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Abstract: Thirty-nine geminal dicationic ILs were synthesized and characterized in terms of their surface
tensions, densities, melting points, refractive indices, viscosities, and miscibilities with a polar and nonpolar
solvent. Two imidazolium or pyrrolidinium cations were joined via different length hydrocarbon linkage chains
(from 3 to 12 carbons long). The various geminal dications were paired with up to four different anions.
The effect of the dication type, linkage chain, alkyl substituents, and anion type on the physicochemical
properties of these compounds was examined. Among the more interesting findings for this class of
compounds was that their liquid and thermal stability ranges generally exceeded those of the more
conventional, better known ILs. Indeed, this range was from —4 to >400 °C for one of the pyrrolidinium-
based geminal dicationic liquids. X-ray crystallography of the smaller solid ionic compounds indicated that
there may be a correlation between the configurational degrees of freedom of the ILs and their melting
points/glass transition temperatures. In one case, the crystal structure showed that a dicationic moiety had
three distinct conformations in an asymmetric unit cell. The solvation properties of the geminal dicationic
ILs tend to be similar to those of their monocationic analogues.

Introduction to solubilize a variety of disparate molecules, and the fact that
ionic liquids that are immiscible with both water and nonpolar
organic solvents can be synthesized further add to their use-

fulness?-22While much work involving RTILs deals with their

One of the more rapidly growing areas of chemistry research
involves room temperature ionic liquids (RTILs). The wide

range of possible cation and anion combinations allows for a . ” . . - . .
use as “green” solvents in organic synthesis, their characteriza-

large variety of tunable interactions and applicatiéri§. The
o tion and the understanding of their unique physicochemical and
uses and applications of RTILs have traversed many areas of

chemistry15 and even areas of biochemist#y1® Reported solvation properties are important areas of ongoing investigation.

thermal stability ranges of 30 in some case¥;2their ability Althoug_h the nl_meer of |on|c_I|qU|d_s described in the literature
is growing rapidly, the relationship between their structure/

makeup and their physicochemical properties and solvation
properties is not well understood. Some research in the field of
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ionic liquids has explored their fundamental properties in hopes
that it would become apparent which catieanion combinations
give rise to specific and/or desired qualitié2? Thus far, this
approach has met with only limited success.

Early work seemed to indicate that the anionic constituents
of ionic liquids may have a greater influence on their physical
and chemical properti€8.However, this notion may be due,
in part, to the fact that the ionic liquids studied contained a
variety of different anions, but closely related, structurally
similar cations. Indeed, anions, such as halides, possess higher
hydrogen bond basicity character (€I Br > 1) and readily
hydrogen bond to generally form viscous liquids. This is not to
say that only coordinating anions produce viscous liquids; it is
well-known that the viscosity of 1-alkyl-3-methylimidazolium
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ionic liquids are found to increase with increasing alkyl chain nitrate, and phosphorus pentoxide were all purchased from Aldrich
length even when paired with noncoordinating anions, such as(Milwaukee, WI). Hexafluorophosphoric acid is toxic and corrosive
hexafluorophosphate (RF and bis(trifluoromethylsulfonyl)- and must be handled with care. Acetone, ethyl acetate, and 2-propanol
imide (NT£™).2627 While the cation and its structure can were purchased from Fisher Scientific (Fair Lawn, NJ). Untreated fused
certainly influence the surface tension, melting point, viscosity, ?gg?efcoz:]nglalrji)tubmg (0.25 mm i.d.) was purchased from Supelco
density, and thermal stability as well as interact via dipolar, e . S
m—am, and ng interactions with dissolved molecules, its range Methods. Figure 1 and Tables 1 and 2 display the ionic liquids

f off h b died ivel it has f - synthesized in this study. Complete synthesis procedures for each series
of effects has not been studied as extensively as It has for anions,¢ geminal dicationic ionic liquids are described in the Supporting

Despite their touted stability, many of the more common ionic |rformation. Compounds, 5, 9, and13 were synthesized by reacting
liquids are susceptible to chemical and thermal degradétio 1 molar equiv of 1,3-dibromopropane, 1,6-dibromohexane, 1,9-dibro-
Recently, it was reported that when 1-butyl-3-methylimidazo- mononane, and 1,12-dibromododecane, respectively, with 2 molar equiv
lium chloride (BMIM-CI) is exposed to the atmosphere and of 1-methylimidazole at room temperature. Compoudwas syn-
heated, it begins to turn from a pale yellow to amber color at thesized by reacting 1 molar equiv of 1,9-dibromononane with 2 molar
120°C.28When heated further, the ionic liquid begins to show €quiv of 1-butylimidazole at room temperature. Compougtisand
obvious signs of decomposition at and above 1638 Most 24 were synthesized by refluxing 1 molar equiv of 1,3-dibromopropane

recently, a new class of “high stability ionic liquids” based on and 1,9-dibromononane, respectively, with 1,2-dimethylimidazple dis-
bulky cations and triflate anions was introduced, and it was solved in 125 mL of 2-propanol for 24 h. Compol2iwas synthesized

i, .. by refluxing 1 molar equiv of 1,12-dibromododecane with 2 molar equiv
reported that the robustness of some of the more traditional ionic 1-benzylimidazole in 100 mL of 2-propanol for 24 h. After complete

liquids appears to be less than previously thought (in terms of reaction (as monitored by NMR), the products were all purified by
bOth |0W€'I’ thel’ma| Stabl|lty and hlghel‘ V0|atl|ltﬂ\/|aCFal’|ane extraction with ethy| acetate and dried underzmﬁ/acuum_

and co-workers reached similar conclusions via the use of the  compounds31 and 34 were produced by refluxing 1 molar equiv
“step tangent method” for thermogravimetric analysis (TGA) of 1,3-dibromopropane and 1,9-dibromononane, respectively, with 2
to more accurately determine degradation temperatures ofequiv of 1-methylpyrrolidine in 100 mL of 2-propanol for 24 h.
imidazolium-based catiorf8. They point out that significant Compound37 was synthesized by refluxing 2 molar equiv of 1-bu-
evolution of volatile degradation products takes place well below tylpyrrolidine with 1 equiv of 1,9-dibromononane in 100 mL of
previously reported degradation temperatures. A maximum 2-propanol for 24 h. These salts were also extracted with ethyl acetate

operating temperature parameter was proposed to provide a mortI'S_‘rr‘]Fj O,'frlied “”dﬁrl V?fcu‘ﬂma Alr: miltathesri]s rehaCFiO”S_di”"o(;VMg_
appropriate estimate Of thel’mal Stab|||ty USing T@A ithiotrifluoromet| ylsulronimiae, nexarluoropnospnoric acid, and sodium

In thi K t a total of 39 inal dicationic ioni tetrafluoroborate were performed using previously published procedures,
. n IS wor N we presen. a, ota (_) gemina .|c.a.|on|c I0NIC  5nd detailed instructions are listed in the Supporting Information. lonic

liquids comprised of both imidazolium- and pyrrolidinium-based jiqyigs formed via metathesis reactions were tested with silver nitrate
dications containing relatively inert anions. They utilize both o ensure no halide impurities remained.

short and long linkage chains between the cations as well as  aj| 39 jonic liquid samples were characterized ustyNMR and
other substituents on the cationic moieties. The effects of theseelectrospray ionization (ESI) mass spectrométsyNMR spectra (400
structural variations on the physicochemical and solvation MHz) were recorded in deuterated DMSO and are included in the
properties of this unusual class of ionic liquids are examined. Supporting Information.

X-ray crystal structures could be obtained on the shorter linkage Surface tension values were measured at room temperatuf€)23
chain geminal dicationic salts, which tend to be solids at room using a Model 20 DuNuoy Tensiometer (Fisher Scientific, Fair Lawn,
temperature. In addition to their unique and interesting physi- NJ) equipped with a platinusiridium ring with a mean circumference
cochemical properties, it was found that the geminal ionic liquids of 5.940 cm and a ri_ng/wire rgdius of 53.21_. Viscosities_ were determined
exhibit superior thermal stabilities compared to the stabilities 2t 30°C using afalling ball viscometer (Gilmont, Barington, IL). The
of traditional ionic liquids (e.g., the 1-butyl-3-methylimidazo- densities of the ionic liquids were determined at°Z3by placing 2.0

i . We al d wh be th ... mL of the ionic liquid in a 2.0 mL volumetric tube and weighing the
lum series). We also extend what may be the most SenSItlvedifference. The melting points of the ionic liquids were determined

method for accurately determining the thermal stability of ionic 5ing a perkin-Elmer Pyris 1 Differential Scanning Calorimeter (Boston,
liquids, that is, inverse gas chromatography with flame ionization ma). Typical methods involved using a I/min temperature ramp

or mass spectrometric detection. to determine and identify the first- and second-order thermal transitions.
) . Melting points could not be easily determined for all compounds. For
Experimental Section solid compounds, the melting points were verified using a capillary

Materials. 1-Methylimidazole, 1-methylpyrrolidine, 1-butylpyrro- ~ Melting point apparatus. Refractive index measurements were conducted
lidine, 1,2-dimethylimidazole, 1-butylimidazole, 1-benzylimidazole, 1,3- at 23°C using a Bausch & Lomb Abbe-3L refractometer.
dibromopropane, 1,6-dibromohexane, 1,9-dibromononane, 1,12-dibro- The preparation of the capillary columns for inverse -glaguid
mododecane, 1-bromo-3-chloropropane, hexafluorophosphoric acid,chromatographic analysis was performed using a previously described

sodium tetrafluoroboratelN-lithiotrifluoromethylsulfonimide, silver proceduré? All capillary columns had efficiencies between 2100 and
2500 plates/meter. Characterization of the capillary columns and probe
(26) Dzyuba, S. V.; Bartsch, R. AChem. Phys. Phys. Che2002 3, 161— molecule descriptions are listed in the Supporting Information. Multiple
166

@7) Seddon, K. R.: Stark, A.: Torres, M.Qlean Sabents: Alternatie Media linear regression analysis (M_LRA) and sta_tlstlcal calculations were
for Chemical Reactions and Processi®§CS Symposium Series 819; performed using the Analyse-it program (Microsoft, USA).

American Chemical Society: Washington, DC, 2002; pp-34. i icationi i
(28) Carda-Broch, S.; Berthod, A.; Armstrong, D. Wnal. Bioanal. Chem. t Thtree Cré/sttals (.)f tlzje gR(?I'TLmal dlcatloglc salts ;Nerefg.roc\j’\.mdam: thet:r
2003 375 191-199. structures aetermined. S are gooa examples of Indiviaual sub-

(29) Baranyai, K. J.; Deacon, G. B.; MacFarlane, D. R.; Pringle, J. M.; Scott, stances that undergo liquigsolid transformation congruently; therefore,
J. L. Aust. J. Chem2004 57, 145-147.

(30) vVan Valkenburg, M. E.; Vaughn, R. L.; Williams, M.; Wilkes, J. S.
Proceedings of the Electrochemical Society, 2002, 20®(Molten Salts (31) Anderson, J. L.; Ding, J.; Welton, T.; Armstrong, D. \l.. Am. Chem.
XI1), 112—-123. S0c.2002 124, 142414254,
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Imidazolium-based Dicationic Ionic Liquids

\ﬁ@;\ﬁmm@z\w‘/ 2[a] ~ )\ N )\ En

A= BI'-, Nsz-, BF4-, PFG- A= BI‘-, Nsz-, BF4-, PF6-
n =3, C3(mim),-A n =3, C3(myim),-A
n = 6,C¢(mim),-A n =9, Co(myim),-A

n =9, Co(mim),-A
n =12, Cjy(mim),-A

/\/\N/\N/\/\/\/\/\N/\N/\/\ _
© O™ 2
A =Br, NTf;, BFy, PF¢
Cg(bim)z-A
CH3 2[ A

A =Br, NTH PFg
C12(benzim),-A

Pyrrolidinium-based Dicationic Ionic Liquids

2]

|
N N

K _ _
A =Br, NTfy PFs A =Br, NTfy PFs

n =3, C3(mpy),-A Co(bpy)2-A
n= 95 C9(mpy)2_A

Figure 1. Structure and abbreviations for 39 imidazolium and pyrrolidinium geminal dicationic ionic liquids evaluated in this study.

traditional crystal growth procedures, such as slow cooling of melt or capillary. Initial attempts resulted in transformations to the glass state,
its zone modification, are preferable. However, these salts have a distincthowever, a good crystal eventually was obtained. X-ray analysis
tendency for supercooling and transforming to plastic modifications indicated two water solvent molecules per eagtn®y),—Br molecule

or amorphous glasslike states. It was observed that some RTILs slowly (this crystal is designate8iLh to indicate the hydrated molecule). The
transform from solid to liquid at room temperature under the “cold” existence of water also was indicated by NMR. To obtain the anhydrous
light (for instance, compoundl; see Tables 1 and 2 and Figure 1 for salt, the salt was dried under a high vacuum system containitg P
numbering system), which brings additional difficulties to crystal growth The crystal 0f31 was obtained using the procedure describe®fdr
procedures and handling of the samples. The standard covering of The crystal evaluations and data collections were performed on a
unstable crystal with epoxy glue was successful only for compdund  Bruker CCD-1000 diffractometer with Mo & (1 = 0.71073 A)

The colorless transparent crystals were found on a surface of glassradiation with the detector set to a crystal distance of 5.03 cm. The
obtained after slow melting of the liquid. A crystal 81 was obtained initial cell constants were obtained from three seriesvo$cans at

by in situ freezing-melting cycling of the liquid in a 0.5 mm glass  different starting angles. Each series consisted of 30 frames collected

J. AM. CHEM. SOC. = VOL. 127, NO. 2, 2005 595
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Table 1. Physicochemical Properties of Imidazolium-Based Dicationic lonic Liquids?

T of solid/liquid
MW surface tension D transformation refractive miscibility miscibility viscosity
ionic liquid (g/mol) (dyn/cm) (glem?®) (ccp index with heptane® with water® (cP)?

1 Cs(mim),—Br 366.10 162 | M

2 Cz(mim),—NTf2 766.58 44.7 1.61 —4 1.440 | | 249

3 Ca(mim),—BF4 379.90 117 | M

4 Ca(mim),—PFs 496.22 131 | |

5 Ce(mim),—Br 408.18 155 | M

6 Ce(mim),—NTf> 808.66 44.2 1.52 >—14,<—4 1.441 | | 362

7 Ce(mim),—BF4 421.98 92 | M

8 Cgs(mim),—PFs 538.30 136 | |

9 Co(mim),—Br 450.26 59.6 1.41 6 1.549 | M 1477
10 Co(mim),—NTf2 850.74 43.1 1.47 —14 1.442 | | 443
11 Co(mim),—BF4 464.06 61.2 1.33 —4 1.469 | M
12 Co(mim),—PFs 580.38 88 | |
13 Ciz(mim),—Br 492.34 57.9 1.27 —-17 1.540 | M 2008
14 Ci2(mim),—NTf> 892.82 42.3 1.40 —26 1.443 | | 606
15 Ciz(mim),—BF4 506.14 55.8 126 —19 1.503 | partially miscible
16 Cio(mim),—PFs 622.46 53.4 1.36 9 1.436 | |
17 Cy(bim),—Br 534.42 53.1 1.27 >0, <23 1.545 | M >2500
18 Co(bim),—NTf> 934.90 38.0 1.35 >—42,<-8 1.446 | | 550
19 Cy(bim),—BF4 548.22 50.4 1.20 >—42,<-8 1.503 | partially miscible
20 Co(bim),—PFs 664.54 48.0 1.30 >0, <23 1.439 | |
21 Cs(mgim),—Br 394.15 298 | M
22 C3(m2im)2*NTf2 794.63 91 | |
23 Ca(maim)>,—PFs 524.27 264 | |
24 Cy(moim),—Br 478.31 174 | M
25 Co(maim)>,—NTf> 878.79 435 1.47 >—42,<-8 1.448 | | 687
26 Co(moim)>,—BF4 492.11 58.1 1.31 >0, <23 1.456 | M
27 Co(maim)o—PFs 608.43 130 | |
28 Cio(benzim)—Br 644.53 151 | |
29 Cio(benzimy—NTf, 1045.01 41.5 1.37 >-8, <0 1.482 | |
30 Cio(benzimy—PFs 774.65 47.4 1.27 —15 1.484 | |

apatents pending.Difficulty arises in determining the melting points of some ionic liquids as they prefer the glass state. Therefore, for some ionic
liguids in which the exact melting point/glass transition temperature could not be easily determined, a temperature range is provided. Asdessiied di
related to the polymorphic nature of many of these ionic liquids is provided in the section tttgdtal Structures of Geminal Dicationic lonic Liquids
¢M = miscible, | = immiscible.? Viscosities measured at 3. € This ionic liquid exhibited physicochemical properties very similar to those of the
1-butyl-3-methylimidazolium chloride ionic liquid, making it difficult to fully characterize.

Table 2. Physicochemical Properties of Pyrrolidinium-Based Dicationic lonic Liquids?

MW surface tension D T of solid/liquid refractive miscibility miscibility viscosity
ionic liquid (g/mol) (dyn/cm) (glem3) transformation (°C)® index with heptane® with watere (cP)?
31 Cs(mpy)y—Br 372.18 51 | M
32 Cs(mpy)—NTf; 772.67 206 | |
33 Cs(mpyy—PFs 502.30 359 | |
34 Co(mpy)—Br 456.34 257 | M
35 Co(mpy)p—NTf; 856.83 42.2 1.41 >-8, <0 1.436 | | 502
36 Co(mpy)r—PFs 586.46 223 | |
37 Cy(bpy)—Br 540.50 216 | M
38 Co(bpy)—NTf; 940.98 84 | |
39 Co(bpy)—PFs 670.62 249 | |

apatents pending.Difficulty arises in determining the melting points of some ionic liquids as they prefer the glass state. Therefore, for some ionic
liquids in which the exact melting point/glass transition temperature could not be easily determined, a temperature range is provided. Asdessiled di
related to the polymorphic nature of many of these ionic liquids is provided in the section titigdtal Structures of Geminal Dicationic lonic Liquids
¢M = miscible, I = immiscible.? Viscosities measured at 3. € This ionic liquid exhibited physicochemical properties very similar to those of the
1-butyl-3-methylimidazolium chloride ionic liquid, making it difficult to fully characterize.

at intervals of 0.3 in a 10 range. The final cell constants were an alternating series of least-squares cycles and difference Fourier maps

calculated from a set of approximately 1000 strong reflections from and were refined in full-matrix anisotropic approximation. All hydrogen

the actual data collections. The data were obtained using the full sphereatoms were also located objectively and were allowed to ride on the

routine by collecting four sets of frames with 8. 8cans inw with an neighboring atoms with relative isotropic displacement coefficients. A

exposure time of 20 s per frame. These data sets were corrected fosummary of the crystal data fdr, 31, and31h is given in Table 3.

Lorentz and polarization effects. The absorption correction was based Additional crystallographic data describing hydrogen bonding and other

on fitting a function to the empirical transmission surface as sampled relevant structural data are presented in Tables 4 and 5.

by multiple equivalent measuremefitasing SADABS softwaré? The . .
) . Results and Discussion

structures were solved by direct methods. All atoms were located in

Figure 1 gives the structures of the two classes (39 com-

(32) Blessing, R. HActa Crystallogr 1995 A51, 33—-38. pounds) of geminal dicationic ionic liquids synthesized and

(33) All software and sources of the scattering factors are contained in the characterized in this study. lonic liquids containing imidazolium-

following program library: Sheldrick, GSHELXTL, version 5.1; Bruker . X i 4 i .
Analytical X-ray Systems: Madison, WI. based dications with different alkyl linkage chain lengths

596 J. AM. CHEM. SOC. = VOL. 127, NO. 2, 2005
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Table 3. Summary of Crystal Data for 1, 31h, and 31
3th

1 31

formula CiiH18BroNg Ci13H32BroN>Os  CigHogBroN»
fw (9) 366.11 408.23 372.19
T(K) 203(2) 193(2) 193(2)
cryst syst triclinic triclinic orthorhombic
space group P1 P1 Pbca

a(A) 5.0921(7) 6.892(1) 21.367(6)
b (A) 11.114(1) 7.024(1) 19.888(5)
c(A) 13.560(2) 10.778(2) 23.787(6)
o (deg) 76.565(2) 103.580(3) 90

p (deg) 80.455(2) 93.139(3) 90

y (deg) 84.162(2) 111.337(3) 90

V (R3) 734.5(1) 466.7(1) 10108(5)
z 2 1 24

D (calcd) (Mg/n¥) 1.655 1.452 1.467

abs coeff. (mm?) 5.505 4.344 4,798
F(000) 364 210 4560

6 range (deg) 1.5628.26 1.97-28.30 1.64-20.82
reflns collected 6276 4467 45036
GOF 1.056 1.006 1.067

R12WR2 [l > 20(l)] 0.0406, 0.1069 0.0295,0.0722 0.0702, 0.1628

AR1 = 3|[Fol — [Fell/ZIFol. ®WR2 = { Z[W(Fo*-F?)/ 3 [W(Fo?)7} 2.

Table 4. Relevant Structural Data of Dication [Ca(mpy)2]2" in 31
and 31h@

In31h In31,1 In 31,1l In 31, 11l
RMS for Plane
mpy(l) 0.01(1) 0.01(4) 0.04(9) 0.03(9)
mpy(Il) 0.03(1) 0.05(8) 0.01(8) 0.01(8)
N2Cs 0.03(1) 0.03(2) 0.02(8) 0.1(1)
Displacement from the Plane (A)
N1 from mpy(l) 0.572(5) 0.61(2) 0.44(3) —0.62(2)
N2 from mpy(ll) —0.562(5) 0.56(2) —0.63(2) —0.57(3)
C8 from NoCs 1.152(6) 1.23(2) —1.33(2) —0.98(3)
C9 from N.Cs —1.161(6) 1.17(2) —1.10(2) 1.08(3)
Interplane Angle (deg)
mpy(1)—N2Cs 37.2(1) 30.2(6) 80.0(9) 43.9(9)
mpy(I1)—N2Cs 38.1(1) 38.2(6) 33.9(9) 42.1(9)
mpy(l)—mpy(ll) 75.2(1) 8.8(8) 62.4(9) 85.9(7)
Torsion Angle (deg)

C6C5N1C8 —61.9 (4) 59.4(9) —70.1(9) 59.4(9)
C6C7N2C9 —62.4(4) —63.3(9) 62.4(9) 65.5(9)

aThe mpy(ly-plane C1C2C3C4, mpy(Hplane C10C11C12C13,
N2Cz—plane N1C5C6C7N2.

connecting the cations and/or different alkyl substituents on the
imidazolium moiety comprise one group of ionic liquids. In most
cases, each geminal dicationic entity was paired with four differ-
ent anions (Br, NTf,~, BF,~, and Pk~) (Figure 1). Pyrroli-
dinium-based geminal dications with different alkyl linkage
chain lengths connecting the cationic and/or different alkyl
substituents on the pyrrolidinium group are also shown in Figure
1. For each dication in this class, separate ionic liquids con-
taining three anions (B NTf,~, and Pk~) were synthesized.
The large number and variety of geminal ionic liquids in this
study permitted the evaluation of both cationic and anionic
effects.

Tables 1 and 2 give the physicochemical properties for the
39 geminal ionic liquids in this study. Surface tension, density,
melting point, and refractive index values were recorded for
those samples that were liquids at room temperature. For
samples that were solids at room temperature, only the melting
point was determined. The miscibility and solubility of all ionic
liquids in both heptane and water are indicated as well.

Surface Tension.Plots of surface tension data are shown in
Figure 2 for several geminal room temperature ionic liquids.

The length of the alkyl linkage chain separating the dications
is observed to have only small effects on the surface tension.
Considering ILs2, 6, 10, and 14 (Table 1) which all con-
tain the bis(trifluoromethylsulfonyl)imide (N%f) anion and
3-methylimidazolium cations separated by 3, 6, 9, and 12 carbon
linkage chains, respectively, it is apparent that increasing the
length of the connecting linkage chain slightly decreases the
surface tension+2.4 dyn/cm). A similar trend is observed for
the ionic liquids containing other anions (e.g.,.BFBr—, and
PFR7). These results are quite different from those obtained for
monocationic ionic liquids by Law et &f.It was reported that
the surface tension for a series of 1-alkyl-3-methylimidazolium-
based ionic liquids containing 4, 8, and 12 carbon alkyl groups
in the one position of the imidazole ring (refer to Figure 1 for
the ring numbering of the imidazolium cation) significantly
decreased with increasing alkyl chain lengthThe largest
decrease in surface tension was observed between 1-butyl-
3-methylimidazolium hexafluorophosphate and 1-dodecyl-3-
methylimidazolium hexafluorophosphate in which the total
decrease in surface tension was nearly 20 dyn/cm at 330 K. It
was also proposed that for a fixed cation at a specific
temperature, the compound with the larger anion would possess
a higher surface tension. However, our data indicate that this is
not true for the geminal dicationic ionic liquids, and if anything,
is opposite to what was observed previously for the monoca-
tionic-type ionic liquids (Tables 1 and 2).

lonic liquids17—20 contain nonpolar butyl groups in the three
position of the imidazolium rings. The surface tension values
are significantly smaller (:217%) than those of IL8—12and
13—16 which contain the 3-methylimidazolium dications sepa-
rated by a nonane and dodecane linkage chain, respectively.
These data seem to indicate that the alkyl substituent located
on the three position of the imidazolium ring plays a more
important role in lowering the surface tension than the alkyl
linkage chain that separates the geminal dications.

Replacing hydrogen with a methyl group on the two position
of the imidazolium ring (refer to Figure 1 and Table 1) has
little effect on the surface tension. In the case of #5&and26,
containing the 2,3-dimethylimidazolium geminal dications
separated by a nonane linkage chain with NTand BR~
anions, respectively, the surface tension values are similar to
those of the corresponding 3-methylimidazolium dications (ILs
10and11l) also containing the nonane connecting chain. Overall,
these data indicate that as the alkyl chain in the three position
of the imidazolium ring increases in length, the surface tension
decreases much more drastically than corresponding increases
in the length of the connecting linkage chain.

Unfortunately, very little can be said about the effect of the
different dications (e.g., imidazolium versus pyrrolidinium) on
the overall surface tension due to the fact that most of the
pyrrolidinium dications are higher melting salts. However, the
1-methylpyrrolidinium dication 35) separated by a nonane
linkage chain and with the Nf anion is a room temperature
ionic liquid and has a surface tension very similar to that of the
corresponding 3-methylimidazolium dications containing the
same anion and separated by nonane and dodecane linkage
chains (0 and 14).

Density. As shown in Figure 3, the densities of the 3-meth-
ylimidazolium geminal dicationic ionic liquids were found to

(34) Law, G.; Watson, P. R.angmuir2001, 17, 6138-6141.
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Table 5. Hydrogen Bonding in Structures 1, 31h, and 31 (ESD for All Distances is Better than 0.02 A)

compound bond distance (A) symmetry operations bond distance (A) symmetry operations
1 Br1—H3 2.78 X 1-y,2-z Br1—H5A 2.85 =X, 1-y, 2—z
Bri—H7A 2.99 x—1,y,z Br1—H10 3.04 x—1,y,z
Br2—H2 2.65 Br2-H7B 2.88 x=1,y,z
Br2—H9 2.93 =X, 1-y, 1-z Br2—H11B 2.90 =X, 1=y, 1-z
31h Br1—H4A 2.86 x+1,y,z Br1—-H4B 2.90
Br1—H6B 3.04 x+1,y,z Br2—H8C 2.93 x,y—1,z—-1
Br2—H9C 2.98 x+1,y,z Br2—H10A 2.99 X, y—1,z
Br2—H12B 3.05 x+1,y,z Br1—-H20 2.45
Br1—H30 2.46 Br2-H40 241
02-H10 1.95 x—1,y,z
31 Br1—H5AA 2.82 Bri—H5AB 2.00 =X, 1-y, 1-z
Br1—H8AA 2.98 =X, 1-y, 1-z Br1-H5BB 2.84 0.5, 0.5y, z
Br2—H1A 2.80 Br2-H9B 291 x—0.5,0.5y,1-z
Br2—H11B 3.03 x—0.5,0.5-y, 1-z Br2—H6AA 2.94
Br2—H8AC 2.96 Br2-H9AB 2.80
Br2—H7BB 2.73 Br3-H6A 2.97
Br3—H8A 2.80 Br3-H7AA 3.02 0.5+%, 0.5-y, 1-2z
Br3—H9AA 2.90 0.5+x, 0.5-y, 1-z Br3—H10C 2.78 0.5x, 0.5y, 1-2z
Br3—H8BB 2.82 X, 0.5-y, 0.5+z Br3—H9BC 2.87 0.5%, -y, 0.5+z
Br4—H1B 3.01 X, 0.5-y,z—0.5 Br4—H5A 2.90 X, 0.5-y,z—0.5
Br4—H8AB 2.89 X, 0.5-y,z—0.5 Br4—H12C 3.02
Br4—H13F 2.87 Br5-H7B 2.98 0.5-%,0.5-y, 1-z
Br5—H13B 2.86 0.5x 0.5y, 1-z Br5—H2AB 3.01 0.5+x, 0.5y, 1-z
Br5—H8B 2.94 X -y, 1-z Br5—H11C 2.93 +xy—-0.5,05z
Br5—H4BB 2.72 0.5-%,y,0.5-z Br5—H6BB 2.95 0.5xy,0.5z
Br6—H7A 2.88 Br6-H13A 2.93
Br6—H1AB 3.00 Br6-H6AB 2.99
Br6—H13D 2.85 Br6-H1BA 2.92
Br6—H10E 2.81 0.5%, 0.5ty, z
65 1.7 4
E- 60 -— 1.6 -
€ 55 \ - 15 - —e—NTP2
) g T
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Figure 2. Plot illustrating the effect of the cation and anion on the surface Figure 3. Plot llustrating the effect of the cation and anion on the density
tension for dicationic ionic liquids. for dicationic ionic liquids.

be anion dependent and to decrease with increasing length Ofdicationic ionic liquids. These factors are (1) the length of the

the hydrocarbon linkage chain. While increases in the linkage link hai tina th inal dicati 2 th t
chain decrease the density of these ionic liquids, the nature of inkage chain separating the geminal dications, (2) the nature

the anion has a greater influence, with densities in the order of of the dication (e.g., imidazolium versus pyrrolidinium), (3) the
NTf,~ > PR > Br > BF, (Tablesyl and 2 and Figure 3). The substituents and their placement on the dication, and (4) the

decrease in density with increasing alkyl chain length has beennature of the anion. The effect of each of these factors will be
reported previously for a large series of 1-alkyl-3-methylimi- €XPlored in the following discussion.
dazolium ionic liquids:2” Considering first the 3-methylimidazolium-based dicationic
When the methyl group on the three position of the imida- ionic liquids, longer linkage chains result in a lowering of the
zolium ring is replaced with a butyl group, the density decreases Melting points. In all cases except for the geminal dications
for all ionic liquids in the series, regardless of the anion With NTf;~ anions, which were all liquids regardless of the
(compare9—12to 17—20, Table 1). However, by replacing the linkage chain used, compounds containing three and six carbon
hydrogen at the two position of the ring with a methyl group, linkage chains were salts with relatively high melting points.
the density does not appear to change (d@¢and 11 and25 By connecting the 3-methylimidazolium dications with a nonane
and26, Table 1). linkage chain, all samples were room temperature ionic liquids
Melting Points. From this study, four main factors were except for the hexafluorophosphate salt, which had a melting
found to affect the melting points of the various geminal point of 88 °C. When the dications were connected by a
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dodecane linkage chain, however, all compounds were roomlower than those of corresponding salts with other anions. The
temperature ionic liquids. contributions of the linkage chain, and other substituents on the
In addition to the effect of the different length linkage chains geminal dicationic salts, to the number of possible conforma-
connecting the dications, the anion also played a crucial role in tional states (and possibly crystal polymorphs) will be considered
determining the melting point. In nearly every case of the imi- in the crystal structure section of this paper.
dazolium dications, the melting points increased in the following ~ Viscosity. The viscosities of 10 dicationic ionic liquids were
order: NTh~ < BF;~ < PR~ < Br~ (Tables 1 and 2). measured and are shown in Tables 1 and 2. The dicationic salts
The substituents and their position on the imidazolium ring With bis(trifluoromethylsulfonyl)imide anions and linear alkyl
also affected the melting points of these compounds. Consideringchains separating the 3-methylimidazolium dicatiahs5( 10,
17—20, which contain the 3-butylimidazolium dications con- and14) show a nearly linear increase in viscosity with increasing
nected by a nonane linkage chain, the melting points were alkyl chain length. This has previously been observed and
lowered significantly by replacing the methyl group (eel2) discussed with traditional monocationic ionic liquR§g736.37
with a butyl group. In the case df2, which consists of the  As expected, ionic liquids having the Neffanion were much
3-methy|imidazo|ium dications connected by a nonane |inkage less viscous than those with bromide anions. Furthermore, it
chain with the PE~ anion, the melting point is decreased by Can be observed that the addition of a butyl group on the three
nearly 60°C by replacing the methyl groups with butyl groups position of the imidazolium dication (separated by a nonane
to form 20. In addition, methylation of the two positions of the  linkage chain) increases the viscosity compared to the same ionic
imidazolium dications significantly increases the melting point liquid with a methyl group at the three position of the imi-
of these compounds (s€d—27, Table 1). In the case &1, dazolium ring (sed.0 and18). Due to the fact that most of the
which contains the 2,3-dimethylimidazolium dication connected Pyrrolidinium compounds were high melting salts, B5,
by a propane linkage chain, the melting point is nearly 135 consisting of a methyl-substituted pyrrolidinium dication sepa-
higher than that of the corresponding 3-methylimidazolium rated by a nonane linkage chain and the NTdnion, was the
dication also connected by a propane linkage chBinNgo et only RTIL (of the pyrrolidinium-type) and is observed to possess
al. have previously reported the melting points for 1-ethyl-3- @ viscosity similar to that of the methylimidazolium dication
methylimidazolium bromide to be 79, whereas the melting ~ containing a nonane linkage chain (k).
point for 1-ethyl-2,3-dimethylimidazolium bromide was found =~ Tables 1 and 2 indicate that the viscosity ranges for the
to be 141°C, a difference of nearly 62C 35 While the methyl dicationic ionic liquids fall between 240 and 2500 cP at’'80
group on the two position of the imidazolium ring has littte ~Traditional 1-alkyl-3-methylimidazolium monocationic ionic
effect on the surface tension and density of the geminal liquids commonly used in organic synthesis, electrochemical,
dicationic ionic liquids, it is seen to have a profound effect on and analytical studies have reported viscosities ranging from
their melting points, moreso for the dicationic ionic liquids than 40 to 11 000 cP, depending on the length of the alkyl chain of
for the traditional 1-alkyl-3-methylimidazolium ionic liquids. ~the catiort”?8Clearly, the viscosities of the geminal dicationic
Finally, by replacing the 3-methylimidazolium dication with ionic liquids fall within the same range as most of the traditional,

the 3-benzylimidazolium dicatior28—30) and connecting them  Nighly useful, monocationic ILS2"2*Furthermore, it is known

by a dodecane linkage chain, the melting points appear higherthat the viscosities of ionic_ liquids fall precipitously at the
compared to those of the 3-methylimidazolium series, especially €lévated temperatures used in many organic reactidhshould
in the case of the bromide salt. be noted that the higher viscosity ionic liquids are preferable

In general, the melting points of the pyrrolidinium-based for some applications, such as stationary phases forligsid

31
geminal dicationic compounds are significantly higher than those chrSOTa;;[$graQ|[1:. lubility behavi ¢ all 39 inal di
of their corresponding imidazolium analogues. Indeed, only two ol |_|ty: he solu liity behavior of a geminal di-
of their NTf,~ salts can be considered ionic liquids. However, cationic ionic I!qupls n _vvaFer_angI heptane also was explored.
as will be discussed (vide infra), these particular RTILs may None of the dicationic lonic I|_qU|_ds were s_o_luble n heptane.
have the greatest thermal stability and other highly useful and However, most of the lonic liquids coptammg bromide and
interesting properties. tetrafluoroborate anions were soluble in water. Nevertheless,
The melting points for the pyrrolidinium-based dication salts for the tetrafluoroborate ionic liquids, it was found that by using

show trends similar to those of the imidazolium-based salts. In a long linkage chain and a more hydrophobic alkyl substituent

. . ) . on the three position of the imidazole ring (see compouitls
the two cases involving the propane and nonane linkage chains, P g( P

. . - . and19), the solubility of the salt in water decreases. In general,
the melting point decreases as the linkage chain becomes longer, o g . -
. - . S the solubility behavior of the geminal dicationic ionic liquids
However, in contrast to the imidazolium-based dications, the

pyrrolidinium-based dications are still relatively high melting in both water and heptane was quite similar to that of the

solids when separated by a nonane alkyl chain. Additionally, monocationic ionic liquids, with NEf and Pk~ salts being

substituting a butyl group instead of a methyl group on the \I/rvr;trk:"\?v(;?; with water and Brand BR~ salts being miscible

uaternary amine of the pyrrolidinium cation causes a decrease TS . .
guaternary N Py N © In the case of the dicationic ionic liqui2B, which consists

in the melting point for the bromide dication but an increase in . . Co
- ) o S L of the 3-benzylimidazolium dication separated by a dodecane
the melting point for the dications containing bis(trifluoro-

methylSUIfonyl)imide and hexafluorophosphate anions. (35) Ngo, H. L.; LeCompte, K.; Hargens, L.; McEwen, A. Bhermochim. Acta

; i 200Q 357—358 97—102.
From the data in Tables 1 and 2, it appears that Ionger alkyl (36) Fannin, A. A.; Floreani, D. A,; King, L. A.; Landers, J. S.; Piersma, B. J,;

linkage chains and long aliphatic substituents on the quaternary” ~ Stech, D. J.; Vaughn, R. L.; Wilkes, J. S.; Williams, J.JLPhys. Chem.

; : : 1984 88, 2614-2621.
_am_lne_ pr_oduce either low meltlng salts or room _tempe_rature (37) Carpio, R. A;; King, L. A,; Lindstrom, R. E.; Nardi, J. C.; Hussey, C. L.
ionic liquids. Furthermore, the NTf salts have melting points J. Electrochem. S0d.979 126, 1644-1650.
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Figure 4. Thermal stability diagram constructed by immobilizing a thin
film of the ionic liquid on the wall of fused silica capillary, heating under

a constant flow of helium, and detecting volatilization/decomposition
products using an ultrasensitive flame ionization detector. The plot illustrates
the fact that the geminal dicationic ionic liquids {i) have thermal
stabilities much higher than those of conventional ionic liquids-@.

(A) 1-Butyl-3-methylimidazolium chloride (BMIM-CI); (B) BMIM-PE;

(C) BMIM-NTfy; (D) Co(bpy)y—NTf2, 38; (E) Co(mim),—NTf2, 10; (F)
Cia(benzimy—NTf,, 29; (G) Co(mpy)y,—NTf,, 35. .
Figure 6. Packing diagram ofl showing stacks along shoataxis and
linkage chain and bromide anion, the hydrophobicity of the hydrogen bonding.

dication evidently overrides the coordinating nature of the

bromide anion to make this particular ionic liquid insoluble in ="~ )
liquids are observed to range from 330 to 4@ depending

water. This is a good example that the properties of the - ‘ i !
individual cations and anions can be balanced and changed in°" the cation used. The highest thermal stability@0°C) was

order to produce ionic liquids (or solids) with the desired ©Ptained with the &mpy)—NTf (35) ionic liquid (1-meth-
properties and characteristics. ylpyrrolidinium dication separated by a nonane linkage chain),

while the lowest volatilization/decomposition temperature (330
°C) was observed for thebpy)y—NTf, (38, 1-butylpyrroli-
( dinium dication separated by a nonane linkage chain) ionic
liquid. The maximum thermal stabilities ob@nim),—NTf, (10,
1-methylimidazolium dication) and @&benzim}—NTf, (29,
3-benzylimidazolium dication separated by a dodecane linkage
chain) were observed to be nearly identical (3360 °C). In
most cases, slight to moderate decomposition/volatilization of

ever, the thermal stabilities of the geminal dicationic ionic

Thermal Stability. The thermal stabilities of the geminal
dicationic ionic liquids were found to be significantly higher
than those that have been observed for many traditiona
imidazolium-based ionic liquids. Thermal stabilities were
measured by immobilizing an approximate 0-1520um film
of the ionic liquid on the inner wall of a fused silica capillary.
The capillary was then heated slowly in an oven, and a very

sensitive flame ionization detector (or mass spectrometer) was eeEe ST .
used to detect any volatilization or decomposition of the ionic th€ dicationic ionic liquids was observed at these high temper-

liquid. There are several advantages of using this setup to2tures. However, due to charring of the polyimide coating on
measure the thermal stabilities of ionic liquids. The thermal the outside of the fused silica capillary tubing at these high
stability is measured in the absence of oxygen by purging the [€Mperatures, the ionic liquids were only tested up to %00
capillary with a continuous flow of an inert gas, such as helium, ~ While the physical and thermal properties of the dicationic
hydrogen, or nitrogen. In addition, the detection limit of the ionic liquids are quite impressive, another interesting fact is that
detector is very low {10 ppm to 10 ppb, depending on the Some of these compounds possess useful liquid ranges in excess
compound), allowing for very sensitive detection of any 0f 400°C, and one of these ¢g@npy),—NTf,, 35 has a stable
thermally induced decomposition/volatilization products from liquid range of about-4 to >400 °C. This property will

the ionic liquid. Finally, this approach can use mass spectrometry undoubtedly ensure their use for a wide variety of applications
detection to determine the likely volatilization/decomposition in which this large liquid range and high thermal stability can
products. be exploited.

Figure 4 shows a thermal stability diagram containing three  Crystal Structures of Geminal Dicationic lonic Liquids.
traditional ionic liquids and four dicationic ionic liquids. The Three crystal structures were obtained for two of the gem-
traditional ionic liquids have thermal stabilities ranging from inal dicationic bromide salts. They ares@im),—Br (1),

145 (1-butyl-3-methylimidazolium chloride) to 18& (1-butyl- Cs(mpy)x—Br (31), and a hydrated version of compouBid
3-methylimidazolium bis(trifluoromethylsulfonyl)imide). How-  containing two water molecules per each dication molecule,
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referred to as compouriLh. A summary of the crystal data is
given in Table 3 (see Experimental Section).

As shown in Figure 5, the [ffmim);]2" dication 1 has a
highly twisted configuration with two aromatic rings almost
perpendicular to the £blane (angles of CSC6CMN1C2N2C3C4
and C5C6C7#C8CI9N4C10N3 are 92.1(6) and 106.8(7)
respectively). It should be mentioned that the only other structure
found with this configuration is a propeller-like trication of 1,1,1-
tris((3-methylimidazolium-1-yl)methyl)ethane tribromiéfeThe
geometrical parameters of the aromatic rings for both structures
are in good accord with each other except that the angle in
between the two methylimidazolium rings is much smaller rg e g packing diagram along the-axis, showing intermolecular
(21.5°). The crystal structure df consists of zigzag bands of interactions in31h.
molecules along the crystallograplui@xis (see Figure 6). Those
bands are formed by separated stacks of isolated dications ancgshown in Figure 9 and Table 4. Surprisingly, such diversity in
bromide anions joined with hydrogen bonds typical for RTILs the shapes of the cations together with a complicated hydro-
(this will be discussed further, vide infra). It should be mentioned gen-bonding network with six structurally independent bro-
that the stacks are oriented along the short crystallographic mide counterions leads to a very simple packing pattern with a
a-axis (5.0921(7) A), which is typical for segregated structures three-dimensional catieranion alternation, as illustrated in
with sr-interactions of aromatic rings. Charge-transfer complexes Figure 10.
and ion-radical salts of tetrathiafulvalene (TTF) derivatives are ~ As mentioned previously, the dicationic class of ionic liquids
very well-known examples of such packing modes. has an important use because of their stability at wide ranges

The results of the X-ray analysis of compoufdh (the of temperature and unique liquid properties. Many of these
hydrated version of compour@ll) show the existence of the liquids have unpredictably low temperatures of seliguid
[Cs(mpy)]3* dication, two bromide counterions, and two solvent transformation, which from a fundamental standpoint, depends
water molecules in the asymmetric unit of a noncentrosymmetric on the energy of their crystal lattice. There are well-known and
triclinic cell. To the best of our knowledge, this is the first rather crucial barriers to precisely calculating these energies (i.e.,
structural information on this dication. When the nonaromatic the true determination of atorratom potentials). On the other
rings are joined to the ends of the; Goiety, the resulting hand, the accurate measurement (required for comparison) of
molecule (see Figure 7) exhibits an elongated shape with two solid—liquid transformation temperatures for this family of ionic
nitrogen atoms laying almost on the @lane (N1 and N2 are  compounds also has difficulties. The transformation is not sharp
displaced to opposite sides 0.100 and 0.109 A, respectively,in time, and the peaks on DSC curves become very broad.
from this plane), contrary to the dication Inn the crystal of Formally speaking, the temperature of this transformation can
31h (shown in Figure 8), the dications, bromide counterions, be very different from the true melting point, which is the
and solvent water molecules participate in a hydrogen-bonding temperature of thermodynamic equilibrium between solid and
network in which bromide anions are connected with three of liquid states. RTILs can be very viscous liquids, which illustrates
four H-atoms of water (strong interaction,-BH distances are  the high extent of association in the liquid. In this case, some
in a range of 2.4132.416 A) and hydrogen atoms of cations parts of the crystal structure could exist even in liquid as close-
(weak interaction, distances 2.962.992 A). In addition, two ordered moieties. This becomes even more complicated, how-
structurally independent water molecules are also bonded. All ever, if one considers the formation of different polymorphs
details of hydrogen bonding are summarized in Table 5. with different melting pointg?®

Most interestingly, there were three structurally independent  The energy of the crystal lattice mainly depends on interionic
Cs(mpy)—Br molecules found in an asymmetric unit of the forces, molecular symmetry, and the conformational degrees
orthorhombic cell for compoun81. As a matter of fact, all of the freedom of the molecufé.As was shown in this paper,
three dications adopt absolutely different conformations, as [Cs(mpy)]?" can adopt four different conformations in the

(38) Hu, X.; Tang, Y.; Gantzel, P.; Meyer, IQrganometallic2003 22, 612— (40) Holbrey, J. D.; Reichert, W. M.; Nieuwenhuyzen, M.; Johnston, S.; Seddon,
614. K. R.; Rogers, R. DChem. Commur2003 1636-1637.
(39) Bryce, M. R.Chem. Soc. Re 1991, 20, 355-390. (41) Dearden, J. CSci. Total Emiron. 1991, 59, 109-110.
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Figure 9. Ball-and-stick representation of three structurally independeftrify)]2* dications in the structure of compouBd, showing atomic numbering.
Hydrogen atoms were omitted for clarity. Selected geometrical parameters are summarized in Table 4.

crystal. The reason for this is the extremely high flexibility of 0
the cation because of the rather distant positions of the two
charged five-membered rings and a rotation freedom around
each of four single bonds in the;®&; moiety in31hand31. It
should be mentioned that all four conformations have almost
planar NC3 moiety, leading to an elongated shape of the cation.
Generally speaking, the j@nim),]2" cation in1is very similar
electronically to [G(mpy)]?", however, it adopts a space-saving
twisted conformation. One of the possible reasons for this
difference is the additional intermolecular interactions in the
crystal packing ofl, showing strong intramolecular—=x
stacking between aromatic rings. This interaction can be also
responsible for the significant difference in temperature of
solid—liquid transformation (5XC for 31 and 162°C for 1).

It was stated that the stability of RTILs depends on the
strength and the amount of interionic forces. In our case, the
only possible kind of interaction can be -BH—C weak
hydrogen bonding. Usually, the threshold for significance of
Br--+H interaction lays closeot3 A (van der Waals radius of
Br and H are 1.85 and 1.20 A, respectivelyA summary of

Figure 10. Perspective projection of the structure3df showing 3-D array

the hydrogen bonding is shown in Table 5. of cations and anions bounded by hydrogen bonding. The intermolec-
ular contact of Br+H with less than 3.05 A have been shown with dashed
(42) Bondi, A.-J.J. Phys. Chem1964 68, 441—453. lines.
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Table 6. Comparison of Interaction Parameters between Monocationic and Dicationic lonic Liquids
Interaction Parameters?
T(°C) c r s a b / n R? F
C4(mim)2—NTf2
40 —2.94 0.25 2.01 211 0.50 0.56 33 0.99 356.70
(0.13) (0.09) (0.12) (0.11) (0.13) (0.03) (0.11)
70 —291 0.22 1.78 1.77 0.45 0.44 32 0.99 370.42
(0.11) (0.10) (0.11) (0.09) (0.14) (0.03) (0.09)
100 —3.06 0.20 1.69 1.57 0.33 0.37 31 0.98 253.79
(0.13) (0.09) (0.10) (0.08) (0.13) (0.03) (0.09)
Co(mim),—NTf (10)
40 —2.86 0.16 1.81 1.83 0.47 0.62 32 0.98 257.15
(0.14) (0.11) (0.14) (0.10) (0.17) (0.04) (0.12)
70 —2.95 0.11 1.76 1.75 0.20 0.51 33 0.99 644.20
(0.09) (0.07) (0.08) (0.07) (0.10) (0.02) (0.07)
100 —3.06 0.11 1.64 1.50 0.15 0.43 32 0.99 545.32
(0.08) (0.06) (0.07) (0.06) (0.09) (0.02) (0.07)
BMIM-NTf 50 (1 butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide)
40 —2.87 0 1.89 2.02 0.36 0.63 33 0.99 459.64
(0.10) (0.08) (0.10) (0.10) (0.12) (0.03) (0.09)
70 —3.03 0 1.67 1.75 0.38 0.56 35 0.99 413.65
(0.09) (0.08) (0.09) (0.09) (0.11) (0.02) (0.09)
100 —-3.13 0 1.60 1.55 0.24 0.49 32 0.98 240.13
0.12) (0.09) (0.10) (0.10) (0.12) (0.03) (0.09)
Co(mpy)—NTf2 (35)
40 —2.83 0.27 1.71 1.98 0.32 0.62 30 0.99 377.84
0.12) (0.10) (0.12) (0.10) (0.15) (0.03) (0.10)
70 —2.85 0.34 1.52 1.65 0.35 0.48 32 0.99 419.32
(0.11) (0.09) (0.11) (0.08) (0.13) (0.03) (0.09)
100 —2.99 0.23 1.49 1.48 0.15 0.42 30 0.99 339.79
(0.10) (0.09) (0.10) (0.08) (0.14) (0.03) (0.08)
BMPY—NTf,° (1-butyl-1- methylpyrrolldlnlum bis(trifluoromethylsulfonyl)imide)
40 —2.78 0 1.69 2.0 0.16 0.68 34 0.98 321.99
(0.11) (0.09) (0.11) (0. 12) (0.14) (0.03) (0.11)
70 —2.80 0 1.53 1.78 0 0.56 34 0.99 393.23
(0.10) (0.08) (0.09) (0.08) (0.11) (0.02) (0.09)
100 —2.92 0 1.44 1.55 0 0.48 32 0.99 358.08
(0.09) (0.07) (0.08) (0.07) (0.09) (0.02) (0.08)
Cia(benzim)—NTf, (29)
40 —2.94 0.11 1.65 1.96 0.84 0.66 33 0.99 522.89
(0.11) (0.08) (0.11) (0.08) (0.13) (0.03) (0.08)
70 —3.07 0.07 1.62 1.75 0.57 0.56 30 0.99 888.94
(0.08) (0.05) (0.08) (0.06) (0.09) (0.02) (0.06)
100 -3.12 0 1.47 1.44 0.52 0.46 30 0.99 478.94
(0.09) (0.04) (0.09) (0.06) (0.10) (0.02) (0.07)

aTher = interaction via nonbonding and-electronss = dipolarity/polarizability,a = hydrogen bond basicitys = hydrogen bond acidity,= dispersion
forces,n = number of probe molecules subjected to multiple linear regression andysisstatistical correlation coefficienk = Fisher coefficient. Values
in parentheses are the standard deviations for each interaction pardhvetieies taken from ref 31.

The arrangement of cationsinions in31 is much more molecules used in the study are presented in the Supporting
symmetrical, and each anion has more contacts with cations ininformation.
comparison with the structure 8fLh, where the water solvent
molecules are joined with each other and the cations by
traditional Br--H—O and G--H—O strong hydrogen bonds.
Therefore, the soligtliquid transition point of hydrated modi-

logk=c+rR,+ sz, + b, +llogL® (1)

The solvation properties of four dicationic ionic liquids (see
fication is lower (~44°C). No H—0----H—C shortened contacts = Table 6) were evaluated and the interaction parameters compared
were observed. to those obtained for their traditional monocationic analogues
Solvation Characteristics.We have previously reported that  1-butyl-3-methylimidazolium and 1-butyl-1-methylpyrrolidinium
the Abraham solvation model, a linear free energy approach ionic liquids. Nearly all interaction parameters of the dicationic
that utilizes inverse gadiquid chromatography to describe the ionic liquids, G(mim),—NTf, and G(mim),—NTf, (10), are
solvation properties of a liquid, can be used to characterize roomsimilar to those of the corresponding monomer-type ionic
temperature ionic liquid¥ Described by eq 1, the model liquids, 1-butyl-3-methylimidazolium bis(trifluoromethylsulfo-
provides the so-called “interaction parameters’s(a, b, I) by nyl)imide. This is also observed for the pyrrolidinium dication,
using multiple linear regression analysis to fit the retention factor Co(mpy)—NTf, (35), as it differs from the monomer-type
(k, determined chromatographically) to the solute descriptors analogue (1-butyl-1-methylpyrrolidinium bis(trifluoromethyl-
(Ra, oM oM, M, log L19) for a wide variety of probe solute  sulfonyl)imide). This indicates that the well-known and highly
molecules. Complete experimental details and a list of probe useful solvation properties of traditional RTILs are very similar
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to those of the geminal dicationic RTILs. The only interaction small variation in the surface tension was observed when
parameter that is statistically different between the three ionic different length linkage chains were used to connect the
liquids is the ‘t” interaction parameter, namely, the ability of dications; however, the length of the substituted alkyl group
the ionic liquid to undergor—s and n—uxr interactions with on the imidazolium ring appears to decrease the surface tension
probe solute molecules. Because the pyrrolidinium cation is not with increased length. For the bis(trifluoromethylsulfonyl)imide
aromatic, the higher values may be due to the anion as each dicationic salts, the viscosity generally increased when a longer
anion contains two sulfone groups that are capable of undergoingalkyl chain was used to separate the dications. The addition of
such interactions. However, this was not observed for the a |onger alkyl group at the three position of the imidazolium
traditional ionic liquids evaluated previously in our stugly. ring also provided ionic liquids with higher viscosities. The
Finally, the interaction parameters for the 3-benzylimidazo- solubility of the geminal dicationic ionic liquids in water and
lium geminal dication separated by a dodecane linkage chainheptane appears very similar to that of the traditional mono-
with the NTf,~ anion @9) appear similar to those observed cationic ionic liquids, with the exception of one case in which

previously for 1-benzyl-3-alkylimidazolium ionic liquids. How-  the dication was very hydrophobic, thereby rendering its bromide
ever, the hydrogen bond acidity terpjs larger for the geminal g5t immiscible with water.

dicationic ionic liquid. This may be due to the increased acidity
of the proton at the two position of the imidazolium ring induced
by the electron-withdrawing benzyl grodp.

Three crystal structures of two dicationic ionic liquids indicate
that the [G(mpy)]¢" dication can adopt four different confor-
mations in the crystal, resulting in high flexibility of the cation
Conclusions and the possibility of forming many polymorphs. In the case of

Room temperature ionic liquids continue to be an extensively the G(mpy)—Br salt, the thre_e different _conformauons n the
studied group of multipurpose compounds. A new class of 39 S{ngle.cry.stal lead to a very simple packlng pattern desp!te the
ionic liquids were synthesized that employ an alkyl linkage chain diversity in the shapes of the cations and the complicated
separating imidazolium and pyrrolidinium cations with tradi- hydrogen-bonding network.
tional anions (i.e., Br, NTf,~, BF;~, and Pk~). These new
geminal dicationic ionic liquids possess many interesting
crystalline and physicochemical properties. The thermal stabili-
ties of the geminal dicationic ionic liquids are greater than those
of most traditional monocationic ionic liquids. In fact, one ionic
liquid was found to possess a liquid/stability range of over 400
°C. This may be one of the most extensive ranges ever reportedC
for organic compounds.

When longer linkage chains are used to separate the dications
a decrease in the melting point was observed for most ionic
liquids. This may be related to an increase in the number of
closely related configurational states and possibly crystalline
polymorphs for these compounds. However, the density of the
ionic liquids decreased with increasing linkage chain length. A JA046521U
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