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Abstract: Room-temperature ionic liquids (RTILs) are useful in many chemical applications. Recent
publications have attempted to determine the polarity of RTILs using empirical solvent polarity scales. The
results have indicated that most RTILs have similar polarities. Nevertheless, RTILs are capable of behaving
quite differently when used as solvents in organic synthesis, matrixes in matrix-assisted laser desorption/
ionization (MALDI) mass spectrometry, liquid—liquid extraction, and as stationary phases in gas chroma-
tography. The work presented in this study uses a linear free energy approach to characterize 17 RTILs
on the basis of their distinct multiple solvation interactions with probe solute molecules. This model provides
data that can be used to help identify the interactions and properties that are important for specific chemical

applications.

Introduction

Room-temperature ionic liquids (RTILs) have been the focus ‘green”

of many recent scientific investigatiofs?* They have been
used as novel solvent systems for organic syntifedidiquid—
liguid extractiont’~1° in electrochemical studie8, and as
ultralow volatility liquid matrixes for matrix-assisted laser
desorption/ionization (MALDI) mass spectromettyRTILs

have properties that make their application in chemical systems
attractive. Some RTILs are immiscible with water and nonpolar

°C) and yet possess negligible vapor pressure making them
solvents in regard to reducing environmental levels of
volatile organic carbons (VOCs). RTILs of various viscosities
can be easily prepared by simply changing the cation or &fion.
Most ionic liquids are said to have similar polarities, close to
those of short chain alcohol$:?” However, their solvent
properties can differ considerably from one another as well as
from traditional molecular solvents. Clearly, an effective means
to characterize RTILs would greatly increase our understanding

organic solvents. They possess good thermal stability (over 30021d €ffective use of these solvents.

For decades, attempts have been made to develop empirical
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in solvent-mediated reaction pathways, reaction yields, synthesis
product ratios, chromatographic retention, and extraction coef-
ficients. An empirical polarity parameter was described by
observing the effect of the solvent on a solvent-dependent
process such as the rate of a chemical reaction or the absorption
of light by a solvatochromic dy& Empirical parameters of
solvent polarity were then derived from the rate constants or
shifts in absorption maxima. Analogous approaches have been
used for RTILs. The solvatochromic effect of Reichardt’s®ye
and Nile Re& as well as fluorescent prol7&€” and the
RohrschneiderMcReynolds gasliquid chromatography (GLC)
method have been used to characterize ionic liquids by
obtaining a general polarity-based parameter. This “single-
parameter-polarity-approach” has not been definitive for RTILs
because they all seem to fall within the same narrow range of
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values?*~27 Yet, two different ionic liquids that have essentially Therefore, a judicious choice of several distinct probe solute
identical “polarity” ratings or descriptors can produce very molecules can be used to measure all desired interactions, and
different results when used as solvents for organic reactions,some redundancy can be included as well. When characterizing
gas-liquid chromatography, or extractions. RTILs by inverse GC, only small quantities (20 mg) of each
Clearly, a single “polarity”/“solvent strength”/“interaction”  RTIL are required and can be examined at different temperatures
parameter is not sufficient to explain the variation in experi- to illustrate how interactions change with temperature. This
mental results in many solvent-mediated processes. Most simpleproperty allows for the characterization of RTILs at the higher
molecular solvents (hexane, for example) are limited in the temperatures commonly used in many organic reactions.
number and types of solvation interactions possible with Furthermore, the temperatures used in an inverse GC approach
dissolved molecules. More complex solvents with additional volatilize most impurities, including water, allowing for the
functional groups are capable of having additional interactions evaluation of the neat relatively uncontaminated RTIL. Finally,
with dissolved molecules. lonic liquids are among the most the method uses multiple linear regression analysis (MLRA)
complex solvents. Given their structure and diversity of and provides statistical treatment of all data.
functionality, they are capable of most types of interactions (e.g., The solvation model of Abraham (eq 1) is a linear free energy
dispersive, 7—m, n—m, hydrogen bonding, dipolar, ionic/  relationship that describes the solvation process of a solute as
charge-charge). In every solution, there can be a number of
different (in terms of type and strength) and often simultaneous logk=c+rR,+ snz” + aazH + bﬂzH +1logL™ (1)
solute-solvent interactions. For any given case, there will be

dominant and less-substantial interactions. The various single,ccyrring in three stages: (1) a cavity of suitable size is created
parameter polarity scales are essentially weighted averages of;, the solvent (RTIL), (2) the solvent molecules reorganize
all possible solute solvent interactions. Thus, itis not surprising  5:ound the cavity, and (3) the solute is introduced into the cavity,
that these averages are similar for any given class of solventS,q the various solutesolvent interactions are allowed to take
and that they do not adequately explain many experimental 5632 Each solute molecule will possess somewhat different
observations. For example, despite the fact that the two 1-butyl- 5| e solvent interactions due to various acidic, basic, electron-

3-methyl imidazolium (BMIM) room-temperature ionic liquids  qonating, electron-withdrawing, and aromatic functional groups.
(IBMIM][PF ¢] and [BMIM][BF 4]) have almost identical £ Specific solute descriptors (see eq 1) have been defined for many
values, 0.667 and 0.673, respectivéyt has been shown that moleculeg® They are as follows:R, is an excess molar

these tvlvoolzRTILs can behave quite differently as reaction \efraction calculated from the solute’s refractive indax is
solvents.™“Recently, publications have expressed the need for i so|yte dipolarity/polarizabilityg" and 82 are the solute
guantitative parameters to describe the ionic liquids in cases hydrogen bond acidity and hydrogen bond basicity, respectively:

where the individual interactions have a direct effect on the ;4| 165 the solute gas-hexadecane partition coefficient at 298
reaction products, product ratio, kinetics, or enzyme actiity. K. For GLC experiments, the dependent variable in eq 1 can
Several approaches have been proposed that allow one tq)e |og L, log K, log Vg, or log k referring to the Ostwald

examine and categorize the different solvestlute interactions.  gqybjlity coefficient, gasliquid partition coefficient, specific

One technique uses several different solvatochromic #s.  etention volume at a given column temperature, or the adjusted
Ideally, the behavior of each dye is dominated by a specific q|ative retention time respectively.

type of molecular interaction. The RohrschneielbtcReynolds  1apje 1 Jists the solute descriptors for 36 probe solutes used
constants were originally developed to characterize liquid j, this study. The solute retention factdk, is determined

stationary phases for gas chromatography on the basis of severglyomatographically. Multiple linear regression analysis (MLRA)

different interaction parametetdhey use retention parameters s then performed (see Experimental Section) on the set of probe

of different probe molecules to thoroughly characterize the mplecule solute descriptors and their retention factors to

liquid. Each probe molecule interacts in a specific way with determine the interaction parameter coefficiemtss(a, b, )

the liquid. For examplen-butanol exhibits acidic properties in | ,sed to characterize the liquAdr is the ability of the RTIL to

the gas state and indicates the hydrogen bonding ability of thetaract withz- and n-electrons of the solutejs a measure of

liquid. _ the dipolarity/polarizability of the RTILa defines the RTIL
The solvation parameter model developed by Abraham haspydrogen bond basicity (acidic solutes will interact with a basic

been used to characterize either liquid- or gas-phase interactionﬁ)hase);b is a measure of the hydrogen bond acidity; dnd

between solute molecules and liquid pha&ed? Using this describes dispersion forces and indicates how well the RTIL

approach, we chose a large number of probe molecules capablg; separate homologues in any homologous series (e.g.,
of a plethora of interactions to characterize the RTIL. Because p_glkanes). Collectively, the numerical magnitude of each

one probe molecule can be a measure of a specific interaction jnteraction parameter describes the importance of the individual
it may be considered equivalent to one probe dye molecule, jteractions and thereby characterizes the RTIL.

which generally measures many interactions with the RTIL. | this paper, we present data obtained using the solvation
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Table 1. Complete List of All Probe Molecules and Their Solute interest yielded a product with low levels of chloride ion. Further washes

Befs%ptors Used To Characterize Each RTIL (Data Obtained from were then performed and treated with silver nitrate to detect silver
ef 29) chloride precipitate. Finally, purity was examined using ion chroma-

probe molecule Ra M ot B log L' tography to check for residual chloride ion impurities. In all cases, the

1,2-dichlorobenzene 0872 078 O 0.04 4518 residual chloride concentration was less than 1 ppm. In addition, it
phenol 0.805 0.89 0.6 0.31 3.766 was observed that BMIM-SkFroduced small amounts of fluoride
octylaldehyde 0.16 065 0 0.45  4.36 ion over time due to its sensitivity to air. Class Il RTILs were prepared
valelraldehyde 006%3%3 00525 00 00'1%5 32é%591 by dissolving~0.5 g of the respective acid in 15 mL of methanol.
o-xylene ’ ’ ’ ’ After equimolar base was added, the mixture was sonicated for 5 min,
p-xylene 0.613  0.52 0 0.16  3.839 )

cyclohexanol 0.46 054 032 057 3758 then filtered, and vacuum evaporated to remove solvent. Because none
nitrobenzene 0.871 1.11 0 0.28 4511 of these RTILs were produced from chloride salts, the presence of
N,N-dimethylformamide  0.367 131 O 0.74  3.173 contaminating chloride was not a problem.

m-xylene 0623 052 0 0.16  3.839 Untreated fused silica capillary tubing (0.25-mm i.d.) was purchased
2-pentanone 0.143 068 0 051 2755 fom Supelco (Bellefonte, PA). Five-meter capillary columns were
1-nitropropane 0.242 0.95 0 0.31 2.894 ted at 40C by the stati thod usi 0.24% (w/ luti f
toluene 0601 052 0 014  3.325 coated at 40C by the static method using a 0.24% (w/v) solu ion o
benzaldehyde 0.82 1 0 0.39  4.008 each RTIL in dichloromethane. Coated columns were flushed with dry
pyridine 0.794 087 0 0.62  3.003 helium gas and conditioned overnight from 30 to 2@at 1°C/min.
aniline 0.955 096 026 053 3.993 Column efficiency was tested with naphthalene at 400AIl columns
butanol 0224 042 037 048 2601  ha(d efficiencies between 1700 and 2400 plates/meter. The retention
acetic acid 0265 065 061 044 175 time of naphthalene at 10GC was recorded for each column before
1-octanol 0.199 0.42 0.37 0.48 4.619 -

acetophenone 0818 101 0 049 4501 andafter evaluating all probe molecules at three column temperatures
2-chloroaniline 1033 092 025 031 4674 to ensure that the coated layer of the RTIL had not changed during the
methyl caproate 0.08 0.6 0 045 3.874 chromatographic study.

benzene 0.61 052 0 014  2.786 Mixtures of probe compounds were dissolved in dichloromethane.
1—hex|yne géf; :7233 84113 (?219 22;-’;5 Some probe molecules with very low boiling points (e.g., ethyl acetate,
pyrrole ' ' : ' ) benzene, 1-hexyne) eluted with the RTIL column void volume (i.e.,
2-propanol 0.212 0.36 0.33 0.56 1.764 . . . .
benzonitrile 0742 111 0 033 4039 were unretained) at 10TC. Obviously, they could not be included in
propionitrile 0.162 09 0.02 0.36 2.082 the linear regression analysis. Conversely, at°@ some RTILs
1-chlorohexane 0.201 04 0 0.1 3.777 tenaciously retained a few other probe molecules which did not elute
ethyl acetate 0.106 0.62 0 0.45 2.314 after 180 min.

p-cresol 0.82 087 057 031 4312 Gas chromatographic measurements were made using a Hewlett-
ethylphenyl ether 0.681 0.7 0 0.32 4.242 Packard del 6890 h t h and a Hewlett-Packard 6890
naphthalene 134 092 0 02 5161 ackard mode ~gas chromatograph and a Hewlett-Fackard ¢
octylamine 0.187 035 0.16 0.61 452 series integrator. Helium was used as the carrier gas at a column inlet
dioxane 0329 075 O 0.64  2.892 pressure of 3.1 psi and flow rate of 1.0 mL/min. Split injection and
cyclohexanone 0403 086 O 0.56  3.792  flame ionization detection were utilized with injection and detection

temperatures of 250C. Methane was used to determine the dead
volume of each column at the respective temperature.

approach to an extensive number of ionic liquids, we can more  Multiple linear regression analysis (MLRA) and statistical calcula-
accurately categorize the types of interactions that they aretions were performed using the program Analyze-it (Microsoft, USA).
capable of and effectively delineate their similarities and Figure 2 illustrates a typical regression line consisting of all probe
differences. This information can then be used to understandmolecules with a high correlation coefficient (0.98).

the effect of differer.n'RTILs on reacti'ons and other chemical Results and Discussion

processes. If a sufficient understanding of the molecular and

ionic properties/interactions of RTILs can be obtained, we may  The interaction capabilities of most RTILs were evaluated
eventually be able to pick optimal RTILs for specific applica- at three different temperatures (40, 70, and 1G) using 36
tions. In addition, if specific interactions can be attributed to Probe molecules (Table 1). By examining the probe molecules
the cationic and/or anionic part of the RTILs, these can be mixed ©n each RTIL at three different temperatures, the interaction
and matched to obtain maximum performance. RTILs are parameters could be compared to ensure that the solvation model
capable of undergoing a multitude of different interactions which adequately characterized the RTILs and that the integrity of the
makes them more complex and difficult to categorize than more ionic liquid had not been compromised.

conventional organic solvents but also provides them with a  Two classes of RTILs were evaluated in this study. The first

unique and potentially useful set of properties. class consisted of ionic liquids frequently used and reported in
) ) the literature as solvents for organic synth&sis and for
Experimental Section liquid—liquid extractionst”1® The second class of RTILs was

All probe molecules (Table 1) were purchased from Aldrich lower molecular weight substances previously reported in the
(Milwaukee, WI) and were used as received. Figure 1 displays the literature as matrixes for MALD#!
RTILs examined in this study. Class | RTILs were prepared as  Table 2 lists the interaction parameters obtained for each ionic
previously reported in the literatufé.*2%?Most RTILs in this class jiquid. These data indicate that the most dominant interaction
were prepared using the BMIM chloride salt. Because of the fact that constants for RTILs are strong dipolaritg),( hydrogen bond

residual chloride impurities can have a large effect on the physical basicity @), and dispersion forces)( Figure 3 is a plot of the

properties of the RTILE extra care was taken to ensure all other ionic . t ti t f h ionic liquid at°m It all
liquids were free of chloride ion. Forming the desired RTIL by in erz?lc lon parame ers or. €ach lonic iquid a . 'a O,WS
metathesis exchange of BMIM-CI with the silver salt of the anion of a quick Co_mparlso_n of Q|fferent RTILs and visualization of
trends. While the dispersion forcd} (vere nearly constant for

(35) Seddon, K. R.; Stark, A.; Torres, M.Bure Appl. Chem200Q 72, 2275. every RTIL evaluated (Figure 3), the hydrogen bond basicity
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Class I RTILs
R, R; R; Ry Rs X
1 BMIM-CI -C4Hy -H -CH; -H -H CI
Rs Re 2| BMIM-TfO -C4Hy -H -CH; -H -H CF;SO5
3| BMIM-SbF¢ -C4Hy -H -CHj; -H -H SbF¢
_ | 4] BMIM-BF, -C4Hy -H -CH; -H -H BF,
(NS, | X7 S BMIMNT, | CHy | H | CH; | H | H | (CFSO)N
6| BMIM-PFq -C4Hy -H -CH; -H -H PFq
R, 7 C6m4im—NTf2 —C6H|3 —CH3 —CH3 —CH3 —CH3 (CF3SOz)2N_
8 Cgm4im-NTf2 -C8H17 -CH3 -CH3 -CH3 -CH3 (CF;SOz)zN-
9 Bmzim—Nsz —C4H() —CH3 —CH3 -H -H (CF}SOZ)ZN’
10 .:E: [ (CFJSOZIZN_]
/ \/\/
HaC'
BMPY-N'TT,
Class 11 RTILs
R, T R4 R, R, R3 R4
R | N 11 | NH,m,-PA -H | -CHy [ CH; | -H
| 12 NHb;-PA -C4Hy | -C4Hy | -C4Ho -H
| Z coo— 13 | NHb-OHPA | -C,H, | -C.H, | -C;Hy | -OH
- 14 NHes;-PA -C,Hs | -CoHs | -CyH;5 -H
- - T4H9
CaHo CaHy CaHg H
N~ —
C4H CqH HO! C——=C——C=—=N
15 | Lo CHy-COO™ 16 '\Fr) < > |
T\FB H C00-
H
- - NHb;-CHCA
NHbs-Ac (tributylammonium-acetate) (tributylammonium o-cyano-4-hydroxycinnamate)

CHo

0
17 CAHQ\,\%/CAHQ HO H:C—H—O'
H
A

NHb;-SA
(tributylammonium sinapinate)

Figure 1. Structural description of RTILs evaluated in this study.

(a) and dipolarity §) terms seemed to vary for each ionic liquid. has a greater influence on the overall hydrogen bond basicity
In most cases, when the RTIL hydrogen bond basicity was very of the RTIL.
high (e.g., BMIM-CI, BMIM-SbF), the RTIL hydrogen bond Only three of the examined Class | RTILs exhibited signifi-
acidity was negative. The anionic portion of the RTIL appears cant hydrogen bond acidityo), with BMIM-NTf, exhibiting
to control its hydrogen bond basicity. A plot of the two dominant the highest value (see Figure 3). This parameter appears to be
interaction parameters, dipolarits) @nd hydrogen bond basicity — affected by both the RTIL’s cation and the RTIL’s anion. Also,
(a), is shown in Figure 4. Clearly, four groups or clusters of only three RTILs (BMIM-CI, Gmsim-NTf,, Cemaim-NTf))
RTILs with similara ands values are observed. This classifica- exhibited significant ability to interact with the probe molecules
tion scheme is very useful in comparing the hydrogen bond via nonbonding orr-electrons, as specified by theéerm in eq
basicity characteristics of the RTILs. The hydrogen bond 1. In the case of the 4f,im-NTf, and Gmsim-NTf, RTILs,
basicity, while the most significant interaction of the RTILs, each alkyl substituent on the imidazole ring inductively donates
plays an important role in the RTIL’s usefulness as an organic electrons to the aromatiec system. This can accentuate
solvent and as a GLC stationary phase. nonbonding tor andx to x interactions between ionic liquids
RTILs with the same cation (BMIM) and different anions and solutes that contain nonbonding andlectron systems. It
exhibited different basicity and dipolarity values. However, appears that RTILs which have a cationic moiety with an
when the same anion (NJ)f was evaluated with different  electron-rich aromatia-system produced stronger interactions
cations, the effect of the cation on hydrogen bond basicity and (higher retention factors) for solute molecules capable of
dipolarity was quite small (Figure 3, Table 2). Clearly, the anion undergoingz—s and n—x interactions (e.g., 2-chloroaniline,

14250 J. AM. CHEM. SOC. = VOL. 124, NO. 47, 2002
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Table 2. Interaction Parameters Obtained from the Solvation
12 ] Model for 17 RTILs?
Class | RTILs
interaction parameters
0.7 4 temperature (°C) c r s a b n R?
% BMIM-SbFs
) 40 —2441 0 1.875 3.085-0.325 0.587 30 0.97
S 70 —2.688 0 1.808 2.704—0.365 0.509 31 0.97
02+ 100 —2.854 0 1.659 2.276-0.332 0.456 30 0.95
BMIM-CI
40 —3.095 0.237 2.247 7.030-0.358 0.627 15 0.97
70 —2.841 0.291 2.007 5.230-0.320 0.445 22 0.98
-0.3 4 100 —3.099 0.408 1.826 4.860-0.121 0.392 23 0.98
BMIM-TfO
40 —2.428 0 1.862 3.023 0 0.607 30 0.98
70 -2.639 0 1.727 2713 0 0.516 31 0.99
08 : : : : 100 -2.764 0 1.386 2.353 0 0.485 32 0.96
BMIM-BF 4
0.8 03 0.2 0.7 12 40 —2656 0  1.647 2.219-0.102 0.644 31 0.98
. 70 —2.740 0 1.456 1.967—0.127 0.569 33 0.98
Predicted Y 100 ~2.724 —0.141 1365 1.660-0.283 0.473 31 0.96
Figure 2. Multiple linear regression plotRé = 0.98) of BMIM-PFs at BMIM-NTf ,
100 °C. The solute descriptors and retention factors of 32 solute probe 40 —2.868 O 1.889 2.016 0.362 0.634 33 0.99
molecules are fitted by MLRA to obtain each interaction parameter shown 70 -3.025 O 1.671 1.752 0.378 0.557 35 0.99
ineq 1. 100 -3.130 O 1.596 1.551 0.235 0.487 32 0.98
BMIM-PFs
. 40 —2.607 0 1.914 1887 0 0.620 29 0.98
p-cresol, aniline). It was also observed that the BMIM-CI RTIL 70 —2622 0 1695 1579 0 0.515 33 0.99
tenaciously retained these same probe molecules. Although the(1:00 NTE —2.677 0 1540 1369 0 0.439 32 0.98
i ; i~ CemMaim-NTT2
BMIM cayon does not have the ana_logous_ electrc_m-rlch aromgtlc 20 2893 0222 1678 1.944 O 0.715 30 0.98
system, it appears that the chloride anion (with nonbonding 70 —-3.017 0.170 1.525 1.827 0 0.633 34 0.98
electrons), in combination with the BMIM cation, forms a RTIL 100 —3.090 0.133 139 1.562 0  0.551 31 0.98
L L " . . Cemaim-NTf;
that exhibits significant ability to interact with-systems of 40 —2.801 0206 1.717 1.966 O 0.701 31 0.98
probe molecules. Similar behavior but of much smaller mag- 70 —2.908 0.173 1579 1.848 0 0.611 34 0.98
nitude was observed for the BMIM-Sp&nd BMIM-TfO salts, écrfzim_Nsz —2902 0243 1.398 1.563 0 049 31 0.99
both of which have anions exhibiting large hydrogen bond 40 ~2934 0.073 1.964 2.033 0.125 0.636 32 0.98
basicity. Most other RTILs exhibited zero or negativealues. 780 —2-14(2) 8-832 1-720 1-722 8-152 8-562 24 g-gg
It has been noted previously that negligible and negatixadues éMpy_Nsz —315 : 1.581 1.5 113 0.478 31 0.
are due to repulsive interactions between fluorinated moieties 40 —2779 0 1.688 2.083 0.159 0.677 34 0.98
i 70 —2.799 0 1533 1.775 0 0.561 34 0.99
of the anion and tl.1_e_ probe splute molgc@l%s. _ 100 50 o Taas Tea0 o 0994 33 0.99
Although capabilities for dispersion interactions were con-
siderable for all RTILs in this study, they showed only slight Class Il RTILs
variability. Thus, while dispersion interactions between solutes interaction parameters
and ionic liquids are important, they usually cannot be used to temperature (°C) ¢ r s a b Il n R
distinguish between RTILs. However, dispersion forces play NH,mx-PA
i i i i i i 40 —3.605 —0.238 0.776 1.173 0 0.763 29 0.94
an |mporta.nt rqlelln sglutesolventlntera{ctlpns in that they {;ud 33> 0933 0781 0797 0 0613 21 093
all RTILs in distinguishing between similar molecules (i.e., NHps,-PA
homologous series of alkanes). Probe molecules that primarily 40 —2.649 —0.126 0.590 1.506—0.349 0.741 30 0.95
interact with RTILs via dispersion interactions (i.e., hydrocar- NHbs-OHPA —2.700 0 0498 1.508-0.374 0.624 30 0.95
bons) will behave similarly with all RTILs. Likewise, solvato- 40 —2.897 —0.126 0.476 1.076—0.158 0.749 32 0.98
chromic dyes which interact with RTILs primarily by dispersive 7?_' bA —-3.008 0 0.373 0.935-0.146 0.636 27 0.97
interactions would show similar trends in their behavior. 20 3136 0 0516 1.350 O 0.713 30 0.95
lonic Liquid Model. The results obtained from this study L(I)-Ib A —2.704 —0.102 0.576 0.843 O 0.486 23 0.96
. . . 3-AC
have shown that RTIL_s can be classified on the basis of their 3413 —0.249 0.734 1.343-0216 0827 32 098
interactions with a variety of solute probe molecules. Because 70 —3.626 —0.243 0.654 1.054—0.213 0.738 23 0.98
large variety of probe molecul le of undergoin ific NHbs-CHCA
alarge va ety of probe molecules capabgo undergo g speciiic —3.829 0.323 1.373 2209 1.086 0.676 27 0.93
interactions were chosgn, the data.ob.talr)ed. should provide an;q ~3350 0257 1340 2178 1037 0553 30 0.96
adequate characterization of each ionic liquid. These data canNHbs-SA
o ; e 60 —428 0.160 1.880 2.851 1.382 0.768 30 0.94
then be used to indicate optimal uses for specific RTILs (such 20 _408 0240 1743 2601 1132 0673 31 096

as solvents for organic synthesis, extraction solvents, matrixes
for MALDI, and stationary phases for GLC, see Figure 3).

Organic Synthesis.The use of ionic liquids as solvents in

a2 Note: n = number of probe molecules subjected to multiple linear
regression analysi&? = statistical correlation coefficient.

organic chemistry has increased dramatically. As compared toand reaction kinetic:6 In this section, we examine whether
conventional organic solvents, it has been shown that RTILs the values of the interaction parameters obtained in this work
are capable of undergoing many types of interactions resulting support the qualitative observations and results of previous

in enhanced material dissolution, distinct reaction product ratios, studies.
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RTILs capable of dissolving RTILs useful for RTILs with no RTILs useful as matrixes
complex molecules/polymers. liguld-licquid extraction. kmgﬂﬂx; in MALDI; capable of
Good organic solvents Significant tailing observed hydrogen bond ahﬁ‘::;gﬁwpma"d
3.5 - when these RTILs used as basicity wam:ﬂe
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Figure 3. Plot illustrating the magnitude of each interaction parameter &C70hydrogen bond basicitya), hydrogen bond acidityby, interaction via
nonbonding andr-electrons «), dipolarity/polarizability ), and dispersion forces)(

"

10

6 are removed from teicoplanin (resulting in the macrocyclic
aglycone), the solubility in BMIM-CI drops by nearly 60%.
Indeed, the role of the chloride anion and its hydrogen bond
basicity behavior is crucial in achieving dissolution of com-
pounds capable of hydrogen bonding to the RTIL.
Reynolds et al. recently reported that the photoreduction of
benzophenones by amines is possible using RTILs as soifents.
Because the photoreduction of a substrate produced a mixture
of benzhydrol and benzpinacol, the authors explored the effect
of the RTILs on the product ratio obtained from the reaction.
They discovered that the yield of benzhydrol was highest in
‘ the BMIM-PF; solvent and lowest in the BMIM-TfO salt
12 2.2 (BMIM-PFg > BMIM-BF4 > BMIM-TfO). According to our
Dipolarity (s) data, this reaction favored a solvent with the lowest hydrogen
Figure 4. Plot illustrating the grouping of the 17 tested RTILs based upon bond basicity, while increasing basicity had a detrimental effect
their hydrogen ?Or_‘dgbagag ?nlgffiP?'ifityghaf,a‘?tel\?TS;iC% 51 [gm:mHBF on the yield of benzhydrol. This same trend was discussed by
[ZNT[%TQI,TQ;[UIM?][#F;]E 7 [Bnﬁ]iim][lsl]ll'fgj; %,Gg&r}ﬂ]mg]’; o [[BMIM]! Ohara et al., where ionic liquid solvents were used in the ferric
[SbRy: 10, [BMIM][CI]; 11, [NH ;m,][PA]; 12, [NHbs][PA]; 13, [NHb3]- ion-catalyzed cycloaddition of styrene derivati?@sThey
[OHPA]; 14, [NHe][PA]; 15, [NHbs][Ac]; 16, [NHbs][CHCA]; 17, discovered that the reaction rate was strongly dependent on the
anion of the imidazolium salt and that the optimal rate was

N w L [&)]
1 L 1 L

Hydrogen bond basicity (4

-
L

o

0.2

[NHb3][SA].

Recently, it was reported that cellulose could be dissolved achieved when using BMIM-RFas the solvent. A significant
up to 25 wt % in BMIM-CI3¢ However, it was noted that  drop in the reaction rate was observed for the BMIM;BAlt,
BMIM-BF 4 and BMIM-PF; did not dissolve pulp cellulose. Our ~ while no reaction was achieved using the BMIM-TfO solvent
data indicate that the BMIM-CI ionic liquid has the largest System. It is possible that RTILs with strong hydrogen bond
hydrogen bond basicity, suggesting that the anion plays a keybasicity interact with the ferric ion catalyst or otherwise interfere
role in the dissolution of the cellulose. We have previously Wwith the reaction.
reported the solubility of other complex compounds in BMIM- Chauvin et al. used RTILs based on 1-butyl-3-methylimida-
Cl, BMIM-PFs, and BMIM-BF, RTILs.! Native a, 3, andy zolium salts as nonaqueous solvents in Rh-catalyzed two phase
cyclodextrins exhibited the best solubility in the BMIM-CIRTIL  hydrogenation, isomerization, and hydroformylation of unsatur-
(~30% wi/w), while the BMIM-BR, and BMIM-PR; RTILs ated substrate¥.Because RTILs can easily dissolve charged
demonstrated only 1% solubility. Important macrocyclic anti- species, the hydrogenation of 1-pentene using a cationic catalyst
biotics such as vancomycin, teicoplanin, rifamycin B, and precursor was explored. The results indicated that the BMIM-
avoparcin were soluble in BMIM-CI but sparingly soluble in  SbFs RTIL produced hydrogenation rates nearly 5 times higher
the BMIM-PR; and BMIM-BF; RTILs. These compounds than comparable homogeneous reactions in acetone and con-
contain many free hydroxyl groups as a consequence of thesiderably higher turnover frequencies than the BMIMsBRd
carbohydrate moieties that are part of the molecule. RecentBMIM-BF 4 RTILs. Our data (see Table 2 and Figure 4) indicate
observations by our group have shown that if the sugar moietiesthe much higher hydrogen bond basicity character of BMIM-

(36) Swatloski, R. P.; Spear, S. K.; Holbrey, J. D.; Rogers, R.Am. Chem.
S0c.2002 124, 4974.

(37) Chauvin, Y.; Mussmann, L.; Olivier, Angew. Chem., Int. Ed. Endl995
34, 2698.
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SbFs as compared to BMIM-Pfand BMIM-BF,. In comparing

the latter two RTILs, their published experimental results
indicated a much lower activity with the BMIM-BFsalt that
was attributed to its hydrophobic nature and the presence of
trace amounts of chloride ion. Indeed, it is very important to
evaluate RTILs free of any chloride ion as trace amounts greatly
influence the hydrogen bond basicity character of the RTIL (see
Experimental Section).

The Class Il ionic liquids examined in this study possess small
hydrogen bond basicity constants and may be useful for organic
reactions in which the hydrogen basicity of the anion is preferred
to have little influence on the reaction rate, product yield, or
product ratio. Although these ionic liquids decompose at a lower
temperature as compared to Class | RTILs, their possible
usefulness should not be ignored.

Matrix-Assisted Laser Desorption/lonization (MALDI)
Matrixes. MALDI mass spectrometry has proved to be a
successful soft ionization method for analyzing polar, nonvola-

-

Time (minutes)

A

Time (minutes)

B

t”?* a”f’ thermally labile k_)'omOIeCL"eS and synthetic polymers Figure 5. Chromatograms demonstrating the dual nature of RTILs. (A) A
with high molecular weight®4! Two of the fundamental  homologous mixture ofi-alkanes is subjected to a 15 meter BMIM-TfO
properties that every effective matrix must possess are the abilitycolumn. 1, CHCIz; 2, hexane; 3, heptane; 4, octane; 5, nonane; 6, decane;

to absorb ultraviolet laser light (i.e., have a chromophore) and
also transfer a proton to the analyte after excitation. Also, it is
crucial that the matrix be nonvolatile so that it can exist under
the high-vacuum conditions used in mass spectrometry.

Two effective and five ineffective RTILs used as MALDI
matrixes were evaluated using the solvation model. Ideally, the
interaction parameters could predict whether the RTIL would
be an effective MALDI matrix by demonstrating substantial
hydrogen bond acidity (as the matrix must transfer a proton to
the analyte to form the intact molecular ion) and a significant
r-term signifying an aromatic moiety (i.e., chromophore).
Clearly, the data show that only the effective RTILs (tributyl-
ammoniuma-cyano-4-hydroxycinnamate (NBHHCHCA) and
tributylammonium sinapinate acid (NBH$A)) have appreciable
hydrogen bond aciditybéterm) and significant ability to interact
with n ands-electrons i(-term) as illustrated in Figure 3. These

7, undecane; 8, dodecane; 9, tridecane; 10, tetradecane; 11, pentadecane.
Conditions: initial, 30°C for 3 min; ramp, 15C/min to 170°C. (B) A

mixture of small chain alcohols is separated by the same BMIM-TfO
column. 1, CHCIy; 2, methanol; 3, ethanol; 4, propanol; 5, butanol.
Conditions: initial, 35°C for 3 min; ramp, 15°C/min to 170°C.

extent proton acceptors, were tremendously retained, as if the
RTILs were very polar liquids (i.e., carboxylic acids, phenols,
and alcohols, Table 3). This dual behavior is illustrated in Figure
5a and b where the BMIM-TfO RTIL separated a mixture of
n-alkanes (as if it was a nonpolar stationary phase) and also
demonstrated excellent selectivity in separating a mixture of
small chain alcohols (as if it was a polar stationary phase).
Although there appear to be only slight differences regarding
the polarity of ionic liquids® using single parameter polarity
scales, it seems from our results that RTILs may be capable of
acting as quite polar solvents in the presence of more polar

characteristics are absolutely necessary for a MALDI matrix to Molecules and conversely acting as a nonpolar solvent for
be effective. All other RTILs with zero or negativeerms failed ~ Nonpolar solutes. This dual nature of RTILs makes them

to provide adequate signals probably due to a lack of ionization &ttractive not only as novel organic solvents, but also as
of the soluté! Obviously, the solvation model allows one to stationary phases in GLC. Indeed, it may be possible to design

examine a potential MALDI matrix largely on the basis of two @ Single RTIL stationary phase that is capable of separating a

interaction parameterb,andr. This demonstrates the usefulness
and robustness of the model to properly evaluate all solvation
interactions of the RTIL.

Gas Chromatography Stationary PhasesWe have previ-
ously reported the retention behavior of various solute molecules
on a BMIM-CI and a BMIM-PE GLC stationary phase and
indicated that RTILs have an apparent “dual natdreis
illustrated in Figure 5a, low polarity compounds (i.e., hydro-
carbons) exhibited relatively small retention factors but good
selectivity (i.e., peak to peak separation). In fact, the RTILs
interact with nonpolar molecules as if they were nonpolar liquid
stationary phases where dispersive interactions dominate. Con
versely, compounds capable of donating protons, and to a lesse

(38) Karas, M.; Hillenkamp, FAnal. Chem1988 60, 2299.

(39) Tanaka, K.; Waki, H.; Ido, Y.; Akita, S.; Yoshida, Y.; Yoshida,Rapid
Commun. Mass Spectrorti988 2, 151.

(40) Cotter, R. JAnal. Chem1992 64, 1027A.

(41) Hillenkamp, F.; Karas, M.; Beavis, R. C.; Chait, B.Anal. Chem1991,
63, 1193A.

greater variety of compounds than any existing stationary phase
or perhaps combination of stationary phases.

RTIL anions consisting of weak bases capable of accepting
a proton from a carboxylic acid or alcohol exhibited poor
chromatographic mass transfer on all RTIL stationary phases
with the bis[(trifluoromethyl)sulfonyl]limide (NTJ) anion. This
phenomenon was apparent by inverse GLC and is shown in
Figure 6 where 1-octanol was eluted from the BMIM-NTf
stationary phase. Although the retention time was only a few
minutes, the resulting analyte peak was very broad and exhibited
severe tailing (as compared to Figure 5a). The mass transfer

problem may be due to the solute molecule hydrogen bonding

lo the delocalized negative charge across th&NSS moiety
as described previously by crystallographic experim&itis
is supported by molecular orbital calculations of proton dis-
sociation and hydration which indicate a proton dissociation

(42) Golding, J. J.; MacFarlane, D. R.; Spiccia, L.; Forsyth, M.; Skelton, B.
W.; White, A. H.Chem. Commurl998 1593.

J. AM. CHEM. SOC. = VOL. 124, NO. 47, 2002 14253



ARTICLES

Anderson et al.

Table 3. Retention Factors Obtained at 70 °C for Select Probe Molecules on All RTIL Phases Examined?

aniline 2-chloroaniline 1-octanol p-cresol acetic acid 1-chlorohexane
BMIM-SbFg * 91.3 16.3 * 9.5 1.1
BMIM-CI * * 73.1 * *x
BMIM-TfO * 119.4 21.2 * 13.7 1.3
BMIM-BF 4 77.8 54.7 11.1 90.2 2.8 1.2
BMIM-PFg 59.8 70.8 10 96.0 2.1 1.4
BMIM-NTf 57.3 53.3 9.5 100.8 1.5 0.6
Cgmyim-NTf, 106.1 116.5 14.1 198.4 1.2 1.0
Cemagim-NTf; 127.3 128.7 14.8 225.8 1.4 1.2
Bmaoim-NTf, 62.3 55.1 7.4 105.6 1.1 0.5
BMPY-NTf, 68.7 59.3 10.5 121.6 1.4 0.9
NHom2-PA 0.31 0.91 0.79 0.90 ** 0.10
NHbs-PA 1.88 6.96 3.62 20.20 0.50 0.64
NHbs-OHPA 0.82 2.59 1.89 3.86 0.10 0.33
NHes-PA 0.63 1.40 1.30 2.07 ok 0.22
NHbs-Ac 0.73 2.14 1.70 2.96 *x 0.24
NHbs-CHCA 17.31 43.5 19.1 101.6 3.8 0.43
NHbs-SA 6.8 17.9 7.6 42.8 1.0 *x

aNote: * indicates the solute molecule did not elute from the stationary phase before 180 min. ** indicates the solute molecule eluted with the dead
volume.

solvents, RTILs are much more complex solvent systems
capable of undergoing many types of interactions. Characterizing
them with a single “polarity” term fails to describe the type
and magnitude of individual interactions that make each RTIL
unigue. The solvation model uses many solute probe molecules
in conjunction with inverse GC to quantitatively determine the
importance of different RTIL interactions as a function of
temperature. These results are especially useful in explaining
different solvent behavior between broad classes of RTILs.
The anion had the greatest effect on the hydrogen bond
basicity of the RTIL, while the effect of the cation was generally
quite small. The penta-substituted imidazolium saltgr{fin-
NTf, and Gmyim-NTf,) demonstrated strong— interactions
by tenaciously retaining probe molecules containing electron-
rich aromatic systems. RTILs exhibited multiple behaviors,
which explains why many RTILs act as polar solvents in organic
reactions containing polar molecules and as less polar solvents
in the presence of less polar molecules. In addition, the solvation
model adequately characterized two effective MALDI matrixes
by demonstrating their ability to absorb laser light (i.e., existence
¢ of a chromophores;-term) as well as their ability to transfer a
Figure 6. Chromatogram illustrating poor mass transfer between the RTIL proton to an analyte bfterm). The two effective MALDI
stationary phase (BMIM-NJ and 1-octanol. matrixes were the only two RTILs to exhibit significant
hydrogen bond acidity values. The classification of the RTILs
based upon dipolarity and basicity provides a model that can
be used to pick RTILs for specific organic reactions, liquid
extractions, or GLC stationary phases.

B8 .242

3.476

energy of—0.7 kcal/mol for the bis[(trifluoromethyl)sulfonyl]-
imide anion after the addition of two water molecutés.

Conclusions
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