolium

Bis(trifluoromethylsulfonyl)amide 470.0 50.6
1-Methoxyethyl-3-methylimidazolium

Bis(trifluoromethylsulfonyl)amide 528.0 51.0
1-Octyl-2,3-dimethylimidazolium

Bis(trifluoromethylsulfonyl)amide 549.5
1-Octyl-3-methylimidazolium

Bis(trifluoromethylsulfonyl)amide 548.5

Hexafluorophosphate 549.8 52.0 516.5

Nitrate 550.1 52.0

Tetrafluoroborate 549.5 52.0
1-Propyl-3-methylimidazolium

Bis(trifluoromethylsulfonyl)amide 550.3 52.3
Non-ionic solvents

Water 584.5 48.2

Methanol 542.9 52.0

Ethanol 539.8 52.2

Acetonitrile 520.7 53.8

Dimethyl sulfoxide 544.8 52.0

Methylene chloride 523.4 53.4

Hexane 59.0

nitrate, tetrafluoroborate, bis(trifluoromethylsulfonyl)amide pared with conventional solvents thgr values for the
and hexafluorophosphate. This decrease in polarity cor-1-alkyl-3-methylimidazolium ionic liquids positions them
relates with increasing anion size, hence a reduction in the upper half of the solvent polarity table with the short
in the effective charge density. The slightly anomalous chain alcohols as nearest neighbors.

behavior of the bis(trifluoromethylsulfonyl)amide anion

was explained by partial charge delocalization within 3.1.4. Acetylacetonatotetramethylethyldiaminecopper(ll)
the anion. The effect of chain length on polarity for the tetraphenylborate

1-alkyl-3-methylimidazolium salts with a common anion is The absorption maximum for the lowest energy d—d
more complex with a maximum for the observed solvent band arising from changes in the splitting of the d-orbitals
polarity observed for the cation with a 1-hexyl group. Com- as the solvent coordinates at the axial sites on the metal
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center for the square planar Cu(ll) salt is said to pro-
vide a good estimate of the donor number for ions in
solution [8,126,137] For the limited data available for
1-alkyl-3-methylimidazolium ionic liquids Table 7, two
conclusions can be made. Firstly, for a given anion, the ab-
sorption maximum exhibits virtually no dependence on the
cation present. Thus, the cation plays no part in the nucleo-
philicity of the ionic liquid. Secondly, the order of nucleo-
philicity for the anions studied is hexafluorophosphate
bis(trifluoromethylsulfonyl)amidetrifloromethylsulfonate.
The 1-alkyl-3-methylimidazolium hexafluorophosphate is
effectively a non-coordinating solvent with the salts of the
other two anions weakly coordinating solvents.

3.1.5. Polycyclic aromatic hydrocarbons

67

Table 8
Polarity of ionic liquids determined by the ratio ¢f/l3 fluorescence
vibronic bands for polycyclic aromatic hydrocarbons

The neutral fluorescent molecule pyrene, and to a lesserEthylammonium

extent other polycyclic aromatic hydrocarbons such as
benzof,h,ilperylene and ovalene, have been used to char-
acterize the polarity of numerous solvefit88,139] The
solvent polarity scale is defined as thgls emission in-
tensity ratio, where bandi; corresponds to an1%v =

0 = S 1) transition and bandsz is an S (v
0) = S (v = 1) transition. Thel4/l3 ratio increases with
increasing solvent polarity. The solvatochromic behavior
was rationalized as a difference in vibronic coupling be-
tween the weakly allowed first electronic singlet state and
the strongly allowed second electronic singlet state. Sol-
vent classification methods require that the experimentally
determined ratio of emission intensities be free of both
chemical and instrumental artifacts (such as inner filtering,
slit width, etc.) that may lead to erroneous val{39,140]

This applies to the alkylammonium nitraf@41] and thio-
cyanate[142] ionic liquids where inner filtering effects
and inadequate spectral resolution limit the usefulness of
the pyrene (Py) scale. The bengglilperylene (BPe) and
ovalene (Ov) scales afford a more reliable estimate of sol-
vent polarity for these ionic liquids. The different polarity

lonic liquid Solvent polarity scale
Py BPe Ov

n-Butylammonium

Thiocyanate 1.18 1.06 1.66
secButylammonium

Thiocyanate 1.01 0.96 1.70
1-Butyl-3-methylimidazolium

Hexafluorophosphate 2.08

1.84

Di-n-propylammonium

Thiocyanate 1.23 1.04 1.70

Nitrate 1.20
1-Ethyl-3-methylimidazolium

Bis(trifluoromethylsulfonyl)amide 0.85
n-Propylammonium

Nitrate 1.20
Tetran-butylammonium

2-[Bis(2-hydroxyethyl)amino]ethansulfonate 151 1.45 2.81

2-(Cyclohexylamino)ethanesulfonate 1.32 1.41 2.71

2-Hydroxy-4-morpholinopropanesulfonate 1.52 1.35 2.63
Tri-n-butylammonium

Nitrate 1.36
Non-ionic solvents

Methanol 1.35 1.00 1.37

Acetonitrile 1.79 1.23 1.75

Dimethyl sulfoxide 1.95 1.36 2.38

Acetone 1.64 1.19 1.80

Heptane 0.58 0.39 0.30

Py = pyrene; BPe= benzof,h,i]perylene; Ov= ovalene.
a Poor agreement between literature values (see text for details).

phate hardly changes thk/lz emission ratio indicat-

scales (Py, Bpe and Ov) are strongly correlated, at leasting a strong preference for selective solvation of pyrene

for non-ionic liquids, although by no means lindaB9].
The BPe scale indicates that trbutylammonium nitrate

is the most polar of the alkylammonium ionic liquids and
that the nitrate salts are more polar than the thiocyanate
ionic liquids (Table § [71,127,129,130,140-153Ethyl-
ammonium andn-propylammonium nitrate have similar
polarity to polar non-ionic solvents like acetonitrile. The
alkylammonium thiocyanate and tetnabutylammonium
sulfonate ionic liquids and have solvent polarity com-
parable to cyclohexanone. The two solvent polarity val-
ues for 1-butyl-3-methylimidazolium hexafluorophos-
phate inTable 8 are significantly different. Baker et al.
[143] determined a solvent polarity greater than water
and similar to dimethyl sulfoxide. Fletcher and Pandey
[129] determined a value similar to acetonitrile and
less than water and dimethyl sulfoxide. The reason for
this difference is not obvious. Addition of ethanol or
water to 1-butyl-3-methylimidazolium hexafluorophos-

by the ionic liquid [130]. 1-Ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)amide has a solvent polarity
close to that of ethan¢¥1]. In general, there is only a weak
correlation between the solvatochromic scales discussed
earlier and the polycyclic aromatic hydrocarbon scales.
Some similarity to the Kamlet-Taft* scale is expected but
this is not the case for the ionic liquids.

3.1.6. Polar fluorescent probe molecules

The fluorescence emission of 1-pyrenecarboxaldehyde
is known to depend on the static dielectric constant of the
cybotactic regiorf71,127,129,130]The fluorescence max-
imum red shifts with an increase in the static dielectric con-
stant of the surrounding medium. The fluorescence emission
spectra of 1-pyrenecarboxaldehyde indicated a solvent po-
larity similar to acetonitrile and dimethyl sulfoxide for 1-
butyl-3-methylimidazolium hexafluorophosph§t@7]. The
emission spectra of 1-pyrenecarboxaldehyde in 1-ethyl-3-
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methylimidazolium bis(trifluoromethylsulfonyl)amide was size requirements, accuracy and the ease with which tem-
typical of a solvent of low dielectric constant, such as hex- perature can be controlled and varied as an experimental
ane[71]. The 1l-pyrenecarboxaldehyde emission maximum parameter.
in 1-butyl-3-methylimidazolium hexafluorophosphate is red
shifted by the intentional addition of water or ethanol to 3.2.1. Measurement
the ionic liquid[129,130] As little as 0.1% (w/w) water in Retention in gas chromatography is a complex process
1-butyl-3-methylimidazolium hexafluorophosphate could be involving partition and adsorption with different liquid film
detected using 1-pyrenecarboxaldehyde as a solvatochromidypes and interfaces co-existing in the column. A compre-
probe. This behavior is due to selective enrichment of the hensive retention model would have to consider contribu-
solvation sphere for 1-pyrenecarboxaldehyde by ethanol ortions to retention from gas—liquid partitioning with the bulk
water related to the presence of the aldehyde group on theliquid phase and with a structured layer close to the support
probe molecule. surface, by gas—liquid adsorption at the bulk liquid and struc-
The fluorescence spectrum of 6-propionyIrRN-dime- tured liquid interfaces, and by adsorption at the gas—solid
thylamino)naphthalene was used to indicate that the support interfac¢l46,149-152]When the goal is to deter-
solvent polarity of 1-butyl-3-methylimidazolium hexafluoro- mine bulk liquid properties the retention mechanism can be
phosphate lies between that of chloroform and dimethyl- simplified by using supports of low surface area and high
formamide and acetongd43]. The fluorescence emission liquid phase loadings. For these conditions, the contribu-
maximum of 3-aminophthalamide and 3-dimethylamino- tions to retention from the structured layer close to the sup-
phthalamide was used to demonstrate that the ionic liquids port surface can usually be neglected. This allows a general
1-butyl-3-methylimidazolium hexafluorophosphate, 1-octyl- retention model to be written as:
3-methylimidazolium hexafluorophosphate, 1-butyl-3-meth- .
ylimidazolium nitrate andN-butylpyridinium tetrafluorobo- YN = VLKL + ALKA + AsKs @)
rate were more polar than acetonitrile and less polar thanwhere V{ is the net retention volume per gram of column
methanol[79]. Replacing the hexafluorophosphate anion packing,V, the volume of liquid phase per gram of packing,
by nitrate for the 1-butyl-3-methylimidazolium cation had K, the gas-liquid partition coefficiend_ the liquid surface

little affect on the observed polarity. area per gram of packinga the coefficient for adsorption at
the bulk liquid—gas interfacés the solid-gas interfacial area
3.2. Gas-liquid partition coefficients per gram of packing, anl{s the coefficient for adsorption

at the support interface. For operational purpdsgs(4)is
Gas chromatography is a widely used method for de- rearranged to:

termining thermodynamlc propgrtles of_ pure.substances or Vi ALKa + AsKs
solvent properties of binary mixtures in which one com- — = K| +
ponent, the sample, is generally present at infinite dilution i i
and the other, the stationary phase, is most commonly aA plot of V{i/V_ against 1V reveals both the retention
non-volatile liquid[144—146] From retention measurements mechanism for the solute and the intercept corresponding
the gas-liquid partition coefficient and the free energy, en- to 1/V, = 0 provides the gas-liquid partition coefficient
thalpy and entropy of mixing or solution and the infinite for the solute at the measurement temperature. If interfacial
dilution solute activity coefficient are easily obtained. Using adsorption does not contribute to the retention mechanism,
these parameters and appropriate models allows and underthere is no slope to the plot, sind§, = VL K| and K.
standing of the intermolecular interactions responsible for is computed as the average of the experimental values. If
solvation in the stationary phag&47,148] From studies there is a slope, then it is advantageous to avoid conditions
of band broadening, liquid diffusion coefficients and reac- resulting in a non-linear extrapolation to determifye lonic
tion rate data (for on column reactions) can be obtained. liquids are excellent support-deactivating agents and at high
Studies of the variation of retention with phase loading phase loadings it is reasonable to assume Ak s ~ 0.
and/or temperature allow elucidation of phase transitions The derivation oEq. (5)requires that the individual con-
and wetting characteristics. Early results of the application tributions to the retention mechanism are independent and
of gas chromatography to studies of liquid organic salts additive. For this to be true the solute must be at infinite dilu-
(including some data for room temperature ionic liquids) tion with respect to the partition mechanism and at zero sur-
are summarized elsewhef88,59,60] In this section, we  face coverage for the adsorption mechanism. Recommended
will deal exclusively with the properties of room temper- experimental conditions for determinitkg values for ionic
ature ionic liquids and their solvation properties derived liquids are summarized iffable 9together with their ac-
from measurements by gas chromatography. Where neededeptable uncertainty. Typical uncertaintykn values from
additional information is included for comparison and to gas-liquid chromatography are about 3-5% R.S.D Kior
aid interpretation. The popularity of gas chromatography values between 10 and 100 and 2-3% for values between
for physicochemical measurements is due to its simplic- 100 and 10,000153]. These results do not include an es-
ity when compared with static methods, small sample timate of the systematic uncertainty arising from non-ideal

(5)
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Table 9

Summary of experimental parameters for the determination of gas—liquid partition coefficients

Parameter Acceptable uncertainty Comments

Support Low surface area diatomaceous earth type W-AW. Particle size 60—-80 mesh

Packings w = 0.0002¢g Four packings with a liquid phase loading evenly spaced between 8 and 18% (w/w)
0.15% Exact phase loading determined by Soxhlet extraction or thermal evaporation

Column length 1-2m

Column hold-up time R> v Retention time for methane in most cases

Sample size 0.1-10g (solids), 0.0001-0.0l (liquids), 5-50ul (headspace vapors)

Flow rate 0.2 ml/min 20 ml/min

Pressure 1 mmHg Column inlet and outlet (using a Hg manometer or electronic sensor)

Temperature 0.2C Check set point of column oven and temperature gradients over the column volume

Density 0.0008 g/ml Pycnometer (Lipkin bicapillary pycnometer is a suitable device to determine

density over a temperature range)
Time 0.02min

behavior of the gas phase. The latter is usually small for sim- Packed columns are more suitable than open-tubular
ple gases like hydrogen and helium, and to a lesser extentcolumns for the determination of gas—liquid partition coef-
nitrogen, when the experimental conditions are arranged toficients with ionic liquids. lonic liquids do not form stable
minimize the average column pressure. Estimating correc-films on glass surfaces and their low viscosity results in
tions for non-ideal behavior of the gas phase is often dif- poor film stability as the column temperature is varied.
ficult. The required virial coefficients are rarely available Improved coating performance and stability is obtained us-
and calculation methods based on the use of correspondingng whisker-walled[157,158] sodium chloride deposition
states contain an unknown uncertainty. [159,160]or barium carbonate depositigb61] wall surface
The use ofeq. (5)requires an accurate value for the vol- treatments. However, it is almost impossible to control film
ume of ionic liquid for several column packings. In turn, this thickness and prepare columns with different film thickness
requires an accurate determination of the phase loading forto evaluate the contribution of interfacial adsorption to re-
each packing as well as a determination of the density of thetention. Packed columns can be handled without difficulty
ionic liquid at (usually) several temperatures corresponding and the larger liquid volumes typical of packed columns
to those used for the gas chromatographic measurementsminimize errors in the calculation of gas—liquid partition
An accurate value of the phase loading can be obtained bycoefficients.
thermal evaporatiofi.54] or Soxhlet extraction (usually the The retention mechanism for ionic liquids has largely
preferred method for ionic liquidgp0,155] The packing, been studied at temperatures above room temperature to
ca. 0.5-1.0g, accurately weighed into a fine porosity glassallow comparison with non-ionic liquids at temperatures
sintered crucible with a small piece of filter paper on the top, typical for analytical separations. Arancibia et §.62]
is placed in a standard Soxhlet apparatus. Glass beads ardetermined partition and adsorption coefficients for a small
used to raise the level of the crucible above that of the siphonnumber of alkanes and halocarbon compounds at room tem-
arm. The packing is then extracted at a rate of about 10-15perature on ethylammonium nitrate amgpropylammonium
cycles/h with, generally, the same (good) solvent used for nitrate ionic liquids. The probe compounds were retained by
coating. Extractions can be expected to take from 4 to 6 h a mixed retention mechanism with the hydrocarbon com-
but overnight extraction is generally used to ensure comple- pounds exhibiting low solubility in the ionic liquids. For the
tion. After extraction, the packing is oven-dried to constant same ionic liquids a wider range of compounds were stud-
weight, cooled, and accurately weighed. This step should ied at 80.8C [150]. Plots of Vj against the phase loading
be performed carefully, since it is usually the main source revealed a wetting transition between 5 and 6% (w/w) of the
of error in the partition coefficients. For hygroscopic ionic ionic liquids. The broad hump observed in the plots is due to
liquids it may be necessary to use a glove box to minimize coalescence of the ionic liquid from droplets to a continuous
contact with atmospheric moisture. film, subsequently followed by pore filling of the support
Densities can be determined with a standard pycnometer(Fig. 2). Then-alkanes shown in the plot are retained largely
in the usual way. The Lipkin bicapillary pycnometer is use- by gas-liquid interfacial adsorption. Plots B{/V, against
ful for small volumes of ionic liquid$60,156] Poor density 1N for polar compounds on ethylammonium nitrate reveals
values can result from measurements on ionic liquids con- that partitioning is the dominant retention mechanism with
taining a significant amount of water as an impurity. Since a small contribution from interfacial adsorptiofig. 3). For
the ionic liquids are dried during column conditioning the compounds of low polarity, particularly-alkanes, the dom-
ionic liquid will be in a different state of hydration for the inant retention mechanism is interfacial adsorption. Similar
column and density measurements. results were observed forpropylammonium nitrate.
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Fig. 2. Plot of the net retention volume per gram of packing (cor-
rected to 25), V{j, against phase loading measured at 8Q.8for
n-alkanes on Chromosorb W-AW coated with ethylammonium nitrate.
Identification: 1= n-hexadecane; 2 n-pentadecane; 3 n-tetradecane;

4 = n-tridecane.
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Fig. 3. Plot of V{/VL against ¥, for ethylammonium nitrate coated
on Chromosorb W-AW at 80&C. Identification: 1 = n-butanol;
2 = dioxane; 3= n-pentadecane; 4 1-nitropropane; 5= 2-pentanone;
6 = benzene.

The retention of polar compounds on the alkylammo-
nium thiocyanate salts occurs largely by partitioning with
a small contribution from interfacial adsorption, except
for n-alkanes, where interfacial adsorption makes a sig-
nificant contribution to the retention mechanisfig, 4)
[150,163,164] Interestingly, although not explained, it
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Fig. 4. Plot of V{/VL against ¥ for seebutylammonium thio-
cyanate coated on Chromosorb W-AW at 8038 Identification:
1 = n-hexadecane; 2= n-butanol; 3= dioxane; 4= n-pentadecane;
5 = 1-nitropropane; 6= 2-pentanone; % benzene.
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Table 10

Relative percent contribution of gas-liquid partitioning and gas—liquid
interfacial adsorption to retention @apropylammonium nitrate (6% w/w)
and din-propylammonium thiocyanate (11.8%, w/w) at 808

Solute n-Propylammonium Di-n-propylammonium
nitrate thiocyanate
Partitioning  Adsorption  Partitioning  Adsorption
Benzene 89.4 10.6 100 0
n-Butanol 99.4 0.6 97.2 2.8
Dioxane 96.0 4.0 96.2 3.8
n-Dodecane 23.3 76.7 82.7 17.3
2-Hexanone 95.2 4.8 96.6 34
1-lodobutane 88.9 11.1 97.6 2.4
1-Nitropropane 96.6 3.4 100 0
2-Octanone 90.0 10.0 96.1 3.9
n-Pentadecane  14.9 85.1 76.2 23.8

Support Chromosorb W-AW with a surface area of 1-2%gn

was observed thab-alkanes are significantly more sol-
uble in sechutylammonium thiocyanate compared with
n-butylammonium thiocyante ionic liquids. For the tetra-
alkylammonium sulfonate ionic liquids, a mixed retention
mechanism was observed for most compound types at
90°C [55-57] In addition, a mixed retention mechanism
was observed for a group of varied compounds on tetra-
n-butylphosphonium  2-(cyclohexylamino)ethanesulfonate
and 4-morpholinepropanesulfonate ionic liquids8].
1-Methyl-3-ethylimidazolium chloride was shown to retain
most compounds by interfacial adsorption with partitioning
as a minor retention mechanism at temperatures between
60 and 140C [150].

The relative contribution of interfacial adsorption to the
retention mechanism depends on system properties as well
as the identity of the ionic liquid and solute. The surface area
of the ionic liquid is determined by physical properties of the
support while its volume is a bulk solvent property. There is
no simple method to determine the surface area of a column
packing[146], and consequently, coefficients for gas—liquid
interfacial adsorption are virtually unknowWh62]. An indi-
cation of the contribution from interfacial adsorption for a
particular column can be obtained from the measured value
for V{; and the calculated value df; from the gas-liquid
partition coefficient Table 1Q. The message here is that the
accuracy of solvation properties determined from a single
retention measurement depends on the absence of interfacial
adsorption. Unless methods are used to confirm the absence
of interfacial adsorption the calculated partition coefficients
cannot be considered reliable. In general, for mixed reten-
tion mechanisms, an increase in temperature tends to favor
partitioning over interfacial adsorption and vice versa.

3.2.2. Solvation parameter model

The solvation parameter model provides a general tool to
assign the contributions of cavity formation and individual
intermolecular interactions to equilibrium processes such as
retention in chromatography. For the gas-liquid partition
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coefficient the model takes the forfh46—149] Table 12

The contribution of the cavity and dispersion interaction term to the
logKL =c+eE+sS+aA+bB+IL (6) transfer of decane from the gas to liquid phase at 80.8
where the lower case letter§ €, s, a, b) are the system  Solvent System constants ~ » (¢ +1L)

constants representing contributions from the ionic liquid
to the solvation process, and the capital lettdrsK, S

c |

A, B) are the solute descriptors for the complementary so- (S)?/L_‘i;a”e :8;?? g'ggg z'ggg
Iu_te interactions with _the system consta_nts_ of Fhe_ ion_ic li9- carbowax 20M _0:416 0:526 2:049
uid. The solute descriptors afethe gas—liquid distribution  Di-n-propylammonium thiocyanate —0.597  0.474 1.624
constant on hexadecane at 298Kihe excess molar re-  n-Butylammonium thiocyanate —0.747  0.454 1.380
fraction; S the ability of the solute to stabilize a neighbor- ieze‘:UT‘Y'a(';mO”'“mﬂ:h'ocya”ate ) —8-2(7)3 8-328 1-;22
H H H H H . . AL 2,0 ITIS(2-Cyanoetnoxypropane) —0. . .

ing (.jlpo'le by V|'rtue of its capa’cny for prlentatlon and in - Propylammonium nitrate 0974 0356 0.694
duction interactionsé\ the solute’s effective hydrogen-bond  gyjammonium nitrate 0869 0.210 0.115

acidity; andB the solute’s effective hydrogen-bond basicity.
Solute descriptors are available for over 4000 compounds
with others available by experiment or calculation methods
[147,148,165,166]The solute descriptors do not concern us non-ionic liquids of different polarity are included as well.
here, since all information concerning the contribution of To asses the effect of cohesion of the ionic liquids on so-
intermolecular interactions to the gas-liquid partition coef- lute transfer from the gas phase the sum téxite + IL)
ficients for the ionic liquids is contained in the system con- for n-decane is given iffable 12 [169] The ionic liquids
stants. These are identified as cavity formation and disper-are cohesive solvents. The alkylammonium thiocyanate
sion interactions|, the contribution from interactions with  ionic liquids are more cohesive that the poly(ethylene
solute n- orr-electronseg, the contribution from dipole-type  glycol) solvent (Carbowax 20M) but less cohesive than
interactionss, the contribution from hydrogen-bond basic- 1,2,3-tris(2-cyanoethoxypropane). This places them in the
ity (because a basic solvent will interact with an acidic so- range of normal polar solvents for the measurement temper-
lute), a, andb the contribution from hydrogen-bond acidity. ature. The alkylammonium nitrate ionic liquids are consid-
Thec term is the model constant. The system constants areerably more cohesive than 1,2,3-tris(2-cyanoethoxypropane)
calculated from the experimental gas—liquid partition coef- and are more cohesive than typical non-ionic polar solvents
ficient for a number of solutes. These solutes are selected towith the exception of water. This is a major distinguishing
be sufficient in number and variety to meet the chemical and feature of the alkylammonium thiocyanate and alkylammo-
statistical demands for calculation of the system constantsnium nitrate ionic liquids and between the ionic liquids and
by multiple linear regression analysis. The requirements for nhon-ionic polar solvents.

solute selection are detailed elsewhftd7,148,167,168] Electron lone pair interactionse (system constant) are
and must be adhered to if the system constants are to takdavorable for solute transfer from the gas phase to the
meaningful values. ionic liquids (Table 1). These interactions, however, are

The system constants for the alkylammonium nitrate w_eak and not mu_ch diffe_rent_t_o other polar non-ionic lig-
and thiocyanate ionic liquids at 80:8 are summarized uids. The dipolarity/polarizability { system constants) of
in Table 11 For perspective, the system constants for four the alkylammonium nitrate ionic liquids are similar to

Table 11
System constants for alkylammonium ionic liquids at 8@8
System constants Statistics
e s a b c r SE. F n
lonic liquid
n-Butylammonium thiocyanate 0.14 (0.09) 1.65 (0.09) 2.76 (0.16) 1.32 (0.11) 0.45 (0.020.75 (0.10) 0.995 0.058 326 23

secButylammonium thiocyanate  0.14 (0.10) 1.65 (0.11) 2.63 (0.18) 1.50 (0.12) 0.40 (0.020.60 (0.12) 0.994 0.065 306 23
Di-n-propylammonium thiocyanate 0.30 (0.05) 1.73 (0.06) 2.66 (0.10) 0.68 (0.07) 0.47 (0.64).60 (0.06) 0.998 0.032 663 21

Ethylammonium nitrate 0.47 (0.16) 2.21 (0.16) 3.38 (0.28) 1.03 (0.17) 0.21 (0.040.87 (0.20) 0.994 0.089 175 17

n-Propylammonium nitrate 0.25 (0.06) 2.02 (0.06) 3.50 (0.10) 0.90 (0.07) 0.36 (0.04p.97 (0.07) 0.998 0.037 1032 23
Non-ionic liquids

Squalane 0.07 (0.03)0 0 0 0.73 (0.006) —0.19 (0.02) 0.999 0.025 7638 22

ov-17 0.08 (0.05) 0.80 (0.03) 0.40 (0.07) O 0.64 (0.009)0.31 (0.04) 0.998 0.036 1462 23

Carbowax 20M 0.27 (0.08) 1.52 (0.07) 2.16 (0.13) O 0.53 (0.02)-0.42 (0.10) 0.994 0.053 311 21

1,2,3-Tris(2-cyanoethoxy)propane  0.29 (0.10) 2.17 (0.10) 1.99 (0.18) 0.28 (0.11) 0.36 (0.8P)48 (0.12) 0.993 0.062 213 22

Dependent variable ldg, corrected for interfacial adsorption.
2 r = multiple correlation coefficient; &. = standard error in the estimat&;= Fischer’s statisticy = number of solutes; the numbers in parenthesis
are the standard deviation for the system constants.
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1,2,3-tris(2-cyanoethoxy)propane and the alkylammonium for non-ionic phasesu(= 0-2.1) is considerably lower than
thiocyanates bracketed between the poly(ethylene glycol)for the sulfonate ionic liquidsa( = 3.06-3.71). The ex-
and 1,2,3-tris(2-cyanoethoxy)propane non-ionic liquids. In ception is the perfluorooctanesulfonate ionic liquid where
this respect, they are highly polar and polarizable solventsthe inductive effect of fluorine is responsible for lowering
with properties similar to polar non-ionic solvents. The the hydrogen-bond basicity into the same range as the po-
hydrogen-bond basicity of the ionic liquida éystem con- lar non-ionic stationary phasgk71]. None of the sulfonate
stants) is considerably larger than poly(ethylene glycol), a ionic liquids are hydrogen-bond acids. Several of the anions
general solvent of high hydrogen-bond basicity. This is a in Table 13possess hydroxyl and amine functional groups
further defining feature of the alkylammonium ionic lig- selected to introduce hydrogen-bond acidity to the ionic lig-
uids. They are stronger hydrogen-bond bases than typicaluids. To explain this behavior it was assumed that these
non-ionic polar solvents. The alkylammonium ionic liquids anions preferentially form hydrogen-bonded inter-ion asso-
are also strong hydrogen-bond acithssf/stem constants), ciation complexes to the exclusion of significant interac-
which is not a common property of typical non-ionic sta- tions with dissolved hydrogen-bond bases. The formation of
tionary phase$170]. The hydrogen-bond acidity must be hydrogen-bond association complexes is also responsible for
a property of the cations, since the anions do not contain an increase in the cohesion of these ionic liquids resulting in
hydrogen atoms to participate in hydrogen-bond formation. aless favorable cavity term. The tetrabutylammonium and
The system constants for the tetrdoutylammonium and  tetran-butylphosphonium ionic liquids with non-associated
tetran-butylphosphonium sulfonate ionic liquids at 121G anions have surprisingly lardesystem constants, compared
are summarized imable 13 These values are part of a larger with non-ionic polar solvents, and are unique among po-
database of 48 low-melting-point salts, some of which are lar solvents in their ability to separate members of a ho-
room temperature ionic liquid471,172] A similar database =~ mologous series by gas-liquid chromatography. Although
is available for 23 non-ionic stationary phases widely used the spacing between members of a homologous series are
in gas chromatographjl46—-148,169,170]The sulfonate  similar for non-associated ionic liquids and low polarity
ionic liquids show similar selectivity for electron lone pair non-ionic solvents, the absolute retention for compounds
interactions to polar non-ionic stationary phases. The sul- such as n-alkanes is lower for the ionic liquids. This is due
fonate ionic liquids have a similar capacity for dipole-type to the generally larger and negatigg¢erm for the ionic lig-
interactions as the most dipolar/polarizable non-ionic sta- uids. For anions assumed to be associated as hydrogen-bond
tionary phases, with the exception of the octanesulfonate complexes thd system constants are significantly smaller
and perfluorooctanesulfonate ionic liquids. The latter have and similar to the values observed for the most polar of the
more in common with non-ionic stationary phases of inter- non-ionic stationary phases.
mediate polarity in terms of their capacity for dipole-type A generalillustration of the unique gas—liquid partitioning
interactions. The general range of hydrogen-bond basicity properties of the ionic liquids is provided by the score plot of

Table 13
System constants for tetraalkylammonium sulfonate ionic liquids at 121@
lonic liquid System constants Statisfics
e S a b c r S.E. n
Tetran-butylammonium salts
2-Bis(2-hydroxyethyl)amino]ethanesulfonate 0.27 1.96 3.06 0 0.32 -0.80 0.996 0.048 27
2-(Cyclohexylamino)ethanesulfonate 0.07 1.57 3.67 0 0.51 -0.83 0.996 0.060 18
3-(Cyclohexylamino)-1-propanesulfonate 0 1.58 3.71 0 0.54 -0.93 0.995 0.066 18
2-Hydroxy-4-morpholinepropanesulfonate 0 1.76 3.20 0 0.49 -0.91 0.994 0.053 18
4-Morpholinepropanesulfonate 0 1.60 3.41 0 0.44 -0.94 0.990 0.097 34
Octanesulfonate 0.27 1.14 3.53 0 0.50 -0.59 0.997 0.077 32
Perfluorooctanesulfonate 0 1.09 1.62 0 0.40 -0.26 0.992 0.098 32
3-[Tris(hydroxymethyl)methyl]amino-2- 0.27 1.96 3.06 0 0.32 —0.86 0.996 0.048 27
hydroxy-1-propanesulfonate
Tetran-butylphosphonium
2-(Cyclohexylamino)ethanesulfonate 0.11 1.58 3.63 0 0.49 -0.82 0.995 0.059 26
4-Morpholinepropanesulfonate 0.13 1.68 3.66 0 0.49 -0.77 0.995 0.054 27
Non-ionic liquids
Squalane 0.14 0 0 0 0.58 -0.22
OVv-17 0.07 0.65 0.26 0 0.52 -0.37
Carbowax 20M 0.32 1.26 1.88 0 045 -0.56
1,2,3-Tris(2-cyanoethoxypropane) 0.12 2.09 2.10 0.26 0.37 -0.74

Dependent variable Idg, corrected for interfacial adsorption.
a r = multiple correlation coefficient; &. = standard error in the estimate; and= number of solutes.
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2.2- statistical information (standard error for the estimate, stan-
dard deviation of the system constants) provide@7si to
judge the quality of the models in explaining the individual
contributions to the retention mechanism. The negalive
system constant for some ionic liquidsTiable 14is an indi-
cation that some models are erroneous. The interpretation in
this case is that the gas phase is more hydrogen-bond acidic
than the ionic liquid, which is clearly untenable. Although
it is likely that some of the results ifiable 14will undergo
revision in time, at least in qualitative terms the main trends
provide a reasonable picture of the intermolecular interac-
tions promoting partition from the gas phase into a variety
of ionic liquids that have not been characterized previously.
The strong hydrogen-bond basicity of the ionic liquids and
1 2 3 its relationship to the chemistry of the anion; the capacity
PC1 for dipole-type interactions equivalent to polar non-ionic lig-
Fig. 5. Score plot for 55 solvents obtained by principal component analysis. Uids; exceptional ability to separate members of a homolo-
Group 1 contains non-ionic solvents of low and intermediate polarity gous series compared with non-ionic liquids of similar po-
(weak hydrogen-bond bases of low and intermediate cohesion that differ |grity: weak or absent electron lone pair and hydrogen-bond

in their dipolarity/polarizability); group 2 contains mainly polar non-ionic 54 interactions. These general characteristics represent the
solvents and a few ionic liquids with a delocalized charge on at least one hall K of ionic liauids ch ized f
ion; group 3 contains ionic liquids (data frofh72]). allmark of ionic liquids characterized so far.
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3.2.3. Activity coefficients
Fig. 5 [172] The input data are the system constants for 34  Since ionic liquids have a negligible vapor pressure,
ionic liquids and 21 non-ionic stationary phases at 12C.4 the most suitable method for measuring limiting activity

The first two principal components account for 95.6% of the
total variance. Principal component 1 is heavily weighted
towards solvent hydrogen-bond basiciaysfystem constant)
while component 2 is weighted more towards dipole-type
interactions ¢ system constant) with a smaller contribution
from the cavity/dispersion term @ystem constant). The
score plot of principal component 1 against component 2

coefficients of volatile solutes in ionic liquids is by gas

chromatography using the ionic liquid as the stationary
phase. Retention data should be corrected for contributions
from interfacial adsorption and gas phase interactions. The
activity coefficients at infinite dilution provides informa-

tion about solute—solvent intermolecular interactions and
are used, in particular, for the selection of solvents for

show three clusters. Group 1 contains phases with weak po-extraction and extractive distillation. Unfortunately, the

lar interactions. Group 2 contains all the polar non-ionic sol-
vents and a few ionic liquids with a highly dispersed charge
on the anion. Group 3 contains all the remaining ionic lig-

information currently available is quite limited. Kersten
and Poole determined infinite dilution activity coefficients
for benzene,n-butanol, 2-pentanone, 1-nitropropane and

uids. This group is well separated from groups 1 and 2 and dioxane in ethylammonium and-propylammonium ni-

is an indication of the unique solvent characteristics of the
ionic liquids.

trates and n-butylammonium, seebutylammonium and
di-n-propylammonium thiocyanates at 80@® [150]. The

System constants at two or three temperatures for sev-limited information indicated strong interactions with so-

eral ionic liquids were reported by Anderson et Ri6]
(Table 14. These results are single-column values with the

lutes containing polar functional groups. Arancibia et al.
[162] determined infinite dilution activity coefficients for

retention factor as the dependent variable. The system con-17 alkane, alkene, alkylbenzene and haloalkanes a€25

stants, therefore, are uncorrected for contributions from in-
terfacial adsorption, and their interpretation is SuspEe3].
Open-tubular columns coated with thin films have an unfa-

vorable surface area to volume ratio that tends to favor ad-

sorption over partitiofil 74]. In addition, the low viscosity of
ionic liquids tends to result in film disruption as the column

in ethylammonium andh-propylammonium nitrate ionic
liquids. Heintz and co-worker$95,175,176] determined
infinite dilution activity coefficients, partial molar excess
enthalpies and Henry’'s coefficients at room temperature
(298 K) for 38 varied solutes (alkanes, alkenes, alkylben-
zenes, alcohols and several polar organic compounds) in the

temperature is varied, exposing the sample to interactionsionic liquids 4-methyln-butylpyridinium tetrafluoroborate

with the column wall. The& term, when the retention factor

and 1-methyl-3-ethylimidazolium and 1,2-dimethyl-3-ethyl-

is used as the dependent variable, contains the column phasamidazolium bis(trifluoromethylsulfonyl)amide. Alkene and

ratio. It is usual to observe smooth changes incttexm, be-

aromatic hydrocarbons with polarizable electrons showed

coming increasingly negative at higher temperatures, which stronger interactions with the ionic liquids than alkanes,

is not always the case for the resultsTable 14 This indi-
cates a significant lack of fit for some models. There is no

probably due to the increasing strength of ion-induced
dipole interactions. Solutes with polar functional groups



74

Table 14

System constants for miscellaneous room temperature ionic liquids determined at several temperatures

C.F. Poole/J. Chromatogr. A 1037 (2004) 49-82

lonic liquids Temperature®C) System constants
e s a b c
1-Butyl-2,3-dimethylimidazolium
Bis(trifluoromethylsulfonyl)amide 40 0.07 1.96 2.03 0.13 0.64 —-2.93
70 0.08 1.75 1.79 0.16 0.57 -3.14
100 0.09 1.58 1.57 0.11 0.48 -3.15
1-Butyl-3-methylimidazolium
Hexafluoroantimonate 40 0 1.88 3.09 —0.33 0.59 —2.44
70 0 181 2.70 -0.37 0.51 —2.69
100 0 1.66 2.28 —0.33 0.46 —-2.85
Bis(trifluoromethylsulfonyl)amide 40 0 1.89 2.02 0.36 0.63 —2.87
70 0 1.67 1.75 0.38 0.56 -3.03
100 0 1.60 1.55 0.24 0.49 -3.13
Chloride 40 0.24 2.25 7.03 —0.36 0.63 -3.10
70 0.29 2.01 5.23 -0.32 0.45 —2.84
100 0.41 1.83 4.86 -0.12 0.39 -3.10
Hexafluorophosphate 40 0 1.91 1.89 0 0.62 —2.61
70 0 1.70 1.58 0 0.52 —2.62
100 0 154 1.37 0 0.44 —2.68
Tetrafluoroborate 40 0 1.65 2.22 —0.10 0.64 —2.66
70 0 1.46 1.97 -0.13 0.57 —2.74
100 -0.14 1.37 1.66 —0.28 0.47 —-2.72
Trifluoromethanesulfonate 40 0 1.86 3.02 0 0.61 —2.43
70 0 1.73 2.71 0 0.52 —2.64
100 0 1.39 2.35 0 0.49 —-2.76
N-Butyl-N-methylpyrrolidinium
Bis(trifluoromethylsulfonyl)amide 40 0 1.69 2.08 0.16 0.68 —2.78
70 0 1.53 1.78 0 0.56 —2.80
100 0 1.44 1.55 0 0.48 —2.92
Dimethylammonium
2-Pyridinecarboxylate 40 -0.24 0.78 1.17 0 0.76 -3.61
70 -0.23 0.78 0.80 0 0.61 -3.53
1-Hexyl-2,3,4,5-tetramethylimidazolium
Bis(trifluoromethylsulfonyl)amide 40 0.21 1.72 1.97 0 0.70 —2.80
70 0.17 1.58 1.85 0 0.61 —-2.91
100 0.24 1.40 1.57 0 0.50 —2.90
1-Octyl-2,3,4,5-tetramethylimidazolium
Bis(trifluoromethylsulfonyl)amide 40 0.22 1.68 1.94 0 0.72 —2.89
70 0.17 1.53 1.83 0 0.63 -3.02
100 0.13 1.40 1.56 0 0.55 —3.09
Tributylammonium
Acetate 40 —-0.25 0.73 1.34 —0.22 0.83 -3.41
70 -0.24 0.65 1.05 -0.21 0.74 -3.63
2-Pyridinecarboxylate 40 -0.13 0.59 151 -0.22 0.74 —2.65
70 0 0.50 151 -0.37 0.62 —-2.70
3-Hydroxypyridine-2-carboxylate 40 -0.13 0.48 1.08 -0.16 0.75 —2.90
70 0 0.37 0.94 -0.15 0.64 -3.01
a-Cyano-4-hydroxycinnamate 60 0.32 1.37 2.21 1.09 0.68 -3.83
70 0.26 1.34 2.18 1.04 0.55 -3.35
Sinapinate 60 0.16 1.88 2.85 1.38 0.77 —4.28
70 0.24 1.74 2.69 1.13 0.67 —4.08
Triethylammonium
2-Pyridinecarboxylate 40 0 0.52 1.35 0 0.71 -3.14
70 —0.10 0.58 0.84 0 0.49 —2.70

Dependent variable Idguncorrected for interfacial adsorption.
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had higher solubility due to attractive interactions with liquid-liquid separation systems, and a key component for
ions of the ionic liquids. Activity coefficients were gener- the industrial development of ionic liquids. Physicochemical
ally larger in the tetrafluoroborate ionic liquid compared data to support these developments is incomplete and was
with the bis(trifluoromethylsulfonyl)amides. This was ex- largely assembled over the last few years. Further develop-
plained by the smaller size of the tetrafluoroborate anion, ment in both methods and archiving of primary information
which gives rise to a stronger Coulombic interaction with is required to support expanded use of ionic liquids outside
the ionic liquid. Dissolution in the tetrafluoroborate ionic the laboratory.

liquid requires more energy to overcome solvent—solvent

interactions than the ionic liquids containing the larger 3.3.1. Phase behavior

bis(trifluoromethylsulfonyl)amide ion. Diedenhofen et al. The 1,3-dialkylimidazolium salts with halide, nitrate,
[177] demonstrated that the activity coefficients determined trifluoroacetate anions are generally miscible with water
by Heintz and co-workers could be adequately predicted by [110]. The 1,3-dialkylimidazolium hexafluorophosphate
COSMOS-RS software based on quantum chemical calcu-and bis(trifluoromethylsulfonyl)amide are generally immis-
lations. Letcher et a[178] determined infinite dilution ac-  cible with water, while the tetrafluoroborate and trifluo-
tivity coefficients at temperatures close to room temperature romethanesulfonate salts are either miscible or immiscible
for hydrocarbons of different types and methanol in the ionic depending on the substituents on the cafibt0]. 1-Ethyl-
liquid 1-hexyl-3-methylimidazolium hexafluorophosphate. 3-methylimidazolium tetrafluoroborate is totally soluble
The activity coefficients for methanol, benzene and alkynes in water while 1-hexyl-3-methylimidazolium tetrafluo-
were much smaller than the values for alkanes and alkenesoborate is essentially insoluble in water, although water
owing to more favorable interactions between the more po- is soluble in the ionic liquid at up to about 30d83].

lar solutes and the ionic liquid. David et §L79] assessed  All 1,3-dialkylimidazolium tetrafluoroborate ionic liquids
the possibility of separating benzene from hydrocarbons of are generally miscible with acetone and dichloromethane.
different structure on 1-methyl-3-octylimidazolium chloride 1-Ethyl-3-methylimidazolium, N,N-dialkylpyrrolidinium,
using experimental infinite dilution activity coefficients. and tetraalkylammonium dicyanamide ionic liquids are
Anthony et al.[87,180] determined the solubility, Henry’s  completely miscible with water and most common labo-
constant and enthalpy and entropy of solution for nine ratory solvents except for hexane and tolug¢b&]. The
gases and water in d-butyl-3-methylimidazolium hexaflu-  1,3-dialkylimidazolium methanesulfate and ethanesulfate
orophosphate at three temperatures and different pressuresonic liquids are miscible with water and most common
Water and carbon dioxide exhibited the strongest interac- organic solvents of intermediate polarify2]. The alky-
tions and the highest solubility in the ionic liquid, followed lammonium nitrate and thiocyanate room temperature ionic
by ethylene, ethane and methane. Argon and oxygen bothliquids are insoluble in hexang7]. Their solubility in-
had very low solubility and essentially no interaction with creases with the polarity of the organic solvent, and most
the ionic liquid. The solubility of hydrogen and carbon salts are miscible with a wide range of common solvents
monoxide was very low and less than typical values for including water. However, increasing the alkyl chain length
non-ionic solvents used in synthetic organic chemistry for of the cation decreases the solubility of the nitrate and
reactions employing these gases. Similar results for oxygenthiocyanate ionic liquids in water. Miscibility data for
and carbon dioxide were obtained by Husson-Borg et al. room temperature ionic liquids with different organic sol-
[181] for the ionic liquid 1-butyl-3-methylimidazolium  vents and water are summarizedTable 15 These basic
tetrafluoroborate. Krummen et al182] determined ac- data are available for only a few ionic liquids. In most
tivity coefficients for 20 solutes (alkanes, alkenes, aro- cases, these data are based on simple physical observa-
matic hydrocarbons, ketones, alcohols and water) in tions of phase separation. There is even less information
the ionic liquids 1-methyl-3-methylimidazolium, 1-ethyl- concerning the mutual solubility of solvents in biphasic sys-
3-methylimidazolium and 1-butyl-3-methylimidazolium tems. Brennecke and co-workdB¥,183]have determined
bis(trifluoromethylsulfonyl)amide and 1-butyl-3-methyl- the mutual solubility of components in the biphasic sys-
imidazolium ethanesulfate at 293.15-333.15 K. These datatems 1-butyl-3-methylimidazolium hexafluorophosphate—
were used to show that the ionic liquids possessed distinctwater (2wt.% of ionic liquid in the water rich phase
advantages for the separation of aromatic and aliphaticand 2.3wt.% water in the ionic liquid rich phase),

hydrocarbons by extractive distillation and extraction. 1-octyl-3-methylimidazolium hexafluorophosphate—water
(0.7wt.% of ionic liquid in the water rich phase and
3.3. Liquid-liquid partition coefficients 1.3wt.% water in the ionic liquid rich phase), and

1-octyl-3-methylimidazolium tetrafluoroborate (1.8 wt.% of

The ionic liquids are cohesive solvents of high density ionic liquid in the water rich phase and 10.8 wt% water in

some of which form biphasic systems with water and tradi- the ionic liquid rich phase). Supercritical fluid carbon diox-

tional organic solvents. The density difference between ionic ide was shown to be soluble in 1-butyl-3-methylimidazolium

liquids and traditional organic solvents promotes rapid phase hexafluorophosphate but the ionic liquid was insoluble
separation, a favorable property for applications employing in carbon dioxide[87]. This allows supercritical fluid
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Table 15
Solvent miscibility of ionic liquids

lonic liquid Solvent

Water MOH ACN THF MCh HEX EtOAc Acet Tol MCh

n-Butylammonium thiocyanate M M M M M |
sec-Butylammonium thiocyanate M M M M M |
1-Butyl-3-ethylimidazolium

Ethanesulfate M M M M
1-Butyl-3-methylimidazolium

Chloride M

Heptafluorobutyrate M M M |

Hexafluorophosphate | M | M | M

lodide M

Methanesulfate M M M M

Tetrafluoroborate M M | M | M

Trifluoroacetate M M M |
1-Butyl-4-(3,3,3-trifluoropropyl)-1,2,4-triazolium

Bis(trifluoromethylsulfonyl)amide PM M M | M M
1-Decanyl-4-(1-fluoroethyl)-1,2,4-triazolium

Bis(trifluoromethylsulfonyl)amide PM M PM | M M
1-Decanyl-4-(3,3,3-trifluoropropyl)-1,2,4-triazolium

Bis(trifluoromethylsulfonyl)amide PM M M | M M
1,3-Diethylimidazolium

Ethanesulfate M M M M
Di-n-propylammonium thiocyanate M M M M |
Ethylammonium nitrate M M M M | |
1-Ethyl-3-methylimidazolium

Heptafluorobutyrate M M PM |

Hexafluorophosphate M M | M | M

Methanesulfate M M M M

Trifluoroacetate M M PM |

Trifluoromethanesulfonate M M M |
1-Heptyl-4-(1-fluoroethyl)-1,2,4-triazolium

Bis(trifluoromethylsulfonyl)amide PM M PM | M M
1-Heptyl-4-(H,1H,2H,2H-perfluorooctyl)-1,2,4-triazolium

Bis(trifluoromethylsulfonyl)amide PM M PM | M M
1-Heptyl-4-(3,3,3-trifluoropropyl)-1,2,4-triazonium

Bis(trifluoromethylsulfonyl)amide PM M M | M M
1-Methyl-3-ethylimidazolium

Ethanesulfate M M M M
1-Methyl-4-(3,3,3-trifluoropropyl)-1,2,4-triazolium

Bis(trifluoromethylsulfonyl)amide PM M M | M M
n-Propylammonium nitrate M M M M 60% |
1-Propyl-3-ethylimidazolium

Ethanesulfate M M M M
1-Propyl-3-methylimidazolium

Methanesulfate M M M M
Tri-n-butylammonium nitrate 40% M M M M |
N-(3,3,3-trifluoropropyl)-1,2,4-triazolium PM M M | M M

Bis(trifluoromethylsulfonyl)amide

M = miscible; PM= partially miscible; |= immiscible.
8 MOH = methanol; ACN= acetonitrile; THF= tetrahydrofuran; MGl = methylene chloride; HEX= n-hexane; EtOAc= ethyl acetate; Acet
acetone; Tok= toluene; MCk = chloroform.
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carbon dioxide to be exploited for the extraction of or- between the partition coefficients for the ionic liquid—water
ganic compounds from ionic liquids without contamina- system and the octanol-water partition coefficient for the
tion of the extracted products with the ionic liquid,87]. same compounds, although partition coefficients for the
The phase diagram for a binary mixture of fluoroform ionic liquid—water system were generally an order of mag-
and 1l-ethyl-3-methylimidazolium hexafluorophosphate nitude smallef192]. Polar compounds, particularly those
(vapor—liquid and solid—liquid boundaries) has been deter- with hydrogen-bonding functional groups, were extracted
mined over a wide pressure and temperature r§h&]. more efficiently by the ionic liquid than non-polar solutes.
Phase diagrams for binary mixtures of 1-alkyl-3-methyl- The N-octylisoquinolinium andN-tetradecylisoquinolinium
imidazolium hexafluorophosphate with butan-1485] and bis(perfluoroethylsulfonyl)amide ionic liquids provided
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)  higher extraction efficiency than 1-butyl-3-methylimidazo-
amide with propan-1-ol, butan-1-ol and pentan-1486] lium hexafluorophosphate for the extraction of compounds
have been described. The binodal co-existence curves ofof low polarity and for aromatic compounds in particu-
the mixtures were found to have an upper critical solu- lar [98]. The ionic liquids 1-ethyl-3-methylimidazolium
tion temperature at a defined concentration of the alcohol tetrafluoroborate, 1-butyl-3-methylimidazolium hexafluo-
that depends on the identity of the cation and the alco- rophosphate and 1-butyl-3-methylimidazolium tetrafluoro-
hol for each ionic liquid. The relatively hydrophobic ionic borate were found to be effective for the selective removal
liquid 1-butyl-3-methylimidazolium hexafluorophosphate of sulfur-containing compounds from hydrocarbon fuels at
forms a single-phase ternary system with ethanol and waterroom temperaturfl93]. Sulfur-containing compounds with
[187,188] The ionic liquid is only partially miscible with a C-5 aromatic ring are selectively absorbed over C-6 aro-
either pure water or absolute ethanol. The single-phasematics, while sulfur-containing non-aromatic compounds
region is formed from mixtures containing 0.5-0.9 mole were poorly absorbed. 1-Butyl-3-methylimidazolium hexa-
fraction of ethanol. Approximate ternary phase diagrams fluorophosphate was demonstrated to be an effective solvent
for 1-butyl-3-methylimidazolium hexafluorophosphate and for the extraction of heavy metals as dithizone complexes
water with acetonitrile, methanol, ethanol, 1-propanol and from water[194].
2-propanol were described by Berthod and Carda-Broch in  Partition coefficients for a range of compounds were
their search for suitable biphasic systems of low viscosity reported for the biphasic systems formed between ethy-
containing ionic liquids for separations by countercurrent lammonium nitrate, n-propylammonium nitrate or di-
chromatography189]. The phase diagram for ternary mix- n-propylammonium thiocyanate and hexane, benzene,
tures of 1-octyl-3-methylimidazolium chloride and benzene toluene, octanol, dichloromethane and metlgit-butyl
with heptane, dodecane and hexadecane was used to predigtther[28,195] The partition coefficients of non-polar and
the effectiveness of the ionic liquid in extracting benzene dipolar solutes generally favor distribution to the organic
from hydrocarbon fuel§190]. Ternary phase systems ex- solvent. The ionic liquids, however, selectively extract
tend the range of partitioning properties for the ionic liquids compounds with hydrogen-bonding functional groups.
and will probably find practical applications in the future as Di-n-propylammonium thiocyanate extracts a larger por-

new systems are characterized. tion of all compounds than ethylammonium nitrate and
n-propylammonium nitrate from hexane.
3.3.2. Shake-flask methods A single report offers a reliable interpretation of the par-

Rogers and co-workef891,192]used radiolabeled com- tition coefficients for ionic liquid—water systems using the
pounds to determine the partition coefficients for several appropriate form of the solvation parameter mgd€i6]:
compounds in biphasic systems containing 1,3-dialkyl- _
imidazolium ionic liquids and water by the shake-flask l0g P = ¢+ 8B+ S5+ aA+ bB+uV ™
method. Carda-Broch and co-workel[§8,189] deter- whereP is the liquid-liquid partition coefficient and the
mined partition coefficients for ionized and neutral com- McGowan'’s characteristic volume. Compared wid. (6)
pounds at several pH values in the biphasic systemthe L solute descriptor is replaced By because transfer
containing 1-butyl-3-methylimidazolium hexafluorophos- of a solute between two condensed phases occurs with
phate and water by the shake-flask method. In addition, cancellation of dispersion interactiorj$46-148] Other
Carda-Broch and co-worker§78,189] determined par-  aspects of the interpretation remain the same. It should
tition coefficients for several neutral compounds in the be noted, however, that solvation properties of ionic lig-
biphasic system containing 1-butyl-3-methylimidazolium uids determined by gas-liquid chromatography, are likely
hexafluorophosphate and heptdi@®,189] The partition- to be a poor guide to the properties of biphasic ionic
ing of charged and neutral aromatic compounds betweenliquid—water systems, because, in the latter case, the ionic
1-butyl-3-methylimidazolium hexafluorophosphate and wa- liquids are saturated with water. System constants are
ter conformed to expectations based on observations foravailable for the biphasic 1-butyl-3-methylimidazolium
traditional organic solvent—water systems. Acids were ex- hexafluorophosphate—water systesn={ —0.17, ¢ = 0.45,
tracted more efficiently by the ionic liquid in their neutral s = 0.23,a = —-1.76, b = —1.83 andv = 2.15) and
form after adjusting pH. A rough correlation was found 1-hexyl-3-methylimidazolium hexafluorophosphate—water
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system ¢ = —0.13, ¢ = 0.05, s = 040,a = —148,  Tabels _ S

b = —2.11 andv = 2.30). These results can be compared Partition coefflc_lents_determlngd by liquid-liquid chromatograph_y for_

with a database of organic solvent-water systems deter_n-propylammomum nitrate (stationary phase) and hexane containing dif-
. . ferent volume fractions of methyert-butyl ether (mobile phase)

mined in the same waji97]. The unusual feature of both

ionic liquids is the small positive system constant indicat- ~compound Partition coefficient
ing that the dipolarity/polarizability of the wet ionic liquids 0.7¢" 0.68 0.4 0.2
is sllg_htly greater than water itself, Wh_|le for convent|0_nal Aniline 326 469 731 947
organic solvents the system constant is always negative. N N-piethyl-3-nitroaniline 0.06 0.06 0.11 0.46
The two ionic liquids have a rather averageystem con- N,N-Diethyl-4-nitroaniline 0.41 1.14 1.66 2.74
stant, which indicates that the ionic liquids are less basic N,N-Dimethyl-4-nitroaniline 143 2.17 3.49 5.60
than water and about as basic as a typical ester. The basicitpPhenylamine 0 0.40 0.86 1.60
of the ionic liquids is probably determined mainly by the \iethyl-2-nitroaniline 0.80 0.97 1.49 217
_ g S P y y by N-Methyl-4-nitroaniline 475 731 1240  16.44
properties of the anion. Thie system constant for the wet 1 Naphthol 1.03 1.31 223 283
ionic liquids lies between those calculated for the hypothet- 2-Naphthol 1.60 2.06 3.42 4.35
ical ethylene glycol-water and 2,2,2-trifluoroethanol-water 4-Nitroaniline 10.57 16.40 3326 4478
systems, and is larger than values for traditional biphasic 4-Nitroanisole 0.69 0.80 1.66 3-29
organic solvent-water systems. This is an indication that > Nitrobenzaldehyde 0.54 2.97 4.51 8.17
ganic soivel Yy ' : 1-Nitronaphthalene 0.19 0.51 0.80 1.26
the ionic liquids are _strong _hydrogen—bond g9|ds, largely > Nitrophenol 051 0.63 0.80 0.96
a property of the cation, which has three acidic hydrogen 4-Nitrophenol 3.66 5.43 10.11 13.42

atoms. The relatively small system constant for the ionic
liquids is an indication that the ionic liquids are more
cohesive than traditional organic solvents.

@ Volume fraction of methykert-butyl ether (v/v).

tion coefficients for other solutes are simply obtained from
3.3.3. Liquid-liquid chromatography their retention volume in the same chromatographic system.

The ionic liquid phase of a biphasic system is usually se-  The use of liquid-liquid chromatography for the deter-
lected as the stationary phase and the organic or aquec,uggnination of partition coefficients for ionic liquids is lim-
solvent portion as the mobile phase. The stationary phase idted so far[195]. The method, however, has a number of
coated on a prepacked porous silica column of an alppropri_favorable features that include speed, accuracy and mini-
ate particle size. Solvent generated stationary phases allowMal consumption of samples and ionic liquid. In addition,
more stable and reproducible systems to be prepared comihe method was effective for identifying suitable biphasic
pared with conventional dynamic coating and equilibration Systems for liquid-liquid extraction of complex mixtures.
with the mobile phase after displacement of the coating sol- Biphasic systems were prepared using ethylammonium and
vent[198-200] To adjust the phase ratio of the column, a N-Propylammonium nitrate and mixtures of hexane with
support with a different surface area and specific pore vol- methyltert-butyl ether, chloroform or dichloromethane con-
ume is selected. Long-time operation usually requires pre-taining up to 75% (v/v) of the polar organic solvent as the
saturation of the mobile phase with the stationary phase andmobile phase. By varying the composition of the mobile
thermostating of the mobile phase and column to avoid fluc- Phase, the relationship between the partition coefficient and
tuations in the phase ratio and displacement of the ionic lig- the composition of the mobile phase was used to optimize
uid from the column. To minimize erosion of the ionic lig- the selectivity of the extraction procedure for sample prepa-
uid, the sample solvent should have a similar composition ration. Some examples of partition coefficients determined
to the mobile phase. with hexane-methyfert-butyl ether as a counter solvent are

In the absence of adsorption by the support, which is Presented ifable 16
typically the case for ionic liquids, retention in liquid—liquid
chromatography is described by:

4. Separation media
VR = Vm +PVs (8)

For completeness, mention is made of the use of room
whereVR is the retention volumeyy, the column hold-up  temperature ionic liquids as a separation medium in chro-
volume, P the liquid—liquid partition coefficient andls the matography and electrophoresis. Few real applications have
volume of ionic liquid saturated with the mobile phase. The emerged so far and curiosity rather than design was re-
column hold-up volume and stationary phase volumes aresponsible for most activity. Now that a large number of
calculated from the intercept and slope, respectively, of the ionic liquids have emerged with a wider range of proper-
plot of the retention volume against the partition coefficient ties than was available just a few years ago, the possibility
for several calibration compounds determined in a separateof finding useful applications in separation science has in-
shake-flask experiment. Once values for the column hold-up creased significantly. A large number of papers demonstrate
and stationary phase volumes have been determined, partithe separation of standard mixtures by packed column gas
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chromatography with ionic liquids as the stationary phase separated using 1,3-dialkylimidazolium-based ionic lig-

[59]. Probably the only real application described so far uids as a major component of the background electrolyte

that relies on a specific property of an ionic liquid is the without significant operational difficulties. These results

separation of benzene and alkylbenzenes after dodecane fodemonstrate the feasibility of using ionic liquids in capillary

the analysis of aromatic compounds in gasoline and similar electrophoresis without demonstrating that an ionic liquid

fuel oils [201]. The development of fused silica columns is necessary to obtain a suitable separation that could not

with immobilized stationary phases revolutionized the prac- be obtained with conventional support electrolytes.

tice of gas chromatography and essentially replaced packed

columns for general analytical applications. This somewhat

ended interest in ionic liquids as stationary phases since no5. Conclusions

method was found to prepare stable and immobilized films

with ionic liquids on fused silica surfacg$57-160] Inter- There are few aspects of solution chemistry which have

est may return to this area as the need for new stationarygenerated the same interest as ionic liquids in the last few

phases with complementary selectivity to the widely used years. This has resulted in more hype than substance, but

poly(siloxanes) gathers momentum in attempts to expandnot without reason. To establish ionic liquids as “unique”,

the application range of gas chromatography. Room temper-“selective” or “designer” solvents requires a larger database

ature ionic liquids were demonstrated to be good solvents of physicochemical properties so that speculation can be

for chiral selectors (e.g. cyclodextrins and their derivatives) transformed into reality. Chromatography is in many ways

for the separation of enantiomers by gas chromatographythe preferred tool for the construction of databases of solva-

[160,202] The complexing ability of cyclodextrins dis- tion properties at infinite dilution required to underpin cur-

solved in 1-butyl-3-methylimidazolium chloride has been rent technical developments. In this report, | have tried to

studied by near-infrared spectroscdg®3]. summarize what is known at this time without any pretence
Alkylammonium nitrate and thiocyanate ionic lig- that this is a satisfactory story. My own feeling is that what

uids have been used as mobile phase components inve need to know far exceeds what is known, but that is what

reversed-phase liquid chromatograpfg7,28,195] The research is for, and explains the current hype and interest in

ionic liquids showed limited ability to modify retention be- ionic liquids.

ing weak solvents similar to water. A greater fundamental

limitation was the relatively high viscosity of the mobile

phase. The larger number of ionic liquids now available References
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