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Abstract

The predominant mode of strontium ion transfer from aqueous nitrate media into a series of 1-fluoroalkyl-3-methylimidazoliun
bis[(trifluoromethylsulfonyl)]imides containing dicyclohexano-18-crown-6 (DCH18C6) is shown to shift from cation exchange to strontium nitrato-
crown ether complex partitioning as the length of the fluoroalkyl substituent is increased. Fluoroalkyl substituents are shown to be only sligh
more effective than their non-fluorous analogs at inducing this shift. At the same time, the fluorinated ionic liquids (ILs) yield strontium distributio
ratios as much as an order of magnitude lower than the corresponding 1-alkyl-3-methylimidazglmim{{Csalts. Fluorous ILs thus appear to
offer no compelling advantages overfiim® ionic liquids as extraction solvents.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction tively low viscosity and good thermal stabilif¢1]. In contrast,
little attention has been directed at the properties and applica-
lonic liquids (ILs) have recently attracted intense interesttions of ionic liquids comprising fluorinated cations (“fluorous”
as possible “environmentally benign” alternatives to convenionic liquids) (Fig. 1). In fact, despite the now voluminous liter-
tional organic solvents in a wide range of synthdtle-4],  ature on ionic liquids, only a handful of studies describing such
catalytic [5—7], and electrochemicgB,9] applications. This compoundq12-16] have appeared since the initial report by
interest has been prompted both by their unique and usefdavis et al.[17] of an IL pairing a fluoroalkyl-functionalized
properties (e.g., negligible vapor pressure and wide electraniconazole with hexafluorophosphate anion.
chemical window) and by the relative ease with which these Recent research in this laboratory has concerned the util-
properties can be tailored by varying the anionic or cationidty of ionic liquids in chemical separations, in particular, their
constituents of the ionic liquifb,6,10]. To date, investigations suitability as replacements for the volatile organic solvents
of ionic liquids have frequently focused on systems employ{frequently employed as diluents in the liquid-liquid extrac-
ing N-alkylpyridinium or 1-alkyl-3-methylimidazolium cations tion of metal ions[18-22]. Reports by several investigators
(Fig. 1), in conjunction with any of a number of organic (e.g., suggest that ionic liquids offer great promise in such an appli-
triflate) or inorganic (e.g., thiocyanate) anions. Of particularcation. Dai et al[23], for example, observed extraction coef-
interest and utility have been various fluorinated anions (e.gfjcients far greater than those obtained with any conventional
bis[(trifluoromethylsulfonyl)Jimide), whose weak basicity and organic solvent for the extraction of &rfrom water into
poor hydrogen-bonding ability typically afford ionic liquids solutions of dicyclohexano-18-crown-6 (DCH18C6) in any of
exhibiting a number of favorable properties, including comparaseveral imidazolium-based ILs. Similarly, subsequent work by
Visser and Roger§24] showed that the extraction of £y
Th** or UOy?* into 1-butyl-3-methylimidazolium hexafluo-

* Corresponding author. Tel.: +1 630 252 3647; fax: +1 630 252 7501. rophosphate ([@mim]PFs) by a mixture of octyl(phenyl)-
E-mail address: mdietz@anl.gov (M.L. Dietz). N,N-diisobutylcarbamoylmethylphosphine oxide (CMPO) and
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2. Experimental
2.1. Materials

The 1-alkyl-3-methylimidazolium ionic liquids were pre-
pared and purified according to published metH8d$ The flu-
Fig. 1. Structures ofN-alkylpyridinium (A), 1-alkyl-3-methylimidazolium orou.sIstere prepared V|a:_;1m|nor mOdIflcatl(.)n ofaprgwously
(B, with R = CHe—(CHp), ), and 1-fluoroalkyl-3-methylimidazolium (B, with ~ Published procedurii2]. Typically, an appropriate fluorinated
R = CR—~(CR2),—(CHp)2-) ionic liquids. alkyl iodide (1,1,1,2,2,3,3-heptafluoro-5-iodopentane (9.5Q);
1H, 1H,2H,2H-perfluorooctyl iodide (4.3 g); or 1H,1H,2H,2H-
perfluorodecyl iodide (17.5g) Oakwood Products, Inc., West
tri-n-butyl phosphate (TBP) is at least an order of magnitudeColumbia, SC) was refluxed at 8C under nitrogen (to
higher than that obtained for the same extractant concentraahibit oxidation of iodide) with a 10% molar excess of 1-
tions in dodecane. In addition, distribution ratios for ®m  methylimidazole (redistilled, >99%, Aldrich, Milwaukee, WI)
which is weakly extracted from, for example, 1M HN®y in toluene for 1-3 days. (In each case, traces of dark, brown
the CMPO/TBP/dodecane system, were found to be at least twal became evident at the bottom of the flask soon after the
orders of magnitude higher whenJ@im]PFs was substituted start of the reaction.) After cooling, the solvent remaining was
for dodecane. removed by decantation and vacuum drying afG0Fresh
Unfortunately, work in this and other laboratories has showrtoluene was added and the process of refluxing (30 min) and
that 1-alkyl-3-methylimidazolium salts exhibit certain charac-solvent removal in vacuo repeated three additional times to
teristics that could adversely impact their utility as solvents inyield the [F-Gmim]l salt as either a viscous, brown liquid
metalion separations. For example, as has been noted previouqljg-Csmim]l and [F-Gmim]l) or cream-colored crystals ([F-
the determination of various metal ions in many “real-world” C;omim]l). Conversion of the iodide salts to the correspond-
biological and environmental samples frequently requires theiing bis[(trifluoromethylsulfonyl)imides] was accomplished by
preliminary separation and/or preconcentration from solutiongombining under nitrogen a solution of the salt (typically ca.
containing high concentrations of nitric adié5]. The use of 7.3g) in a minimum volume of acetone with an equal num-
dialkylimidazolium-based ionic liquids, however, appears lim-ber of moles ofN-lithiotrifluoromethanesulfonimide (LiNTf
ited to systems in which the aqueous phase nitric acid concentr@7%, Aldrich) in deionized water (20 mL). After 24 h of stir-
tion is relatively low (<1 M), aresult of increased solubilization ring, the second (denser) layer (which had begun to form
of the IL and the concomitant degradation of the biphasic sysimmediately upon mixing) was isolated, dissolved in methy-
tem upon repeated contact of the IL with highly acidic solutionslene chloride, washed four times with an equal volume (20 mL)
[18,26,27]. In addition, a precipitous decline in the efficiency ofof deionized water, and finally, following removal of the
metal ion extraction into these ILs with increasing aqueous acidbulk of the solvent by rotary evaporation, dried in a vac-
ity is often observed18,21,26]. Such a decline clearly poses auum oven overnight at 50C. The purity of all products
problem if extraction (or sorption) of a metal ion from acidic was established byH NMR spectroscopy, elemental analy-
solution and its recovery in water or dilute acid is required.sis, and FAB-mass spectrometry. [Erim]NTf>: 1H NMR:
These drawbacks represent significant obstacles to the dev&:05 (2H, m), 4.06 (3H, s), 4.80 (2H, #,=7.2Hz), 7.72
opment of viable metal ion separation processes based on thedH, t, J=1.8Hz), 7.89 (1H, t,J=1.8Hz), 9.14 (1H, s).
ionic liquids and underscore the need to investigate the suitR-FAB, positive: 279.0720. Elemental analysis found: C,
ability of other IL families as extraction solvents. Studies 0f23.49; H, 1.81. Calcd. for GH1004F13N3S,: C, 23.62; H,
metal ion extraction into a range of ionic liquids are important1.80. [F-Gmim]NTf,: 1H NMR: 3.09 (2H, m), 4.06 (3H,
from a fundamental perspective as well. That is, the rationas), 4.82 (2H, t,J=7.2Hz), 7.74 (1H, tJ=1.8Hz), 7.91
design of ionic liquid-based separation systems for metal ion§lH, t, J=1.8 Hz), 9.17 (1H, s). HR-FAB, positive: 429.0639.
would be greatly facilitated by an improved understanding ofElemental analysis found: C, 23.77; H, 1.49. Calcd. for
the fundamental aspects of ion transfer into these solvents, ay4H1004F19N3Sy: C, 23.71; H, 1.42. [F-@mim]NTfo: 1H
understanding which can only be obtained by systematic studdMR: 3.10 (2H, m), 4.07 (3H, s), 4.82 (2H, §,=7.2 Hz),
of a number of types of ionic liquids. With these considera-7.74 (1H, t,J=1.8Hz), 7.91 (1H, t/=1.8Hz), 9.16 (1H,
tions in mind, we have undertaken a preliminary evaluation ok). HR-FAB, positive: 529.0573. Elemental analysis found: C,
imidazolium-based ionic liquids bearing fluoroalkyl substituents23.76; H, 1.23. Calcd. for {gH1004F23N3S,: C, 23.74; H,
(i.e., fluorous ILs) as diluents in the extraction of strontium1.25.
by DCH18C6. Our choice of this system was prompted both Unless otherwise noted, for partitioning studies, the
by the ongoing interest in the extraction of alkali and alka-DCH18C6 (Aldrich, Milwaukee, WI) was a mixture of the
line earth cations into ionic liquids by various macrocyclescis-syn-cis and cis-anti-cis isomers, consistent with prior
[18,22,23,27,28-30hnd by the absence of published infor- work [18,23]. Aqueous acid solutions were prepared from
mation concerning the behavior of fluorous ILs as extractiorMilli-Q2 water and Ultrex nitric acid (J.T. Baker Chemical
solvents. Co.).
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2.2. Methods Table 1
Strontiun® and nitrat8 ion partitioning between watérand solutions of

. . o RS
All strontium distribution ratios were determined radiomet- DCH18CE in [C,mimNTI,* or fluorous ionic liquids
rically using a commercial Sr-85 radiotracer (Isotope Product®rganic phase %di  YEno,- Predominant partitioning
Laboratories, Burbank, CA), assayed by gamma spectroscopy Observed Expectéd mode

using standard procedures. Preconditioning of the organie— .
[Csmim]NTf, 96.5 9 96.5 Cation exchange

phases prior to distribution ratio determinations was accom—[cgmim],\leZ 2.0 209 30.0 Mixed

plished via a single contact with twice the volume of water (¢, mimNTf, 202 20.0 20.2 Neutral complex
or an appropriate nitric acid solution. All measurements were extraction
carried out at room temperature (22°C). (Note that [F-  [F-Csmim|NTf, 97.4 1.6 97.4 Cation exchange
C1omim]NTf, slowly solidifies upon standing. Measurements [F-CemimINTf 6.9 55 6.9 e')\(‘t‘i;gt?gﬁomp'ex
were therefore made foIIqwmg gentlg warming of the material F-ComimNT, 0.5 1.0 05 Neutral complex
to ca. 30°C and a brief period of standing at room temperature.)[ extraction

The water solubility of the ionic liquids was determined by — Determined radiometically
1.H NMR_. Specifically,a0.1 M solut|_o.n of DCH18C6 mthe IONIC b Ketermined by ion chromatography.
liquid of interest (0.25 mL) was equilibrated for 1-2hwith2mL ¢ containing 0.0310 or 0.0155M Sr(N@ for [C,mim]NTf, and [F-
of deionized water. A measured aliquot of the aqueous phasg mim|NTf,, respectively.
was then removed and evaporated to dryness. The remaining 0.202 or 0.100 Mcis-syn-cis-DCH18C6 in the [Gmim]NTf, and [F-
residue was dissolved in chloroform and the concentration of:MimINTf2 ionic liquids, respectively.

.. . . . . € Results from reference 21.
the imidazolium cation present determlnedltb'y NMR using f Assuming extraction of the neutral strontium nitrato-crown ether complex.

toluene-g as an internal standard. For partitioningvia cation exchange, no nitrate co-extraction (}f- = 0) is
expected.

3. Results and discussion

In earlier reports, we demonstrated that in contrast tdC,mim|NTf; ILs in the presence of DCH18C6 have shown
its extraction into conventional (i.e., molecular) solvents,that increasing the length of the alkyl group (frors5 to 8
the extraction of strontium ion from aqueous nitrate mediaand finally, ton=10) leads to a gradual shift in the mech-
by DCH18C6 into various “short-chain” 1-alkyl-3-methylim- anism of partitioning from ion exchange to nitrato complex
idazolium bis[(trifluoromethylsulfonyl)limides ([@nim]NTf,,  partitioning[21]. As a result, the acid dependency o, for
with n<~8) does not involve co-extraction of a nitrate ion [C1omimINTf2 exhibits anincrease in strontium partitioning
[18-21]. Rather, an ion-exchange process in which strontiurwith rising acidity. This change in the slope of the acid depen-
is exchanged for the cationic component of the ionic liquiddency, however, isaccompanied by an often-substantial decrease
is found to occur. In practical terms, this difference man-in the value ofDs; at a given acidity versus that observed for
ifests itself as a difference in the shape of the nitric acidCsmim]NTf,. The magnitude of this decrease, in fact, is such
dependency of the strontium distribution ratig, (defined that the [Gomim]NTf; IL offers no appreciable advantage over
as [Stlotal, org[StTtotal, aqat €quilibrium). Specifically, strontium many conventional molecular solvents in terms of extraction
partitioning into molecular solvents (e.g., 1-octanol) increasesfficiency from strongly acidic medi@2].
with rising aqueous nitric acid (and therefore, nitrate) con- Incorporation of fluorine atoms into the IL cation has been
centration, as expected for extraction of a strontium nitratoproposed26] (but not demonstrated) as an alternative approach
crown ether complex. Increasing acidity is accompanied by &oincreasing the hydrophobicity of the IL cation and thus, dimin-
significantdecrease in strontium extraction into the ILs (e.g., ishing the prevalence of ion exchange. Consideration of the
[Comim]NTf, [18] or [Csmim]NTf, [21]), however, a result influence of fluorine substitution in these ionic liquids on their
clearly inconsistent with nitrato complex extraction. Given thatwater solubility (i.e., [F-Gmim*]aq, equi= 1.3x 1073,2x 1074
a number of procedures for the determination of various metadnd <9 x 10-°>M (the estimated limit of detection for our
ions (e.g., radiostrontium) in environmental and biological samsolubility measurements) versusJ@im*]aq, equi= 8.8 x 1073,
ples involve a preliminary digestion or leaching of the sam-1.6x 10~2 and 3x 10~*M, for n=5, 8, and 10, respectively),
ple with nitric acid (thereby yielding a highly acidic sample in fact, suggests that such substitution should be effective in
solution) [25], this decrease s, would obviously compli- this regard.Table 1summarizes the results of measurements
cate the application of these ILs in the analytical-scale separaf the partitioning of strontium and nitrate ions between a
tion and preconcentration of strontium (and other metal ionseries of [F-Gmim]NTf, ionic liquids and water in the pres-
whose extraction exhibits the same dependency on aqueoesce of DCH18C6. Also shown, for purposes of comparison,
acidity). are the results of identical measurements (detailed previously

Increasing the hydrophobicity of the IL cation to inhibit ion [21]) for the corresponding non-fluorinated ILs. As can be
exchange (thus altering the slope of the acid dependency) repeen, for [F-Gmim]NTf,, the amount of nitrate extracted is
resents an obvious means of addressing this problem, and atearly insufficient to yield a neutral strontium nitrato-crown
fact, prior studies of the extraction of Sr(N)Q from water into  ether complex, just as is the case for its non-fluorinated analog.
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Fig. 2. Nitric acid dependency dis; for extraction by DCH18C6 (0.1 M) into (A) [F-£Inim]NTf, and [Gmim]NTf2; (B) [F-Cemim]NTf, and [Gmim]NTf; (C)
[F-C10mim]NTf5, [C1o0mim]NTf,, and 1-octanol.

For [F-Gsmim]NTf2, however, the amount of extracted nitrate Nonetheless, ion exchange apparently remains the predominant
corresponds to nearly 80% of that required to afford the neumode of strontium ion transfer into [Fs8im]NTf,. This sug-
tral complex, indicating that the strontium partitioning proceedsgests that factors other than simply IL cation molecular weight
via a combination of ion exchange and neutral complex foralso contribute to determining the “balance of pathways” in the
mation, with the latter predominating. Although this “mixed” extraction of strontium (and by analogy, other cations) into these
partitioning is also observed for fim]NTfy, for this IL, nei-  ionic liquids. Next, the results for the C-8 ionic liquids demon-
ther mode can be described as predominant, thus suggesting tisatate that the shape of the nitric acid dependency is very sensitive
fluoroalkyl substituents are somewhat more effective than theito the relative contributions of ion exchange and neutral complex
alkyl counterparts at inducing a change in the mode of partitionextraction. That is, for [gmim]NTf,, for which roughly equal
ing. For [F-Gomim]NTf3, as for its non-fluorinated analog, the contributions of the two paths are observed in extraction from
amount of nitrate extracted closely corresponds to that expectedater (Table 1), a nearly flat acid dependency is obtained, an
if strontium partitioning occurs solely via extraction of the neu-apparent compromise between the expected declibgiwith
tral complex. Taken together, these results indicate that as is tlaeidity for ion exchange and the anticipated increase over the
case for alkyl substituen{21], increasing the length of a flu- same range for neutral complex extraction. For the fluorinated
oroalkyl substituent on an imidazolium cation leads to a shiftanalog, however, for which the vast majority of the extraction
in the predominant mode of strontium partitioning into the ILs occurs via nitrato complex partitioning, the shape of the depen-
from ion exchange to neutral complex extraction. dency is essentially that expected for neutral complex extraction

Additional evidence for such a shift is presentedrig. 2  alone. Finally, although interesting from a fundamental perspec-
(panels A-C), which depicts the dependencgfon nitricacid  tive, the results of these extraction studies are disappointing from
concentration for solutions of DCH18C6 in the various ionica practical point of view. Thatis, without exception, the introduc-
liquids. As can be seen, the dependency for jlgph@m]NTf,  tion of fluorinated substituents into the IL results in a decrease in
is characterized by increasing strontium partitioning with ris-the extraction of strontium at a given nitric acid concentration.
ing acidity, consistent with partitioning of a neutral strontium Of particular note is the significant decrease (ca. a factor of 5-6)
nitrato-crown ether complex. A similar dependency is observedbserved at high nitric acid concentrations for the C-10 ionic lig-
for the [F-Gmim]NTf,, again consistent with an extraction uid. As already noted, strontium extraction into {&im]NTf,
mechanism in which neutral complex partitioning predominatesfrom strongly acidic nitrate media is roughly comparable to that
In contrast, the dependency for [Fs@im]NTf2, like that of the  observed for such molecular solvents as 1-octf1gB2]. Thus,
corresponding non-fluorinated IL, exhibits a decrease in stronfF-C1omim]NTf;, is actually less effective than many conven-
tium extraction with acidity. tional diluents as an extraction solvent.

Several aspects of these results are noteworthy. First, the
replacement of three methylene groups with >€bnits inthe 4. Conclusions
n-pentyl side chain of [@mim]NTf; to yield [F-Gmim]NTf,
results in an increase in molecular weight greater than that The development of viable, ionic liquid-based systems for
obtained by changing thepentyl side chainto amrdecylgroup.  metal ion separations requires, among other things, an improved
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understanding of the fundamental aspects of ion transfer intpo] J.F. Brennecke, E.J. Maginn, AIChE J. 47 (2001) 2384.
these unique solvents. The results presented here, by elucidatiigl J.G. Huddleston, A.E. Visser, W.M. Reichert, H.D. Willauer, G.A. Bro-
the factors governing the nature of the transfer process, represent, ke R-D. Rogers, Green Chem. 3 (2001) 156.

. g . - . 2] T.L. Merrigan, E.D. Bates, S.C. Dorman, J.H. Davis Jr., Chem. Commun.
a step in this direction. At the same time, the results suggegt ] (2000) 20%1

that fluorous ILs are unlikely to provide improved metal ion[13] R.p. Singh, S. Manandhar, J.M. Shreeve, Tetrahedron Lett. 43 (2002)
extraction efficiency versus their non-fluorinated counterparts  9497.

when neutral extractants such as crown ethers are employed[3#] J. Kim, R.P. Singh, J.M. Shreeve, Inorg. Chem. 43 (2004) 2960.

is unclear at present if modest extraction efficiency representslz! Y- G20, J.M. Shreeve, Synthesis 7 (2004) 1072.

.. . . %6] O.D. Gupta, B. Twamley, J.M. Shreeve, Tetrahedron Lett. 45 (2004)
general characteristic of extraction systems employing fluorous ™ ;.5

ILs as diluents. Work addressing this question is now underwayi 7] j.H. pavis Jr., K.J. Forrester, T. Merrigan, Tetrahedron Lett. 39 (1998)

in this laboratory. 8955.
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