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a b s t r a c t

A series of four imidazolium salts containing increasing lengths of fluoroalkyl substituents was syn-
thesized. The three that exist as molten salts at 296 K were tested for their gas separation properties
O2

luorinated
upported ionic liquid membrane

relating to CO2, O2, N2 and CH4 using a supported ionic liquid membrane (SILM) configuration. These
fluoroalkyl-functionalized room-temperature ionic liquids (RTILs) were found to exhibit ideal selectiv-
ities for CO2/N2 separation that were lower than their alkyl-functionalized analogues, but higher ideal
selectivity for CO2/CH4 separation. The differences in performance of fluoroalkyl-functionalized RTILs
relative to their alkyl-functionalized counterparts are explained through the use of solubility parameters,
group contributions and in context of the classically observed deviations of fluorocarbons from “regular”

solution behavior.

. Introduction

Perhaps the most advantageous feature of room-temperature
onic liquids (RTILs), especially those containing imidazolium
ations, is that they can be readily tailored with a variety of organic
ppendages [1–10]. These unique solvents provide scientists and
ngineers with unprecedented opportunities to incorporate spe-
ific functionalities into solvents and working fluids. As RTILs are
on-volatile [11], thermally stable [12], largely inflammable [13],
nd many are of relatively low viscosity [14], they have gained atten-
ion as potential replacement media for volatile organic compounds
VOCs) in a variety of applications, especially gas separations
2,3,5,7,15–30].

A great deal of work has been devoted to understanding the
ehavior of CO2, and to a lesser extent, light gases (N2, CH4, O2,
2), acid gases (SO2, H2S) and small organics (C2H6, C3H8, etc.) in
midazolium-based RTILs [2,3,5,7,15–30]. Fig. 1a contains a depic-
ion of imidazolium-based RTILs, where R1, R2 and X are chosen
rom a virtually endless matrix of possibilities capable of produc-
ng molten salts at ambient conditions. Fig. 1b displays the structure
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of widely used RTILs, the family of 1-n-alkyl-3-methylimidazolium
bis(trifluoromethane)sulfonimide salts, herein collectively referred
to as [Cnmim][Tf2N] RTILs.

The study of imidazolium-based RTILs for gas separations
has proceeded with three distinct approaches: direct solubility
measurements, modeling and supported ionic liquid membranes
(SILMs) [2,5,7,15–30]. The most direct route for obtaining infor-
mation on the behavior of gases in RTILs has been to measure
the ideal (single) gas solubility of a particular species in an RTIL
[2,5,7,15–17,19–23,27–30]. These data have been obtained at low
and high pressures and varying temperatures using pressure-decay
techniques, microbalances and other equipment. Methods such as
these have proven reliable for consistently obtaining accurate solu-
bility values for gases in RTILs, especially for those species with high
solubility (i.e. CO2, SO2). However, as there are perhaps trillions of
RTILs that can be synthesized, the experimental determination of
gas solubility in each possible fluid represents an impossible task. As
such, several groups have presented models using thermodynamic
principles such as regular solution theory (RST), equations of state,
molecular dynamics or group contributions as predictive guides
[16,17,19,20,22,23,28]. By determining just a few physical proper-
ties of the RTIL, and accounting for the chemical groups within the
structure of the molecule, researchers can obtain predictive infor-

mation on solubility, diffusivity and gas pair solubility selectivity.
However, these methods have currently been applied to only a few
gases of interest (primarily CO2, N2 and CH4) and temperatures at or
near ambient. Thus, there is still much room to expand the data sets
used to formulate the models for the behaviors of gases in RTILs.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:gin@spot.colorado.edu
mailto:nobler@colorado.edu
dx.doi.org/10.1016/j.cej.2008.11.021
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Table 2
Tabulated group contributions to solubility parameter for chemical functionalities
of interest to this work.

Functional group Fj (MPa1/2 cm3 mol−1)

–CH2– 272
ig. 1. Generalized structure of imidazolium-based RTILs (a) and representa-
ive structure of 1-n-alkyl-3-methylimidazolium bis(trifluoromethane)sulfonimide
Cnmim][Tf2N] RTILs (b).

The third approach to determining the properties of gases in
TILs has been to employ an SILM configuration [15,24–26,29]. By

mpregnating an RTIL of interest into a porous polymer or inor-
anic support, information can be readily and rapidly obtained
egarding the gas permeability and gas pair selectivity of the RTIL.
here has been interest in the use of SILMs for acid gas separations,
s certain RTILs are highly permeable and selective for CO2 and
O2 [15,24–26,29]. The ability of RTILs to be stabilized in a highly
ermeable thin film may prove valuable for industrial natural gas
sweetening” and carbon capture applications. In the long-term,
ILMs are perhaps more attractive than bulk-fluid RTILs and pres-
ure swings for the separation of CO2 or SO2. SILMs can be formed
ith much smaller amounts of RTILs than it would take to process

he same volume of gas using absorptive methods. However, the
tability of current materials under the conditions of industrial pro-
esses (high temperatures and pressures) is of concern [24–26,29].
egardless of whether they are eventually adopted for large-scale
rocesses, SILM techniques will remain valuable research tools for
nderstanding gas separations in RTILs.

We have previously demonstrated that polar groups such as
thers and nitriles [2,16], when tethered to imidazolium cations,
an increase CO2/N2 and CO2/CH4 selectivity relative to analogous,
midazolium-based RTILs with alkyl chains tethered to the cation.
xamination of the gas separation properties of imidazolium-based
TILs through calculation of solubility parameters (ı) has aided

n our understanding of the gas pair selectivity trends associ-
ted with functionalization of the imidazolium cation with various
hemical substituents [16]. The difference in values of ı for any
olvent–solute pair serves as an indication of their mutual mis-
ibility [16,20,21,27,31–34]. In general, the solubility (S) of a gas
n a particular solvent is inversely proportional to the square of
his difference (Eq. (1)), where 1 is the solvent and 2 is the gas
16,20,21,27,31–34].

2,1 ∝ 1

(ı1 − ı2)2
(1)

Widely accepted values of ı for many gases and organic sol-
ents have been tabulated over several decades [31–35]. Values
or the gases of interest to this work are presented in Table 1.

e are choosing to use a value of 21.8 MPa1/2 for CO2, which has
een convincingly demonstrated to better capture the trend of CO2
olubility in a wide variety of organic solvents. Solubility of CO2
n these solvents was demonstrated to be at a maximum when
= 21.8 ± 0.2 MPa1/2 [34] and differs from the traditionally used

alue of 12.2 MPa1/2 [35].

As RTILs are relatively novel compounds and can feature a mul-
itude of interchangeable chemistries, values of ı are not available
or the large majority of even the more common of these ionic sol-

able 1
olubility parameters (ı) at 298 K for gases of interest to this work.

as ı (MPa1/2)

O2 21.8
2 5.3
2 8.2
H4 11.6
–CH3 473
–CF2– 307
–CF3 561

vents. Furthermore, ı is traditionally calculated using the enthalpy
of vaporization for liquids [31]. This is much more difficult to do
with RTILs, as they have a real, but extremely small vapor pres-
sure. Only a few papers thus far have focused on determining these
constants for a limited set of RTILs [16,36–38]. We sought to find
a method to approximate reasonable values of ı for imidazolium-
based RTILs that currently exist as well as those that have not yet
been synthesized [16]. To this end, we employed group contribu-
tion methods, such as those that have long been used to calculate
solubility parameters for polymers and liquid solvents [16,33,39].
The solubility parameter of a molecule is a function of the sum of
the various chemical group contributions (Fj) existing within the
molecule divided by the molar volume of the molecule (Eq. (2))
[16,33,39].

ıi =
∑

jFj

Vm
(2)

Values of Fj for a large number of chemical groups have been
tabulated by Hoy and Small and are available in reference manu-
als [39]. Group contributions relative to molecules analyzed in this
study are presented in Table 2.

Tabulated group contributions such as those above, and liter-
ature data relating to experimentally determined values of ı for
several RTILs of the family [Cnmim][Tf2N], were used to arrive at a
value for the group contribution of the ionic pair, which was defined
as that of five-membered cation ring, its protons, and its anion part-
ner [16]. The average value obtained for the cationic ring-anion pair
was 6330 MPa1/2 cm3 mol−1 [16]. While this value appears much
larger than a typical value of Fj, it is also a far more complex sys-
tem than is typically examined [16,33,34,39]. Furthermore, as our
work focuses on the effects of substituents on gas separations in
imidazolium-based systems, we feel it is appropriate to lump the
cationic ring and anion together, as their chemical structures have
remained unchanged as various functionalities have been system-
atically appended [2,16]. Furthermore, tabulated Fj values for ionic
groups are not available, and determining the specific Fj-values for
an imidazolium cation and various anions is beyond the scope of
this or our previous work [16].

In each of the RTIL compounds to which we have applied
group contributions, there is consistently a methyl group bound
to one nitrogen atom in the ring and a methylene (–CH2–) link-
age to the other. Only the chemistry beyond this methylene
linkage has been changed. However, the nature of the chem-
ical groups beyond the methylene group can have significant
impact on solubility parameter of the RTIL, and in turn, gas
separation properties. Tethering of polar groups such as termi-
nal nitriles (–C N, F = 725 MPa1/2 cm3 mol−1) [16,39] and ethers
(–O–, F = 235 MPa1/2 cm3 mol−1) [2,16,39] to the imidazolium ring
resulted in RTILs with higher densities, smaller molar volumes and
in turn, larger solubility parameters than their alkyl-functionalized
counterparts. These two classes of RTILs with polar appendages

◦
exhibited CO2/N2 and CO2/CH4 solubility selectivities (at 40 C)
significantly greater than predicted by our previous simple RST
models [2,16,17,19,20,27]. Those RST models employ the molar
volume of the RTIL as the sole predictor of gas solubility and
gas pair solubility selectivity at a given temperature [17,19,20,27].
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Fig. 2. Structure of RTILs containing fluoroalkyl substituents.

owever, the trends in CO2/N2 and CO2/CH4 solubility selectivity in
he ether- and nitrile-functionalized RTILs can be well-rationalized
y accounting for the influence of chemical contributions to the
olubility parameters of RTILs with similar molar volumes.

While fluoroalkyl chains attached to RTILs have been synthe-
ized and/or studied in other works [7,8,40,41], those studies have
ocused only on the solubility of CO2 with little attention given
o the effects of fluorination of the behavior of other gases or gas
air selectivity [7,40,41]. As shown in Table 2, fluorocarbon groups
ave smaller contributions to solubility parameters than hydrocar-
on groups, thus the solubility parameter of RTILs with fluoroalkyl
ubstituents would expected to be lowered, especially if the den-
ity of those RTILs increased. As fluoroalkyl-functionalized RTILs
re of much greater molecular weight and expected to be denser
han their alkyl-functionalized counterparts, smaller values of ı
ould be expected (Eq. (2)). Based on this trend, these RTILs should
ave lowered CO2/N2 selectivity relative to the other RTILs that
e have studied [2,16,17,19,20]. The direction of CO2/CH4 selec-

ivity in fluoroalkyl-functionalized RTILs is not as predictable, as
ydrocarbons (i.e. CH4) often exhibit anomalous behavior in fluo-
inated solvents, and their miscibility can differ significantly from
he predictions of RST models [31,42–44].

Fig. 2 illustrates the structure of imidazolium salts with fluo-
oalkyl groups synthesized and used in this work.

Fluoroalkyl groups, when present in polymers (e.g. polyte-
rafluoroethylene), are known to exhibit enhanced solubility of
ases relative to their hydrocarbon counterparts (e.g. polyethylene)
45–48]. However, as these fluorinated materials improve the sol-
bility of all gases, the solubility selectivity of the polymers can
e diminished relative to analogous hydrocarbon-based polymers
39,45–47].

As fluoroalkyl groups can be readily tethered to imidazolium
ations, the inclusion of these groups in RTILs for the potential
nhancement of CO2 solubility is of great interest [7,8,40,41]. Two
eports regarding the solubility of CO2 in compounds described by
ig. 2 (n = 3, 5) have already been published [7,41]. The more recent
aper [7] presents data suggesting that inclusion of fluorinated
roups on the imidazolium cation serves to improve CO2 solubility
elative to RTILs with alkyl substituents, as a lower Henry’s constant
as obtained for the fluoroalkyl-functionalized RTILs. However,
O2 solubility alone is not the only factor that must be consid-
red when designing RTILs. Many industrial processes require that
O2 be separated from other gases, and as such, the selectivity of
n RTIL in CO2/N2 and CO2/CH4 separations should also be exam-
ned. The prior works involving RTILs with fluorinated groups did
ot address the separation performance of this class of materials
7,41]. The affinity of these RTILs for CO2 relative to N2 and CH4 has
emained unknown. Furthermore, the behavior of O2 in these RTILs
s also of interest, as fluorocarbons are known to show an affinity
or O2, and have even been suggested as blood substitutes [49,50].
dditionally, little focus has been devoted to the behavior of O2 in
TILs, with only a small data set existing in the current literature
21,51–54].

In the past, we have employed a pressure-decay technique to

easure gas solubility in RTILs of interest [2,16,17,19,20,27]. As we

re most interested in gas separation performance, and the sol-
bility of CO2 has already been reported in these fluids [7], we
ave instead chosen to employ a supported ionic liquid membrane
SILM) configuration [24–26,29]. The SILM configuration has been
g Journal 147 (2009) 43–50 45

used to determine low-pressure gas permeability and gas pair selec-
tivity in RTILs [24,29]. It is also a useful tool for the evaluation of
gas behavior in viscous RTILs, as only a very thin, supported film is
needed to obtain information on gas transport properties [25,26].
The timescales of SILM experiments are governed by the time lag of
the membrane, which is typically on the order of seconds or min-
utes for supported liquid films with thicknesses of 1–1000 �m. The
time lag (�i) is related to the diffusivity of the gas (Di) and membrane
thickness (l) (Eq. (3)).

Di = l2

6�i
(3)

Data on the steady-state permeability of the SILM is obtained
beyond 3× the time lag [24–26]. The SILM technique can be rapid
and powerful for determining permeability, solubility, diffusion and
gas pair selectivity in RTILs [24–26,29].

In this work, we present a thorough synthetic method for
imidazolium-based salts with fluorinated groups tethered to the
cation. We have used this method to synthesize four materials,
three of which exist as molten salts at ambient conditions. These
three RTILs were used in an SILM configuration and tested for
their ideal (single gas) permeability to CO2, N2, O2, and CH4 at
driving forces near 1 atm. Fluoroalkyl-functionalized RTILs were
found to exhibit ideal separation selectivities significantly lower
than their alkyl-functionalized analogues. This behavior can be
explained in the context of fluorocarbon deviation from “regu-
lar” solution behavior and solubility parameters. Furthermore, the
solubility of CO2 in fluoroalkyl-functionalized, imidazolium-based
RTILs is found to be only slightly greater (<10%) than in analogous
alkyl-functionalized RTILs.

2. Experimental

2.1. Materials

All chemicals were used as received. All fluorinated compounds
were obtained from SynQuest Labs (Alachua, FL USA). All other
chemicals were obtained from Sigma–Aldrich (Milwaukee, WI
USA). All gases were obtained from Air Gas (Radnor, PA USA) and
were of at least 99.99% purity.

2.2. Synthesis of imidazolium salts containing fluorinated
substituents (1a–d)

Our method for the synthesis (Scheme 1) and purification of
imidazolium salts containing fluoroalkyl substituents has been
modified from literature methods [7,8].

2.2.1. Typical reaction procedures
1-Iodo-1H,1H,2H,2H-perfluorooctane (25.00 g, 43.6 mmol) was

dissolved in toluene (40 mL). 1-methylimidzole (3.93 g, 48.0 mmol)
added and the reaction heated at reflux (110 ◦C) under argon for
16 h. After this time, a separate liquid phase had formed on the bot-
tom of the flask. Upon cooling to room temperature, the lower phase
had solidified. Toluene was carefully decanted and the remaining
solid broken up and stirred in Et2O (250 mL) until a powder was
obtained. The solid product was filtered and washed with Et2O
(500 mL). It was then dried under vacuum (<500 mtorr) overnight.

The solid, crude product was dissolved in deionized H2O
(100 mL) at 65 ◦C. Lithium bis(trifluoromethane)sulfonimide
[LiTf2N], (12.52 g, 43.6 mmol) was added and the reaction stirred

for 3 h. After this time, the product was taken up in EtOAc (250 mL)
and washed with deionized H2O (4 × 150 mL). AgNO3 was added
to the separated H2O phase after the fourth washing to confirm
iodide anions were no longer present. The organic phase was
dried over MgSO4, and activated carbon was added to remove
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most widely-studied RTILs in gas separations [17,19,20,23–25,27].
The permeability of CO2 in SILMs of [C2mim][Tf2N] is reported
as ∼1000 Barrers at a trans-membrane pressure differential of
19 kPa [24]. These SILMs exhibited a trend of decreasing perme-
ability with increasing pressure [24]. At a driving force of ∼85 kPa,

Table 3
Physical properties (296 ± 1 K) of imidazolium salts containing perfluoroalkyl
substituents.
Scheme 1. Synthesis of imidazolium s

olored impurities. The mixture then was filtered through a plug
f basic alumina. The filtrate was reduced by rotary evaporation
nd furthered dried under vacuum at 65 ◦C overnight to produce a
lear, colorless oil.

There are two exceptions to this synthetic method. In the case
f compound 1a, the crude iodide salt did not crystallize, and it was
dded directly to deionized H2O. Compound 1d is a solid at room
emperature, with a melting point of 30.8–31.1 ◦C.

1-Methyl-3-(3,3,4,4,4-pentafluorohexyl)-imidazolium
is(trifluoromethane)sulfonimide 1a: Yield = 18.78 g, 40.4% 1H
MR (400 MHz, DMSO-d6) ı 2.93 (m, 2H), 3.87 (s, 3H), 4.55 (t, 2H),
.68 (t, 1H), 7.85 (t, 1H), 9.21 (s, 1H); 19F NMR (376 MHz, DMSO-d6)
−118.11 (t, 2F), −86.07 (s, 3F), −79.66 (s, 6F). FT-IR: 3162 cm−1,

125, 3106, 1580, 1568, 1467, 1433, 1352, 1281. HRMS: calculated
s [A]+[A]+[B]− = 738.0695, found = 738.0706

1-Methyl-3-(3,3,4,4,5,5,6,6,6-nonafluorohexyl)-imidazolium
is(trifluoromethane)sulfonimide 1b: Yield = 14.55 g, 35.5% 1H NMR
400 MHz, DMSO-d6) ı 2.99 (m, 2H), 3.86 (s, 3H), 4.56 (t, 2H), 7.71
t, 1H), 7.87 (t, 1H), 9.19 (s, 1H); 19F NMR (376 MHz, DMSO-d6)
−126.21 (t, 2F), −124.60 (d, 2F), −114.01 (s, 2F), −81.07 (s, 3F),
79.24 (s, 6F). FT-IR: 3161 cm−1, 3125, 3103, 1579, 1568, 1468, 1433,
405, 1352, 1333. HRMS: calculated as [A]+[A]+[B]− = 938.0568,
ound = 938.0626.

1-Methyl-3-(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorohexyl)-
midazolium bis(trifluoromethane)sulfonimide 1c: Yield = 20.05 g,
4.7% 1H NMR (400 MHz, DMSO-d6) ı 2.99 (m, 2H), 3.86 (s,
H), 4.56 (t, 2H), 7.71 (t, 1H), 7.87 (t, 1H), 9.19 (s, 1H); 19F NMR
376 MHz, DMSO-d6) ı −126.21 (t, 2F), −124.60 (d, 2F), −114.01
s, 2F), −81.07 (s, 3F), −79.24 (s, 6F). FT-IR: 3161 cm−1, 3125,
104, 1579, 1568, 1468, 1433, 1352, 1333. HRMS: calculated as
A]+[A]+[B]− = 1138.0440, found = 1138.0469.

1-Methyl-3-(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-
eptadecafluorohexyl)-imidazolium bis(trifluoromethane)sulfonimide
d: Yield = 15.40 g, 54.6% 1H NMR (400 MHz, DMSO-d6) ı 2.98 (m,
H), 3.86 (s, 3H), 4.55 (t, 2H), 7.71 (t, 1H), 7.86 (t, 1H), 9.19 (s,
H); 19F NMR (376 MHz, DMSO-d6) ı −126.55 (t, 2F), −123.85
s, 2F), −123.23 (s, 2F), −122.43 (s, 4F), −122.17 (s, 2F), −113.90
t, 2F), −81.07 (t, 3F), −79.40 (s, 6F). FT-IR: 3160 cm−1, 3122,
105, 1578, 1568, 1351, 1332, 1291, 1207. HRMS: calculated as
A]+[A]+[B]− = 1338.0312, found = 1338.0393.

.3. Determination of RTIL density and calculation of relevant
hysical properties

Densities for the three ambient temperature liquids synthesized
ere determined by filling a 2.000 cm3 (±0.015 cm3) class-A vol-
metric flask of pre-determined mass to the calibration line. The
uotient of RTIL mass and flask volume was taken as the density
f the liquid. The density measurements and values of molecular
eight, molar volume and the liquid molarity of each compound

re presented below (Table 3).
.4. SILM preparation and gas permeability experiments

SILMs were prepared by drop-casting RTILs onto a 47 mm diam-
ter circle of porous polyethersulfone (Supor 200, Pall, Ann Arbor,
ontaining perfluoroalkyl substituents.

MI USA). The pore size of this membrane is 0.2 �m, the porosity is
∼80% and the thickness is 145 �m. The RTIL was allowed to saturate
the support, and excess was wiped off with clean, absorbent paper.

The SILM was then transferred to a “time-lag” membrane appa-
ratus, details on which have been outlined in previous works from
our group [18,55]. Experiments were performed at ambient tem-
perature, 296 ± 1 K. Membranes were degassed for at least 2 h
between runs (50–100× the time lag from the previous experi-
ment) to ensure the SILM was free from dissolved gases. While
no membranes failed during the course of these experiments, the
membrane support within the apparatus was thoroughly cleaned
with MeOH before changing membranes, so that if any RTIL did leak
from the SILM, it was removed from the membrane apparatus.

The ideal permeability (Pi) of each gas in each SILM was cal-
culated from the steady-state flux through the membrane (Ji),
membrane thickness (l) and pressure drop across the membrane
(�pi) (Eq. (4)).

Pi = Ji
l

�pi
(4)

In a dense liquid or solid film, it is assumed that solution-
diffusion is the mode of solute (i.e. gas) transport (Eq. (5))

Pi = SiDi (5)

The ideal selectivity for a given gas pair (˛i/j) is calculated as
the ratio of the ideal permeabilities of the gases of interest (e.g.
CO2/N2) and can be separated into both solubility and diffusion
contributions (Eq. (6)).

˛i/j = Pi

Pj
= Si

Sj

Di

Dj
(6)

3. Results and discussion

3.1. Gas permeability and gas pair selectivity in SILMs containing
RTILs with fluoroalkyl substituents

The ideal permeabilities of CO2, O2, N2 and CH4 and gas pair
selectivities for CO2/N2, CO2/CH4 and O2/N2 in each of the three
RTILs tested in the SILM configuration are presented in Table 4.

[C2mim][Tf2N] (Fig. 1b) was used as a standard for compari-
son with the fluoroalkyl-functionalized RTILs, as it is one of the
Compound MW (g/mol) Density (g/cm3) Vm (cm3/mol) mol/L

1a 509.32 1.70 299.6 3.34
1b 609.33 1.76 346.2 2.89
1c 709.35 1.77 400.8 2.50
1d 809.36 Solid N/A N/A
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Table 4
Ideal gas permeability (296 ± 1 K) in SILMs made from RTILs containing fluoroalkyl
substituents.

RTIL Permeability (Barrers)

CO2 O2 N2 CH4

1a 320 ± 10 27 ± 1 12 ± 1 17 ± 1
1b 280 ± 10 31 ± 3 14 ± 1 17 ± 1
1c 210 ± 10 29 ± 1 13 ± 1 16 ± 1
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ishes with decreasing value of ı (increasing length of substituent).
However, RTILs with fluoroalkyl appendages have diminished
CO2/N2 separating power relative to those with alkyl units, yet
exhibit a significant increase in selectivity for CO2/CH4. Decreasing
Barrer = 10−10 cm3 (STP) cm/cm2 s cm Hg.
ncertainty represents one standard deviation obtained from at least three replicate
xperiments.

e measured the permeability of CO2 in an SILM composed of
C2mim][Tf2N] to be 680 ± 30, with ideal permeability selectivi-
ies for CO2/N2 = 31 and CO2/CH4 = 14. These selectivity values are
onsistent with the ideal solubility selectivities for [C2mim][Tf2N]
eported by our group for this temperature range (296 ± 1 K) in pre-
ious works [17,19,20]. This validation with previously reported
deal solubility selectivity values obtained by a pressure-decay

ethod indicates the permselectivity values obtained here by
hrough an SILM method are a good estimations (±10%) of the
deal solubility selectivities of an RTIL for CO2/N2, CO2/CH4 and

2/N2 at a given temperature. The ideal solubility selectivity of
O2/N2 is perhaps slightly underestimated by the permselectivity,
s trends indicate that the diffusion coefficients for these gases in
TILs correlate with molecular size or “liquid” molar volumes (vL)
25,26,31,56]. In RTILs, the diffusivities of the gases of interest are
xpected to follow the general trend: O2 ≈ N2 > CH4 ≈ CO2, which
orrelate with their respective values of vL at 298 K: 32.4, 33.0, 52
nd 55 cm3/mol [31].

As the length of fluoroalkyl substituent increased, the ideal
ermeability of CO2 decreased. This is most likely due to increas-

ng viscosities as the fluoroalkyl appendage becomes longer. Gas
iffusivity and permeability in RTILs strongly correlate with the
iscosity of the fluid [25,26]. The ∼33% decrease between SILMS
f 1a and 1c would be expected as the solubility of CO2 in a fam-
ly of [C2mim][Tf2N] anions that vary only in the length of the
ubstituent group would be fairly constant at a given temperature
20]. However, those with longer length substituents would also
ecome more viscous. Increased viscosity in imidazolium-based
TILs correlates with slower CO2 diffusion, and in turn, decreasing
ermeability [20,24–26,56]. Interestingly, the ideal permeabilities
f O2, N2 and CH4 are relatively the same in each of these SILMs.
hile the argument for decreasing gas diffusivity with increasing

iscosity also holds true for O2, N2 and CH4, the solubilities of these
ases have been observed increase across a family of RTILs with
ncreasingly longer alkyl substituents [16,17,19,20]. This behavior
as been modeled using solubility parameters and as a function of
olar volume [16,17,19,20]. Here, the product of increasing solubil-

ty and decreasing diffusivity for O2, N2 and CH4 results in near
onstant permeability. This behavior negatively impacts CO2/N2

nd CO2/CH4 ideal separation selectivity. The ideal permselectivity,
r the ratio of ideal permeabilities for a given gas pair is defined
y Eq. (6). The ideal permselectivity values for RTILs 1a–c with
uoroalkyl substituents are presented in Table 5.

able 5
deal separation selectivity (296 ± 1 K) in SILMs with RTILs containing fluoroalkyl
ubstituents.

TIL Ideal permselectivity

CO2/N2 CO2/CH4 O2/N2 CH4/N2

a 27 19 2.3 1.4
b 21 17 2.2 1.2
c 16 13 2.2 1.2
g Journal 147 (2009) 43–50 47

For CO2-based separations, the ideal permselectivity was
observed to decrease as the length of the fluoroalkyl substituent
became longer. As these permselectivity values are approximations
of the ideal solubility selectivity in these RTILs, the data imply that
as the length of fluoroalkyl substituent increases, the RTILs are less
selective for CO2 relative to N2 and CH4. This trend is similar to
the solubility selectivity performances of alkyl-functionalized RTILs
(Fig. 1b), where CO2/N2 and CO2/CH4 separations have been shown
to be less selective with increasing molar volume (increasing alkyl
chain length) [20].

In the case of O2/N2 (and for comparison purposes, CH4/N2) no
significant changes in separation selectivity are observed as the
length of the fluoroalkyl chain increases. These constant separa-
tion selectivities for gas pairs not including CO2 are also observed
in analogous, alkyl-functionalized RTILs [17,19,20]. In imidazolium-
based RTILs, O2, N2 and CH4 tend to behave similarly, and relative to
CO2, undergo much weaker (or no) interactions with the ionic com-
ponents [53]. The affinity of these gases for the substituent groups,
as well as their ability to fill void volume dictates their relative solu-
bilities, which increase in a proportional manner, resulting in nearly
constant separation selectivity.

As the lengths of the substituents on the imidazolium ring
become longer, the concentrations of ions are diminished within
the RTIL solvent. Thus, the selectivity of the RTIL for any gas pair
is dictated by the relative ability of the gases of interest to dis-
solve in an RTIL composed primarily of the substituent chain. As
the molar volume of the RTIL becomes sufficiently large, the selec-
tivities in CO2-based separations reach a nearly constant minimum
[17,19,20].

3.2. Interpretation of gas pair selectivity in
fluoroalkyl-functionalized RTILs using group contribution theory

As we have shown for similar imidazolium-based RTILs with
Tf2N anions and alkyl, nitrile-terminated alkyl or oligo(ethylene
glycol) substituents, trends in CO2/N2 and CO2/CH4 ideal solubility
selectivity correlate well with the calculated solubility parame-
ters of each RTIL [2,16]. Values of ı for imidazolium-based (and
other) RTILs can be obtained by accounting for the contribution
of functional groups within the ion pairs, and using tabulated val-
ues for each of the constituent groups [16,31–36]. Using Eq. (2) and
Table 2, we have calculated solubility parameters for fluoroalkyl-
functionalized RTILs 1a–c and their alkyl-functionalized analogues.
These values are presented in Table 6.

While the fluoroalkyl-functionalized RTILs have similar values
of ı, their ideal solubility selectivities are quite different from
their alkyl-functionalized counterparts [19]. For both classes of
imidazolium-based RTILs, the ideal selectivity of the solvent dimin-
Table 6
Solubility parameters (calculated using group contributions) and gas pair selec-
tivities of RTILs containing fluoroalkyl groups (296 ± 1 K) and RTILs containing
analogous alkyl groups (298 K).

RTIL Vm (cm3/mol) ı (MPA1/2) CO2/N2 CO2/CH4

1a 300 27.3 27 19
1b 346 25.4 20 16
1c 401 23.5 16 13
[C4mim][Tf2N]19−C 290 27.7 31 12
[C6mim][Tf2N]19−E 325 26.4 29 10
[C8mim][Tf2N]19−C 355 25.7 27 9

Values for [Cnmim][Tf2N] RTILs taken from reference [19]; C = calculated;
E = experimentally determined.
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Table 7
Volumetric solubility at 298 K of CO2 in RTILs with fluoroalkyl appendages and structurally analogous RTILs with alkyl groups.

Compound Vm (cm3/mol) mol RTIL/L RTIL H (atm) (298 K) x (1 atm) mol CO2/L RTIL cc CO2 (STP)/cc RTIL/atm

1b [7] 346.2 2.89 28.4
1c [7] 400.8 2.50 27.3
[C6mim][Tf2N] [7] 328.8 3.04 31.6
[C8mim][Tf2N] [41] 365.3 2.74 30
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ig. 3. Ideal separation selectivity for CO2/N2 and CO2/CH4 in alkyl- and fluoroalkyl-
unctionalized RTILs.

electivity in both separations of interest correlate with decreasing
olubility parameter, illustrated in Fig. 3

The behavior of fluorocarbon–hydrocarbon solutions has long
een observed to deviate from “regular” solution behavior
31,42–44]. These deviations are greater than can be accounted
or by the difference in solubility parameters of fluorocarbons
nd hydrocarbons [42]. While the mechanisms behind this behav-
or remain somewhat ambiguous, many works have attributed
nusually weak interactions between fluorocarbons and hydro-
arbons as the reason that fluorocarbons and hydrocarbons do
ot form “regular” solutions [43,44]. This behavior also manifests

tself in greater solubility selectivity for CO2/CH4 in fluorinated
olymers (e.g. PTFE) than in analogous alkyl polymers (e.g. PE)
39,45,48]. The reverse case is true for CO2/N2. The solubility selec-
ivity between these gases is diminished in fluorinated polymers
elative to hydrocarbon-based polymers [39,45,48].

The trends associated with CO2, N2 and CH4 separations in
uorocarbon-containing solutions and polymers also appear to
xtend themselves to fluoroalkyl-functionalized RTILs. Relative
o their alkyl analogues, fluoroalkyl-functionalized RTILs exhibit
ncreased separation selectivity for CO2/CH4 and a decrease for
O2/N2, even though the two classes of RTILs lie within the same
ange of solubility parameters. As shown in Table 6 and Fig. 3,
ven the lowest ideal separation factor achieved for CO2/CH4
n fluoroalkyl-functionalized RTILs was greater than the high-
st observed in analogous, alkyl-functionalized RTILs. On the
ontrary, the greatest CO2/N2 separation achieved in fluoroalkyl-
unctionalized RTILs was only equal to the lowest value found
n the alkyl analogues. While we have previously reported on
ther functionalized RTILs containing nitrile or oligo(ethylene gly-
ol) substituents that have been shown to increase separation
f both CO2/N2 and CO2/CH4 relative to alkyl analogues [2,16],
hese fluoroalkyl-functionalized RTILs are the first case where
ach separation was impacted in a different manner. As our use

f group contributions with gas separations in tailored RTILs
xpands, we find that the solubility parameters calculated in this
ay are not absolute predictors of gas separation behavior, but

ather serve quite well to predict and explain trends in CO2-based
eparations.
0.035 0.105 2.36
0.037 0.095 2.13
0.032 0.099 2.23
0.033 0.094 2.12

3.3. CO2 solubility in imidazolium-based RTILs with fluoroalkyl or
alkyl groups

As mentioned earlier in this work, the solubility of CO2 in
fluoroalkyl-functionalized RTILs has been examined by other
research groups [7,41]. The most recent data suggest that CO2 solu-
bility in RTILs 1b and 1c is improved when compared to analogous
RTILs with alkyl substituents, but not to the levels initially reported
[7,41]. However, the apparent improvements in CO2 uptake are
reported only as smaller values of the Henry’s Law constants, or
the mole fraction of CO2 in each RTIL at a given pressure [7]. When
the solubility of CO2 in these RTILs is recalculated using a volume
basis with Henry’s constants published by other groups in the liter-
ature and the physical properties obtained in this study (Table 1), it
becomes obvious that RTILs with fluoroalkyl groups attached to the
cation exhibit only slight improvements in CO2 solubility relative
to their counterparts with alkyl groups. Table 7 presents in both the
solubility of CO2 in RTILs 1b and 1c, as well as in [C6mim][Tf2N] and
[C8mim][Tf2N].

From this and other literature data, it appears that the solubility
of CO2 (at ambient temperature and low pressures) in imidazolium-
based RTILs (with a variety of functional groups) is limited to a
range of approximately 2.00 cc CO2 (STP)/cc RTIL/atm, spanning a
range of perhaps ±20% [2,7,16,17,19,20–23,40,41,53,56]. This per-
formance falls short of other organic solvents, such as acetone
and acetonitrile, which can dissolve CO2 to levels of 7.1 and 6.6 cc
CO2 (STP)/cc/atm, respectively [34]. While there are certainly many
other functional groups that can be added to imidazolium (or other)
cations in attempts to enhance CO2 solubility in RTILs, these tai-
lored, imidazolium-based systems do not appear to be able to
match the performance of molecular solvents in the amounts of
CO2 they can dissolve. However, it is the unique properties of RTILs
that molecular solvents do not possess, such as non-volatility and
inflammability, that may ultimately differentiate RTILs as solvents
of choice for use in industrial gas, vapor and liquid separations.

4. Conclusions and outlook

A series of four imidazolium salts containing fluoroalkyl sub-
stituents were synthesized. The three of these that exist as molten
salts at ambient temperature were tested for their gas sepa-
ration properties relating to CO2, O2, N2 and CH4 in an SILM
configuration. The ideal separation selectivities for CO2/N2 and
CO2/CH4 were observed to decrease as the fluoroalkyl substituent
increased in length, while O2/N2 remained constant. Relative to
analogous, alkyl-functionalized RTILs, the fluoroalkyl-containing
systems exhibited an enhancement in CO2/CH4 selectivity, but
a diminishment in CO2/N2 separation. Solubility parameters
were calculated for both classes of RTILs using a group con-
tribution approach. As the pendant group increased in length,
the solubility parameter also decreased, correlating with the
trends in CO2/N2 and CO2/CH4 separation in these RTILs. The

“anomalous” behavior of CH4 in fluorinated solvents and poly-
mers appears to translate to fluoroalkyl-functionalized RTILs as
well. The densities of the fluoroalkyl-functionalized RTILs were
obtained and used to calculate the volumetric solubility of CO2-
based on literature data in two of the fluoroalkyl-functionalized
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TILs. Fluoroalkyl-functionalized RTILs possess a modest (∼10%)
ncrease in CO2 uptake over their alkyl-functionalized ana-
ogues.

Currently, the lack of a wide variety of readily available (and
nexpensive) fluorinated starting materials currently hinders the
ynthesis of a large library of RTILs containing other fluori-
ated functional groups for testing in gas separations or other
pplications. Other drawbacks of imidazolium-based RTILs with
uorinated groups are increased viscosity and higher melting
oints [7,8,41]. However, we have shown that the presence of a flu-
rinated group on an imidazolium-based RTIL can have significant
ffects on how RTILs can behave in a given application. The ability to
nhance CO2/CH4 selectivity through the use of a fluorinated sub-
tituent may open applications for RTILs in natural gas processing,
s well as new ways of thinking about RTIL design. We believe the
nclusion of fluorinated groups within RTILs presents very interest-
ng opportunities for expanding the capabilities of these solvents
nd the number of applications where fluoroalkyl-containing RTILs
ight find use in the future.
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