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ABSTRACT 

Novel difunctionalized ionic liquids (ILs) containing a triethylene glycol monomethyl ether 

chain and a nitrile group on a pyrrolidinium or imidazolium cation have been synthesized and 

incorporated into Supported Ionic Liquid Membranes (SILMs). These ILs exhibit ca. 2.3 

times higher CO2/N2 and CO2/CH4 gas separation selectivities than analogous ILs 

functionalized only with a glycol chain. While the glycol moiety ensures room temperature 

liquidity of the pyrrolidinium and imidazolium ILs, the two classes of ILs benefit from the 

presence of a nitrile group in different ways. The difunctionalized pyrrolidinium ILs exhibit 

an increase in CO2 permeance, while the permeances of the contaminant gases rise negligibly, 

resulting in high gas separation selectivities. In the imidazolium ILs, the presence of a nitrile 

group does not always increase the CO2 permeance nor does it increase the CO2 solubility, as 

showed in situ by the FTIR-ATR spectroscopic method. High selectivity of these ILs is 

caused by the considerably reduced permeances of N2 and CH4, most likely due to the ability 

of the –CN group to reject the non-polar contaminant gases. Apart from the CO2 solubility, 

IL-CO2 interactions and IL swelling were studied with the in situ FTIR-ATR spectroscopy. 

Different strengths of the IL-CO2 interactions were found to be the major difference between 

the two classes of ILs. The difunctionalized ILs interacted stronger with CO2 than the glycol-

functionalized ILs, as manifested in the smaller bandwidths of the bending mode band of CO2 

for the latter. 

 

 

Keywords: carbon dioxide; FT-IR spectroscopy; ionic liquids; membrane separations; 

supported ionic liquid membranes.  
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INTRODUCTION 

A number of industrial processes emit CO2 along with other gaseous products such as 

nitrogen, nitrogen oxides, sulphur oxides or methane. Three main reasons can be given why 

CO2 should be separated from these gases prior to sequestration: (i) to obtain pure CO2 – a 

valuable substrate for various reactions and processes;
1
 (ii) to sweeten the gaseous mixture 

and prevent corrosion of industrial installations;
2
 (iii) to re-use the gases mixed with CO2, e.g. 

SO2 for production of H2SO4.
3
 Gas separation can be performed inter alia with the use of 

membranes. Supported Ionic Liquid Membranes (SILMs), are emerging as a promising type 

of membranes, as they combine the advantages of supported liquid membranes with the 

desirable physical properties (thermal stability, low vapour pressure) and tunability of ionic 

liquids (ILs).
4-7

 

A SILM consists of a thin microporous support on which an IL is deposited. The 

Solution-Diffusion (S-D) model is employed to describe the transport mechanism of a gas 

through a SILM.
8
 According to this mechanism, the gas of interest (e.g. CO2) dissolves in the 

IL, diffuses through the IL layer due to a pressure difference across the membrane, desorbs on 

the permeate side and is swept away by the permeate stream at low pressure. Only a small 

fraction of the contaminant gas (e.g. N2 or CH4) diffuses through the membrane, as it is by 

definition less soluble in the IL. The permeability Pi [Barrer, 10
-10

 cm
3
 (Standard Temperature 

and Pressure) cm/cm
2
 s cm Hg] of a single gas is defined as the product of the solubility Si 

[cm
3 
(STP)/cm

3 
cm Hg] and the diffusivity Di [cm

2
/s] coefficients of the gas in a given ionic 

liquid:  

 

                  (1) 

 

The gas separation selectivity αij is given by the ratio of permeabilities Pi and Pj of the two 
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gases:  

     
  

  
 

    

    
        (2)  

According to the Equation (1), ILs used in SILMs for CO2 separation should easily dissolve 

CO2, and should enable a facile diffusion of the gas through the membrane. The bulk structure 

of ILs is nanosegregated, that is, anions and cationic cores organize into polar domains while 

alkyl chains form nonpolar domains.
9
 When a gas dissolves in an IL, it induces 

conformational rearrangements of the ions which leads to the formation of cavities in both 

types of the domains. The polar cavities favour dissolution of CO2 whereas the nonpolar 

cavities accommodate both CO2 and nonpolar gases.
10

 The most efficient ILs for gas 

separation therefore contain custom-made ions based on various polar functional groups 

known for their high CO2 affinity, such as an imidazolium cationic core, oligo(ethylene 

glycol) chain, a nitrile moiety or a carboxyl group.
11-13

 The size of the cavities is of equal 

importance, as large cavities, corresponding to large fractional free volume (FFV; free volume 

divided by molar volume), promote dissolution of CH4 and N2.
14

 In the case of imidazolium 

ILs functionalized with ether chains, the ether oxygen atoms interact with the imidazolium 

rings, causing a reduction of the FFV and enhancement of the CO2 selectivity.
15,16

 Moreover, 

this interaction disturbs cation- anion attraction, what in turn can make the ions more 

available for interplay with the gas.
15

 Bara et al. showed that 1-methylimidazolium 

bis(trifluoromethylsulfonyl)imide ILs functionalized with an oligo(ethylene oxide) moiety on 

the cation, have up to 75% higher CO2 separation selectivities than the corresponding ILs with 

an alkyl chain instead.
11

 The oligo(ethylene glycol) chain is chemically non-reactive and can 

be combined with other functional groups in an IL. Likewise, a nitrile group tethered to the IL 

cation can increase the CO2 solubility and gas separation ability of a SILM by 30% in 

comparison with an alkyl analogue, most probably, as in the case of ether-functionalized ILs, 
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due to the reduced FFV, creation of polar domains and specific IL-CO2 interactions.
12,16

 

Anions containing several nitrile groups, such as dicyanamide, tricyanomethanide or 

tetracyanoborate can be very efficient in CO2 absorption and separation, significantly 

outperforming the most popular bis(trifluoromethylsulfonyl)imide anion in 1-alkyl-3-

methylimidazolium ILs.
17,18

 Another way of increasing the selectivity for gas separations is to 

use dicationic ILs, i.e. ILs possessing two cations joined with a common linker, even though 

they may be more viscous due to their double electric charge. We showed in the previous 

paper of our group that SILMs made with dicationic ILs exhibit higher gas separation 

selectivity than those prepared with monocationic ILs.
19

  

 Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) spectroscopy is a 

convenient technique to study the CO2/IL systems.
20-23

 It is especially suitable for the 

examination of strongly absorbing media like ILs, as in this method the infrared beam 

penetrates the sample only to a depth of a few micrometers.
24

 This method enables a 

simultaneous examination of three relevant phenomena: (i) gas solubility in ILs, (ii) IL 

swelling (volume expansion on gas introduction) and (iii) the strength of interactions between 

ILs and CO2 molecules.
20,21

 (i) The approximate gas solubility in ILs can be determined on 

the basis of the Beer-Lambert law from the absorbance of the antisymmetric stretching (ν3) 

band of CO2 molecules dissolved in ILs.
20

 (ii) Swelling of ILs is their volume expansion when 

gas molecules dissolve in the ILs. In such situation, the infrared beam on its way through a 

swollen liquid probes fewer ions and more CO2. In consequence, the absorbance of the IL 

bands decreases while the absorbance of the bands of CO2 increases.
25

 Swelling is expressed 

in terms of percentage of volume expansion as compared to the non-swollen IL. (iii) A CO2 

molecule has two Lewis basic sites on the electron-rich oxygen atoms and a Lewis acidic site 

on the electron-poor carbon atom. It can therefore readily interact with other Lewis acids or 

bases, such as ions of ionic liquids. Infrared spectra can reveal existing interactions between 
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the gas and ILs, on the basis of changes (e.g. band broadening, splitting, band shift) observed 

in both the IL and CO2 spectrum. The width of the bending mode band of CO2 is directly 

proportional to the strength of interactions.
20,26

  

In this paper, new ILs with a cationic core containing both a nitrile functional group 

and a triethylene glycol monomethyl ether chain are presented. The ILs are incorporated into 

SILMs and the performance of these membranes for CO2/N2 and CO2/CH4 separations is 

measured. Moreover, the interactions of CO2 molecules with these ILs are investigated by 

infrared spectroscopy. 

 

EXPERIMENTAL PART 

Synthesis  

For the synthesis of IL precursors see: Electronic Supporting Information. The synthesized 

ILs are very hygroscopic and their exposure to ambient air during CHN sample preparation 

always resulted in absorption of water.  

 

1-(3-Cyanopropyl)-1-[2-[2-(2-methoxyethoxy)ethoxy]ethyl]pyrrolidinium p-

toluenesulfonate (1a) 

A mixture of 4-(N)-pyrrolidinylbutyronitrile (1.39 g, 10.0 mmol) and triethylene glycol 

monomethyl ether monotosylate (3.0 g, 9.43 mmol) in acetonitrile (50 mL) was stirred at 80 

°C for 72 hours. After evaporation of the solvent, the residue was dissolved in water (70 mL) 

and washed with dichloromethane (20 mL). Removal of water in vacuo yielded a dark orange 

oil. Yield: 3.71 g (89%). 
1
H NMR (300 MHz, CDCl3): δ = 7.73 (d, 2H, J = 8.1 Hz), 7.15 (d, 

2H, J = 8.1 Hz), 3.91–3.64 (m, 8H), 3.64–3.54 (m, 8H), 3.54–3.47 (m, 2H), 3.34 (s, 3H), 2.58 

(t, 2H, J = 6.8 Hz), 2.34 (s, 3H), 2.26–2.12 (m, 6H) ppm. 
13

C NMR (75 MHz, CDCl3): δ = 

143.7, 139.5, 128.8, 125.8, 118.9, 71.8, 70.3, 70.3, 70.1, 65.3, 63.8, 58.9, 58.9, 59.0, 21.6, 
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21.3, 19.9, 14.2 ppm. IR (cm
-1

): 2879, 2246 (nitrile), 1459, 1353, 1191, 1118, 1032, 1010, 

929, 849, 818, 713, 679, 564. CHN (M·H2O) [%](calculated): C: 57.27 (57.87), H: 8.07 

(7.95), N: 6.19 (6.14). 

 

1-(2-(2-(2-Methoxyethoxy)ethoxy)ethyl)-1-methylpyrrolidinium p-toluenesulfonate (1b)  

The compound was prepared via a method analogous to a literature procedure.
9
 A mixture of 

1-methylpyrrolidine (2.08 mL, 20.0 mmol) and triethylene glycol monomethyl ether 

monotosylate (5.0 g, 15.72 mmol) in acetonitrile (50 mL) was stirred at 120 °C for 3 h. The 

excess of 1-methylpyrrolidine and the solvent was evaporated in vacuo to give a light yellow 

oil in quantitative yield. 
1
H NMR (300 MHz, CDCl3): δ = 7.73 (d, 2H, J = 8.1 Hz), 7.12 (d, 

2H, J = 8.1 Hz), 3.94–3.86 (m, 2H), 3.86–3.79 (m, 2H), 3.79–3.65 (m, 4H), 3.65–3.52 (m, 

6H), 3.52–3.44 (m, 2H), 3.32 (s, 3H), 3.20 (s, 3H), 2.32 (s, 3H), 2.25–2.04 (m, 4H) ppm. 
13

C 

NMR (75 MHz, CDCl3): δ = 143.9, 139.1, 128.6, 125.8, 71.8, 70.3, 70.2, 70.1, 65.4, 65.3, 

63.0, 59.0, 48.3, 21.4, 21.2 ppm. IR (cm
-1

): 2877, 1457, 1353, 1189, 1117, 1031, 1010, 957, 

882, 849, 817, 678, 562. CHN (MH2O) [%] (calculated): C: 54.13 (54.13), H: 8.35 (8.37), N: 

3.30 (3.32). 

 

1-(Cyanomethyl)-3-[2-[2-(2-methoxyethoxy)ethoxy]ethyl]imidazolium p-toluenesulfonate 

(2a) 

A mixture of 1-(cyanomethyl)imidazole (2.0 g, 18.7 mmol) and triethylene glycol 

monomethyl ether monotosylate (5.94 g, 18.7 mmol) in acetonitrile (50 mL) was stirred at 82 

°C for 72 h. After evaporation of the solvent, the residue was dissolved in water (150 mL) and 

washed with dichloromethane (15 mL). Removal of water in vacuo yielded a dark orange oil. 

Yield: 6.20g (78 %). 
1
H NMR (300 MHz, CDCl3): δ = 9.80 (s, 1H), 7.73 (d, 2H, J = 8.0 Hz), 

7.67 (s, 1H), 7.64 (s, 1H), 7.16 (d, 2H, J = 8.0 Hz), 5.76 (s, 2H), 4.39 (t, 2H, J = 4.5 Hz), 3.79 
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(t, 2H, J = 4.5 Hz), 3.64–3.48 (m, 8H) 3.35 (s, 3H), 2.34 (s, 3H) ppm. 
13

C NMR (75 MHz, 

CDCl3): δ = 143.2, 139.8, 138.3, 128.9, 125.8, 124.0, 122.4, 113.7, 71.8, 70.3, 70.2, 70.1, 

68.5, 58.9, 50.0, 37.1, 21.3 ppm. IR (cm
-1

): 2876, 2166 (nitrile), 1561, 1451, 1351, 1288, 

1186, 1119, 1032, 1009, 928, 848, 817, 750, 712, 679, 611, 563. CHN (M·H2O) [%] 

(calculated): C: 51.51 (51.45), H: 6.60 (6.59), N: 9.80 (9.47). 

 

1-(3-Cyanopropyl)-3-[2-[2-(2-methoxyethoxy)ethoxy]ethyl]imidazolium p-

toluenesulfonate (2b) 

A mixture of 1-(3-cyanopropyl)imidazole (1.5 g, 11.1 mmol) and triethylene glycol 

monomethyl ether monotosylate (3.88 g, 12.2 mmol) in acetonitrile (50 mL) was stirred at 80 

°C for 48 h. After evaporation of the solvent, the residue was dissolved in water (100 mL) and 

washed with dichloromethane (3  5 mL). Removal of water in vacuo yielded a dark orange 

oil. Yield: 4.63 g (92%). 
1
H NMR (300 MHz, CDCl3): δ = 9.92 (s, 1H), 7.76 (d, 2H, J = 8.0 

Hz), 7.61 (s, 1H), 7.39 (s, 1H), 7.16 (d, 2H, J = 8.0 Hz), 4.50 (t, 2H, J = 7.1 Hz), 4.44 (t, 2H, J 

= 4.5 Hz), 3.82 (t, 2H, J = 4.5 Hz), 3.66–3.48 (m, 8H), 3.36 (s, 3H), 2.56 (t, 2H, J = 6.9 Hz), 

2.34 (s, 3H), 2.30 (m, 2H) ppm. 
13

C NMR (75 MHz, CDCl3): δ = 143.5, 139.6, 137.6, 128.8, 

158.8, 123.6, 122.1, 118.7, 71.8, 70.3, 70.2, 70.1, 68.8, 58.9, 49.7, 48.2, 26.1, 21.3, 14.2 ppm. 

IR (cm
-1

): 3125, 3094, 2875, 2245 (nitrile), 1565, 1190, 1117, 1031, 1009, 850, 818, 562. 

CHN (M·1H2O) [%] (calculated): C: 54.08 (53.49), H: 7.19 (7.05), N: 9.05 (8.91). 

 

1-(10-Cyanodecyl)-3-[2-[2-(2-methoxyethoxy)ethoxy]ethyl]imidazolium p-

toluenesulfonate (2c) 

A mixture of 1-(10-cyanodecyl)imidazole (0.5 g, 2.14 mmol) and triethylene glycol 

monomethyl ether monotosylate (0.75 g, 2.36 mmol) in acetonitrile (40 mL) was stirred at 70 

°C for 68 h. After evaporation of the solvent, the residue was dissolved in water (100 mL) and 
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washed with dichloromethane (3  10 mL). The dichloromethane phase was then washed with 

water to recover a part of the product dissolved therein. Combination of the two water 

extracts, followed by evaporation, yielded a dark orange oil. Yield: 0.39 g (32 %). 
1
H NMR 

(300 MHz, CDCl3): δ = 9.94 (s, 1H), 7.79 (d, 2H, J =8.0 Hz), 7.63 (s, 1H), 7.15 (d, 2H, J = 

8.0 Hz), 7.11 (s, 1H), 4.57 (t, 2H, J =4.4 Hz), 4.22 (t, 2H, J =7.5 Hz), 3.87 (t, 2H, J = 4.5 Hz), 

3.69–3.50 (m, 8H), 3.37 (s, 3H), 2.34 (s, 3H), 2.33 (t, 2H, J =7.5 Hz), 1.88 (m, 2H), 1.64 (m, 

2H), 1.43 (m, 2H), 1.28 (m, 10H) ppm. 
13

C NMR (75 MHz, CDCl3): δ = 143.6, 139.2, 137.9, 

129.4, 128.6, 125.9, 123.7, 120.8, 119.9, 71.9, 70.3, 70.2, 70.1, 69.2, 59.0, 50.0, 49.6, 30.1, 

29.0, 29.0, 28.8, 28.6, 28.5, 26.2, 25.3, 21.3, 17.1 ppm. IR (cm
-1

): 3140, 3096, 2925, 2856, 

2243 (nitrile), 1599, 1564, 1456, 1351, 1191, 1119, 1105, 1033, 1011, 930, 848, 817, 758, 

680, 565. CHN (MH2O) [%] (calculated): C: 58.74 (59.03), H: 8.70 (8.31), N: 7.26 (7.38). 

 

1-(2-(2-(2-Methoxyethoxy)ethoxy)ethyl)-1-methylimidazolium p-toluenesulfonate (2d)  

1-Methylimidazole (1.82 mL, 22.8 mmol) and triethylene glycol monomethyl ether 

monotosylate (8.0 g, 25.15 mmol) in acetonitrile (50 mL) were stirred at 70 °C for 48 h. The 

solvent was evaporated and the residue was dissolved in 50 mL of water and washed with 

dichloromethane (3  7 mL). Evaporation of water and traces of dichloromethane yielded a 

colourless oil. Yield: 6.21 g (68%). 
1
H NMR (300 MHz, CDCl3): δ = 9.75 (s, 1H), 7.77 (d, 

2H, J = 7.9 Hz), 7.58 (s, 1H), 7.27 (s, 1H), 7.14 (d, 2H, J = 7.9 Hz), 4.46 (t, 2H, J = 4.4 Hz), 

3.86 (s, 3H), 3.80 (t, 2H, J = 4.4 Hz), 3.64–3.55 (m, 6H), 3.55–3.50 (m, 2H), 3.34 (s, 3H), 

2.32 (s, 3H) ppm. 
13

C NMR (75 MHz, CDCl3): δ = 143.7, 139.3, 138.2, 128.6, 125.9, 123.5, 

122.6, 71.8, 70.3, 70.2, 70.1, 69.0, 59.0, 49.5, 36.3, 21.3 ppm. IR (cm
-1

): 3148, 3099, 2873, 

1573, 1461, 1351, 1192, 1119, 1033, 1011, 933, 849, 818, 762, 680, 654, 624, 569. CHN 

(MH2O) [%] (calculated): C: 49.26 (49.64), H: 7.22 (7.17), N: 6.39 (6.43) 
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1,8-Bis[1-(3-cyanopropylimidazolium-1-yl)]-3,6-dioxaoctane di(p-toluenesulfonate) (3) 

A mixture of 1-(3-cyanopropyl)imidazole (1.03 g, 7.62 mmol) and triethylene glycol 

ditosylate (1.75 g, 3.81 mmol) in acetonitrile (50 mL) was stirred at 80 °C for 72 h. After 

evaporation of the solvent, the residue was dissolved in water (150 mL) and placed in the 

fridge for 1 hour. The white precipitate of triethyleneglycol diosylate was filtered off and the 

mother liquor was washed with dichloromethane (3  15 mL). Removal of water in vacuo 

yielded a light yellow glassy solid. Yield: 1.25 g (45 %). 
1
H NMR (300 MHz, D2O): δ = 8.89 

(s, 2H), 7.68 (d, 4H, J = 8.0 Hz), 7.57 (s, 4H), 7.36 (d, 4H, J = 8.0 Hz), 4.40 (t, 4H, J = 4.8 

Hz), 4.35 (t, 4H, J = 6.9 Hz), 3.88 (t, 4H, J = 4.9 Hz), 4.49 (s, 4H), 2.58 (t, 4H, J = 6.9 Hz), 

2.39 (s, 6H), 2.26 (m, 4H) ppm. 
13

C NMR (75 MHz, D2O): δ = 142.4, 139.5, 136.0, 129.4, 

125.3, 123.1, 122.3, 119.9, 69.5, 68.4, 49.1, 48.2, 24.9, 20.4, 13.7 ppm. IR (cm
-1

): 3098, 2924, 

2872, 2247 (nitrile), 1565, 1449, 1350, 1188, 1119, 1032, 1010, 819, 755, 713, 680, 565. 

CHN (M2H2O) [%] (calculated): C: 53.34 (53.39), H: 6.33 (6.33), N: 10.75 (10.99). 

 

Instruments and methods 

Chemicals were purchased from Acros Organics (Geel, Belgium) or from Sigma-Aldrich 

(Diegem, Belgium). All chemicals were used as received, without further purification. 
1
H and 

13
C NMR spectra were recorded on a Bruker Avance 300 spectrometer. The water content of 

the ILs dried overnight under vacuum at 50 °C was determined by the coulometric Karl 

Fischer titrator (Mettler-Toledo, model DL39). Due to their hygroscopic nature all ILs 

contained 300 to 400ppm of water. The viscosity of the ILs was measured with a Brookfield 

DV-II + Pro Cone/ plate set-up viscometer, equipped with a thermostatted sample cell purged 

with dry nitrogen gas. Differential scanning calorimetry (DSC) measurements were performed 

on a Mettler-Toledo DSC822e module, at a scan rate of 10 °C/min in a helium atmosphere.  
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Membrane preparation and measurements 

Porous -alumina discs (25 mm diameter, 2 mm thickness, 3–5 nm pore size) from Pervatech 

were used as support material for the ILs in the SILMs. In comparison to polymeric supports, 

inert alumina supports with such wide pores do not influence the gas separation properties of 

the ILs under study. Before coating the support with ILs, it was tested by passing the two 

studied gas mixtures (CO2/N2 and CO2/CH4) through it. The support was found to be non-

selective to the gas mixtures and had only a minimal effect on the gas flux. Before the 

application of the IL on the support, the viscosity of the IL was adjusted by dilution with an 

appropriate volatile solvent (acetone or dichloromethane). The IL was applied to the 

membrane surface using a micropipette. Excess liquid was removed from the surface using a 

lint-free wipe. The membrane was then spun at 1000 rpm in a spin-coater for 60 s, producing 

a visually uniform surface. The membrane was dried in an oven for 2 h to remove the excess 

of solvent. This process of spin-coating and drying was repeated three times to ensure 

complete coverage of the support with IL. 

 The gas permeation set-up consisted of a stainless steel module with a cavity to insert 

the membrane disk gripped with Viton


 O-rings. The module, upstream and downstream parts 

were evacuated by a vacuum pump to remove residual air and other gases before 

measurement of the gas permeation properties. A feed gas at a flow rate of 1 L/min was 

introduced in the module. For mixed-gas measurements, mass flow controllers (MFC, 

Bronkhorst) were used to adjust the feed gas composition. The upstream pressure was 

adjusted using a back-pressure regulator. Gas permeances were measured by allowing the 

permeate gas to expand in a constant volume auxiliary cylinder connected to a MKS Baratron 

pressure transducer with a higher limit of 10 mbar. The rate of pressure increase (dP/dt) was 

measured to calculate the gas permeability from the following equation: 
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      (3) 

  

where yi and xi refer to the mole fraction of component i in the downstream and upstream, 

respectively. V is the downstream volume (cm
3
), A is the membrane permeation area (cm

2
), T 

is the operating temperature (K), and P1 is the pressure of the feed gas (psi). The gas permeate 

composition was measured using a compact gas chromatograph (CompactGC, Interscience, 

Bewlgium). The operation and data acquisition was carried out using the CompactGC editor 

and Agilent EZChrom software. The mixed-gas selectivity was calculated by the ratio of 

downstream and upstream mole fractions of the two gases by the following equation: 

 

       
 
  

    

 
  

    
        (4) 

where yi and yj are the mole fractions of components i and j ,respectively, in the downstream, 

xi and xj are the mole fractions of components i and j, respectively, in the upstream. The 

permeation measurements for each membrane coupon were repeated at least three times, and 

an average of all these values was used for further analysis. 

 

Infrared measurements and methods 

Infrared spectra were recorded at 2 cm
-1 

resolution on a Bruker Equinox-55 FTIR 

spectrometer equipped with an MCT detector, a Golden Gate ATR accessory (Specac, Ltd., 

UK) and a miniature high-pressure flow cell which details have been described previously.
27-

29
 Gas pressure was applied using a high pressure generator from HiP and the gas handling 

system used 1/16” stainless steel tubing throughout. For the measurement, the diamond 

reflection element was covered with a layer of IL, taking care that the sample thickness 
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exceeded the penetration depth of the infrared radiation. The sample was dried on the 

diamond at 80 °C in a gentle flow of nitrogen gas (99.998% purity) until the water stretching 

band at 3500 cm
-1

 has maximally decreased in intensity. The sample was then cooled to 25 °C 

under a static nitrogen atmosphere. The tubing connected to the gas reservoir and the gas cell, 

were purged three times with CO2 (99.8% purity). Afterwards, the cell and the entire system 

were charged with CO2 at the desired pressure, thermostated at 25 °C and left for 

equilibration, which took approximately 90 min at each pressure. The system was considered 

equilibrated when no changes in absorbance of the CO2 bands or in absorbance of bands of 

the IL were observed for at least 15 min. Whilst the membrane measurements were performed 

at a pressure of 5 bar of mixed gasses, all infrared spectra were recorded at the pressure of 20 

bar. This was done because the spectral changes at the pressure of 5 bar were found to be very 

small and were seriously affected by the baseline correction and spectral subtraction. Good 

quality spectra were obtained using 128 scans in the 4000–500 cm
-1

 range. For determination 

of the bandwidth, a manual spectra subtraction of the pure gas phase CO2 spectrum from the 

spectra of the CO2-saturated IL was performed along with a baseline correction, using OPUS 

6.5 software. The average bandwidth was measured as the width of the bending mode band at 

ca. 660 cm
-1 

at half of its height. The method for swelling determination has been developed 

by Kazarian and coworkers.
25

 In the present paper the assessment of the swelling of the ILs 

was achieved using the integrated absorbance of the band of the triethylene glycol chain at 

1031 cm
-1

 at atmospheric pressure and 20 bar of CO2.  

The band absorbance of the antisymmetric stretching band of CO2 at 2336 cm
-1 

(measured as the height of the band), and the molar absorptivity value for this band at high 

pressures were used to determine the concentration of the gas dissolved in the ILs.
25

 

Refractive indices of the compounds were measured at 25 °C and atmospheric pressure, using 

an analog refractometer N
o
 516871 (Bellingham & Stanley Ltd.). The effective pathlength 
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was calculated on the basis of the equation provided by Flichy et al.
24

 Despite non-negligible 

initial water content, the estimation of the concentration of CO2 dissolved in ILs was reliable. 

Aki et al. studied the influence of water on CO2 adsorption in ILs and reported that for 

[C4mim][Tf2N] even saturation of the sample with water had essentially no effect on CO2 

solubility.
30

 Even though the influence of water could be more pronounced in case of the 

more hydrophilic ILs presented here,
31

 the water content of the dried IL samples was 

negligible in comparison with a water-saturated sample. 

 

RESULTS AND DISCUSSION 

The SILM performance of mono-and dicationic ILs 

 High CO2 separation selectivities of SILMs made with ILs functionalized with a 

glycol or a nitrile group encouraged us to place these two moieties on one cationic core.
11,12

 

Although di-functionalization is synthetically more challenging than mono-functionalization, 

it has the advantage of introducing desired properties from both moieties into the overall 

characteristics of the resulting IL: In imidazolium ILs, both triethylene glycol and nitrile 

groups favour creation of small polar cavities and enhance CO2 separation selectivity.
16

 ILs 

containing a nitrile group in their cation are generally expensive, as they have to possess 

fluorinated anions in order to be liquid at room temperature.
32

 Flexible glycol chains disturb 

the tight packing of the ions decreasing the melting point of the IL and ensure its fluidity far 

below room temperature (Table 1). 

 



15 

 

Table 1 Viscosities, melting points and refractive indices of ILs. 

IL 
Viscosity 

(cP)
a
  

Melting 

point
 

(°C) 

Refractive 

Index
a
 

1a
b
 2048

b
 -40.0

b
 - 

1b 437 -59.6 1.55 

2a 6881 -33.8 1.55 

2b 1969 -43.3 1.55 

2c 857 -49.9 1.50 

2d
b
 569

b
 -53.9

b
 1.50 

3  >8000 -23.6 1.55 

   
a
measured at 25 °C 

   
b
 data from ref.

19
  

 

All ILs presented in this paper possess a nitrile group on an alkyl linker of a variable length 

and a triethylene glycol monomethyl ether moiety. The cationic cores are based on pyrrolidine 

and imidazole (Figures 1-3). 

 

 

Figure 1. Pyrrolidinium ILs 2a-b. 

 

The
 
ILs 1b and 2d (Figure 1 and 2) have been reported previously and can be considered the 

“only- glycol” analogues of the difunctionalized ILs 1a and 2a-2c, respectively.
19

 Their 

performance can be used as a reference to determine the influence of difunctionalization in 
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ILs 1a and 2a-2c. The presence of the same anion (p-toluenesulfonate) in all ILs of this study 

enables a direct comparison of the influence of cations on the SILM performance.  

The anions are introduced via a quaternization reaction with triethylene glycol, which is less 

toxic than halide alkylating agents. Moreover, the p-toluenesulfonate anion (unlike for 

instance the tetracyanoborate anion) contains protons, which enable a convenient 

measurement of the cation-anion ratio by 
1
H NMR spectroscopy. 

 

Table 2. Mixed gas permeances and mixed gas selectivities at 25 °C. 

 

 
Mixed gas permeance (GPU)

a
 

Mixed gas 

selectivity(GPU) 

IL CO2 N2 CH4 CO2/N2 CO2/CH4 

1a
b
 3.15 0.09 0.10 35.0 32.1 

1b 1.12 0.07 0.09 15.1 12.6 

2a 1.74 0.05 0.05 37.6 34.5 

2b 3.49 0.09 0.10 38.2 35.2 

2c 1.87 0.05 0.05 37.5 35.2 

2d
b
 3.23 0.19 0.20 16.3 16.0 

3 2.12 0.05 0.06 39.3 36.2 
a
 1 Gas Permeation Unit (GPU) = 1  10

-6
 cm

3
 (STP)/(cm

2
 s cmHg) 

b
 data from ref 

19
 

 

A pyrrolidinium IL functionalized with a triethylene glycol monomethyl ether chain and a 

nitrile group on a three- carbon atom (C3) linker was obtained as a first example of a 

difunctionalized IL (Figure 1, compound 1a). This IL provided a good CO2/N2 separation 

selectivity of 35.0 (Table 2). The selectivity of an analogous p-toluenesulfonate IL with an 

identical glycol chain and a methyl group (C1), but no nitrile moiety (1b), was only 15.1.
19

 

This difference is caused by the nearly tripled CO2 permeability of IL 1a in comparison with 
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IL 1b and a very similar N2 permeability for both compounds (Table 2). Analogous 

observations apply to the CO2/ CH4 system.  

 

 

Figure 2. Monocationic imidazolium ILs 2a-d. 

 

Compounds 2a, 2b and 2c represent a series of imidazolium ILs that differ only with a 

length of the alkyl spacer connecting the nitrile group to the cationic core. The spacer contains 

one (C1), three (C3) or ten (C10) methylene groups (Figure 2). The difference in the linker 

length is reflected in the selectivity to a much lesser extent than expected. All imidazolium 

ILs perform similarly, reaching mixed gas selectivity of 38.2 for compound 2b and slightly 

lower values for the two other ILs (Table 2). Similarly to the case of the pyrrolidinium ILs, 

the selectivities of the difunctionalized ILs 2a-c are more than two times higher than the 

selectivities of their “only-glycol” imidazolium analogue, 2d. In contrast with the 
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pyrrolidinium ILs, the permeance of CO2 increased on difunctionalization only for IL 2b (vs. 

IL 2d) and significantly dropped for ILs 2a and 2c. 

Regardless of this difference, the high selectivity achieved by the SILMs covered with 

ILs 2a-c is caused to a great extent by the decrease in permeances of N2 and CH4 in 

comparison with IL 2d. Permeances of both contaminant gases dropped twice for IL 2b and 

four times for ILs 2a and 2c (Table 2). These results suggest that the nitrile group is involved 

in rejection of the contaminant gases. A similar behaviour was reported by Carlisle et al. for 

systems with nitrile- functionalized imidazolium cations,
12

 and by Mahurin et al. for ILs with 

the tetracyanoborate anion.
18

 In both cases, solubility of CO2 (or permeability) decreased 

upon such functionalization, but the solubility (permeability) of N2 and CH4 dropped even 

more, resulting in high CO2/N2 and CO2/CH4 separation selectivities.  

It is interesting to note that of all difunctionalized imidazolium compounds, ILs 2a 

(C1) and 2c (C10) exhibit the lowest permeability of CO2, N2 and CH4, while IL 2b (C3) 

shows the highest permeability of CO2 and moderate permeability of N2 and CH4. In the case 

of IL 2a, the aromatic cations, anions and the cyano groups can participate in the formation of 

strong π- π interactions.
33

 As a result, IL 2a has a high viscosity which partly explains the 

lower permeance of all gases through a SILM covered with this IL (Table 1). The effect is 

even more pronounced for N2 and CH4 molecules, which are larger than CO2 molecules and 

do not interact with the IL. A decrease in FFV expected for an IL with an ether chain and a 

nitrile group on a very short spacer,
16

 is consistent with the enhanced selectivity and reduced 

permeances of IL 2a in comparison with IL 2d. The use of much longer alkyl chains of IL 2c 

was chosen to increase CO2 permeability, nevertheless, IL 2a performs very similarly to IL 

2c.
34

 The result contrary to our expectations, suggests an existence of other effects related 

most probably to the co-presence of the ether chain. Higher permeance of all gases and higher 

selectivity is observed for SILMs made of IL 2b. The three-carbon atom linker of this IL 
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appears to have just the right length to balance the strong π- π interactions which cause high 

viscosity in IL 2a and the unfavourable effect related to the long alkyl spacer in IL 2c. The 

longer spacer of IL 2b is more flexible and prevents the formation of strong intramolecular 

bonds what is reflected in much lower viscosity of this IL. 

The permeance of CO2 for ILs 2a and 2c decreased proportionally to the permeance of 

the contaminant gases, therefore the selectivity remained very similar to that of IL 2b. IL 2d 

permeates twice as much N2 and CH4 than any of the difunctionalized imidazolium ILs and 

nearly as much CO2 as IL 2b. The high free volume created by the glycol chain and a 

simultaneous absence of a polar nitrile group result in a permeation of all 3 gases and a lower 

selectivity overall. 

 

Figure 3. Dicationic imidazolium IL 3. 

 

To achieve yet higher gas separation selectivities, IL 3 was designed (Figure 3). It 

combines the effective double functionalization described above (a glycol chain and a nitrile 

group), with a dicationic structure. According to our previous study, symmetrical dicationic 

ILs provide up to two times higher selectivities than monocationic ILs.
19

 A SILM covered 

with IL 3 reached the highest selectivity of all ILs (S = 39.3). Yet, this value was only slightly 

higher than the selectivity of its monocationic analogue − IL 2b (S = 38.2). The extremely 

high viscosity of IL 3 strongly decreased the CO2 permeance. Consequently, only a small 

increase in selectivity was observed when compared to IL 2b, characterized by much higher 

CO2 permeance. Nevertheless, the highest selectivity of IL 3 and the twice lower permeance 



20 

 

of N2 and CH4 through IL 3 versus IL 2b is in agreement with our previously published 

findings, namely– the highly polar nature of dicationic ILs, manifested in the spread positive 

charge of the dications, aids a facile permeation of strongly quadrupolar CO2 but does not 

easily permit less polar gases (N2 and CH4).
19

 Recent findings show that apart from the highly 

polar nature of dicationic ILs, decreased free volume of these compounds may play a 

significant role, as there is an inverse correlation between FFV and CO2 separation selectivity 

from N2 or CH4.
16

 

 

In situ ATR-FTIR study of the IL-CO2 system 

ATR-FTIR spectra shed more light on the interpretation of selectivity and mixed gas 

permeance data, both for mono- and dicationic ILs. IL swelling, CO2 absorption and CO2-IL 

interactions have been studied for the imidazolium ILs 2a, 2b, 2c, and 3, the imidazolium 

“only glycol” IL 2d. 

 

Table 3. Properties extracted from the infrared spectra of the ILs at 20 bar. 

IL Gas 

absorption 

[mmol/cm
3
] 

Swelling 

[%] 

ν2 (CO2) 

bandwidth 

[cm
-1

] 

2a 1.85 3.4 27.6 

2b 1.99 7.1 24.6 

2c n.d.
a
 n.d.

a
 24.7 

2d 1.88 n.d.
a
 21.0 

3 0.91 1.8 25.1 

 

a
 n.d.: Data not available due to the disappearance of the IL layer from the diamond crystal, 

presumably due to the low viscosity of the compounds. 
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Figure 4. ATR-FTIR spectra of imidazolium ILs before and after equilibration in CO2 

atmosphere at 20 bar in the region of 3100–2200 cm
-1

. a) IL 2a; b) IL 2a + CO2; c) IL 2b; d) 

IL 2b + CO2; e) IL 2c; f) IL 2c + CO2; g) IL 2d; h) IL 2d + CO2; i) IL 3; j) IL 3 + CO2. 

 

The concentrations of CO2 dissolved in the studied ILs are presented in Table 3 and spectra of 

the ILs before and after equilibration in CO2 atmosphere are shown in Figures 4 and 5. 

According to the data, the dicationic IL 3 solubilizes CO2 the least, even though it provides 

the best selectivity overall. Stronger Coulombic interaction between the doubly charged ions 

in dicationic compounds, hold the ions closer together
 
making them less available for the 

interaction with the gas. Similarly functionalized, but monocationic IL 2b has a much lower 

viscosity, and therefore solubilizes the largest amount of CO2. Despite the large difference in 

CO2 permeance between ILs 2a and 2b, there is only a small difference in their CO2 
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solubility, as the solubility was measured at the equilibrium where the high viscosity of IL 2a 

is not an issue anymore. The imidazolium “only-glycol” IL 2d dissolves comparably as much 

CO2 as the nitrile-functionalized ILs, thus no clear trend is visible when CO2 solubility in 

these two types of ILs is compared. The data further support the hypothesis that the high 

selectivity of the difunctionalized ILs is caused to a great extent by the rejection of N2 and 

CH4, rather than by more beneficial IL-CO2 interactions, as these would be reflected in higher 

gas solubility.  

 

Figure 5. ATR-FTIR spectra of imidazolium ILs before and after equilibration in CO2 

atmosphere at 20 bar in the region of 1600–500 cm
-1

. a) IL 2a; b) IL 2a + CO2; c) IL 2b; d) 

IL 2b + CO2; e) IL 2c; f) IL 2c + CO2; g) IL 2d; h) IL 2d + CO2; i) IL 3; j) IL 3 + CO2. 

 

The ILs presented here solubilize a similar amount of CO2 as [C4mim][PF6] (Table 2) 

which dissolves approximately 1.5–2.5 mmol/cm
3
 of the gas depending on the type of the 
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measurement method used.
34,35

 These are not particularly high values, therefore, the nitrile- 

and glycol- containing ILs are not suitable for bulk CO2 absorption.  

SILMs are less affected by swelling than pure polymeric membranes, nevertheless, 

swelling can alter mechanical stability and permeability of the membrane.
36

 The extent of 

swelling can influence selectivity as follows: (i) negligible swelling stands for strong 

interactions between the ions and unless a sufficient initial free volume is present, there is less 

chance for CO2 interactions with the IL; (ii) moderate increase of free volume on swelling 

facilitates gas diffusion into the IL layer of the SILM, what can result in more favourable IL-

CO2 interactions, and consequently in higher gas solubility and higher selectivity, provided 

enough polar cavities are formed;
9
 (iii) extensive swelling increases permeability of both 

gases, lowering the selectivity. A simultaneous “dilution” of moieties able to interact with the 

gas, per unit volume, lowers the performance even further.
37

  

At the pressure of 20 bar, the imidazolium IL 2a swelled only 3.4%, what is consistent 

with the strong cation-anion interactions and high viscosity of this IL. This is also true for the 

dicationic IL 3, which swells the least of all ILs: 1.8%. IL 2b reached 7.1% of its initial 

volume and this was the highest value observed. This moderate swelling of IL 2b facilitated 

CO2 diffusion through the membrane and resulted in high permeance. On pressurization, the 

absorbance of ILs 2c and 2d drastically decreased, what is normally associated with a very 

high swelling. Here, however, it was accompanied by a decrease in CO2 solubility, indicating 

the disappearance of the IL from the measuring surface of ATR crystal, probably due to the 

lower viscosity of these compounds. Under pressure, a small amount of IL moved away of the 

diamond surface to the surrounding area. 

The ionic liquid [C4mim][PF6] swells approximately 6% at 20 bar, which is more than 

the majority of the ILs presented here but less than IL 2b.
23

 A molecular solvent, liquid 

poly(ethylene glycol), PEG 400, unrestricted by ionic interactions, swells 16% at 53 bar.
38
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By comparing the membrane and infrared data, it can be shown that the SILM containing IL 

2b performs the best, because it is characterized by the highest CO2 permeance, the highest 

CO2 solubility, and the highest but still moderate swelling. In contrast with our previous 

results, where dicationic ILs performed twice as well as monocationic ones, the selectivity of 

the dicationic IL 3 improves only slightly in comparison with its monocationic analogue, IL 

2b.
19

 This is most probably related to the high viscosity of IL 3 and the exceptional 

performance of IL 2b. 

 

 

 

Figure 6. ATR-FTIR spectra of CO2 dissolved in different imidazolium ILs in the ν2 band 

region. 
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Broadening and splitting of the bending mode band of CO2 (ν2) in the presence of ILs, 

indicates a removal of a degeneracy of this mode associated with the interaction of CO2 and 

ions of the studied ILs.
26,39,40

 Figure 6 presents spectra of CO2 dissolved in different ILs in the 

ν2 band region. The bandwidths, measured as an average half width (FWHM, Full Width at 

Half Maximum), range for the studied ILs from 21 to 28 cm
-1

. The correlation between the 

ν2(CO2) and the amount of dissolved gas has been proposed by Kazarian et al. for the case of 

polymeric samples.
26

 Despite significant differences in gas solubility, the nitrile- containing 

monocationic ILs 2b and 2c and the dicationic IL 3 display similar bandwidths of ca. 25 cm
-1

. 

IL 2a shows much broader bandwidth of about 28 cm
-1

. The FWHM of the “only-glycol” IL 

2d is much lower: 21 cm
-1

. The occurrence of such broad bands is not surprising per se. Band 

broadening stems from the interaction between CO2 and functional groups localized on anions 

and cations, such as ethers, carbonyl groups and aromatic systems.
20,26,40

 Depending on the 

interacting moiety and its environment, the strength of interaction may vary, resulting in 

different FWHMs. The ILs presented in this paper possess multiple interaction sites, such as 

the p-toluenesulfonate anion, the imidazolium ring, the nitrile group and the triethylene glycol 

chain. A concurrent presence of more than one interacting group in these difunctionalized 

compounds may therefore result in the bandwidths of 21–28 cm
-1

. Larger bandwidths values 

for the difunctionalized ILs can be explained by the higher strength of certain interactions that 

occur due to the presence of the nitrile group. Nevertheless, the values are not reflected in 

higher gas solubilities. The particulary large bandwidth value for IL 2a suggests that the low 

CO2 permeance through this IL may be also related to the slow desorption of CO2 from the 

SILM, due to the strong CO2-IL interactions.  

Kazarian et al. reported band widths for [C4mim][PF6] and [C4mim][BF4] ILs, which were 15 

cm
-1

 and 19 cm
-1

, respectively.
20

 The difference of 4 cm
-1 

was attributed to the different 

strength of interactions between the anions and CO2 molecules. The interaction of anions with 
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CO2 has been well documented in the literature so also in the case of the ILs reported here 

there is no doubt that such interactions contribute to the band broadening.
34

 Since, however, 

all the ILs presented here are p-toluenesulfonates, the observed changes in FWHMs must be 

related to the dissimilar cations. The ν2(CO2) bandwidth can be affected by direct cation-CO2 

interactions,
41

 or indirectly, by cation-anion interactions of various strength that influence the 

anion-CO2 and cation-CO2 interactions. When designing CO2-philic ILs, cations should be as 

carefully chosen as anions, not only to adjust the physical properties of ILs (e.g. imidazolium 

cations generally ensure low viscosity) but also to enable CO2 dissolution.
19,41

 

For the majority of the ILs presented here the CO2 bending mode band is split, 

indicating the appearance of two new bending mode bands (Figure 6). Only for IL 2d is the ν2 

band not split. It may be related to the smaller difference in wavenumber between the two 

new bands and hence a lower resolution. Previous examinations of several common molecular 

solvents and polymers showed that the ν2 band of CO2 splits into two bands in solvents that 

possess a lone electron pair.
26,39,40,42

 In polymers containing a pyridine ring, a simultaneous 

contribution from the two interacting sites (the nitrogen atom and the aromatic ring), made it 

difficult to observe the ν2 band splitting. Instead, a broadening of the band was observed. 

Surprisingly, this was not the case with the p-toluenesulfonate anion (sulfonyl group and a 

toluoyl ring), even though, the existence of the two possible CO2- binding sites have been 

proven theoretically.
19

 Nalawade et al. reported that the splitting of the ν2 (CO2) interacting 

with PEG 6000 was visible only at and above 60 bar.
40

 It was attributed to weak interactions 

between the ether groups and the CO2 molecules. This could indicate that the band splitting 

visible for ILs presented here at the lower pressure of 20 bar, results from the interactions 

with other functional groups than with the ether chain.  

None of the spectral bands of the ILs showed any significant shifts or broadening, 

what implies a weak, physical binding of CO2, as well as no profound influence of CO2 on the 
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structures of the ILs (Figures 4 and 5). The broadening of the CO2 bending mode described 

above (Figure 6), results nevertheless from such interactions, even if they are not visible in the 

spectrum of the ILs themselves. Additionally, the lack of changes cannot be a proof that such 

interactions do not exist: only very small band shifts (ca. 0.5 cm
-1

) appear in the spectrum of a 

widely known CO2 absorber, PEG 6000 on the contact with the gas and a pressure of 60 bar is 

necessary to reveal them.
40

  

Similarly, there were also no changes observed in the nitrile stretching band of the ILs, 

even though the nitrile group clearly contributes to the performance of the SILMs. This 

observation suggests once again that the nitrile moiety does not facilitate CO2 solubilization or 

diffusion but rather prevents N2 and CH4 from passing through the membrane. The nitrile 

bands were fairly symmetrical, before and after CO2 introduction. Lethesh et al. studied 

polarization of the nitrile group in nitrile-functionalized pyridinium ILs.
32

 The partial negative 

charge on the nitrile nitrogen atom was found to increase with increasing alkyl spacer length 

and the effect was especially pronounced for short chains (less than 3 carbons). The 

presumably significant dipole moment of the nitrile groups in ILs 2b, 2c and 3 could help to 

visualise the CO2-nitrile interaction in the infrared. Nevertheless, there have been no changes 

observed in the spectra of any of the ILs after CO2 has been introduced, neither in the short 

spacer salts 2a or 2b and 3, nor in the long chain IL 2c. Correspondingly, examination of 

imidazolium tricyanomethanide (TCM) ILs, in the presence of CO2 by Raman spectroscopy, 

did not reveal any changes in the nitrile stretching band of these compounds, even though the 

TCM ILs proved to be very efficient in CO2 separation on SILMs.
17,43,44

  

Thus, the examination of the band corresponding to the vibration of CN group did not 

reveal any significant interactions between the CN groups and CO2 molecules. It may indicate 

a stronger influence of the CN group on the ν2 band of CO2, than the CO2 effect on the CN 

band. Even though no significant changes in the structure of the ILs can be traced, the larger 
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FWHMs of the difunctionalized ILs suggest the occurrence of the weak specific IL-CO2 

interactions. 

 

 

CONCLUSIONS 

Novel difunctionalized ionic liquids containing a triethylene glycol monomethyl ether chain 

and a nitrile group on a pyrrolidinium or imidazolium cation were synthesized and 

incorporated into SILMs. The difunctionalized ILs exhibited higher CO2/N2 and CO2/CH4 

separation selectivities (mixed gas) of up to 40. This is ca. 2.3 times than their analogues 

functionalized only with a glycol group. The nitrile-and glycol-ILs benefit from the room 

temperatue fluidity ensured by the glycol chain and high separation selectivities provided by 

both the glycol chain and the nitrile group. The working principle of the nitrile group is 

different for the pyrrolidinium and imidazolium compounds. In the case of pyrrolidinium ILs, 

introduction of the nitrile group increases the CO2 permeance, while the permeances of the 

contaminant gases rise negligibly, resulting in high gas separation selectivity. For 

imidazolium ILs, the presence of a nitrile group does not always increase the CO2 permeance 

nor does it increase the CO2 solubility, as showed by in situ FTIR-ATR spectroscopy. High 

selectivities of the difunctionalized imidazolium ILs are caused by the largely reduced 

permeances of N2 and CH4, presumably due to the ability of the polar nitrile group to reject 

the contaminant gases. The CO2 solubilities in the novel ILs were comparable to those of 

monofunctionalized ILs and ranged from 0.91 to1.99 mmol/cm
3
 (1.04–2.29 cm

3
 (STP)/ cm

3
 

atm). Also IL-CO2 interactions were studied by the in situ FTIR-ATR spectroscopy. The 

nitrile-containing ILs were found to interact stronger with the gas, which was reflected in 

larger ν2 bandwidths of CO2 dissolved in these ILs. Although no changes were observed in the 

nitrile bands of the difunctionalized ILs, the appearance of the CO2 spectra proved the 
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existence of IL-CO2 interactions related to the presence of the nitrile group on the cation. The 

broadening of the ν2(CO2) may be a result of a direct –CN-CO2 interaction not visible at the 

applied pressure, or indirect cation-anion interactions that influence the contact between the p-

toluenesulfonate anions or cations and CO2. The dicationic, difunctionalized IL achieved the 

highest selectivity in the series (39.3 for CO2/N2 system), nevertheless, it was only slightly 

better than that of its monocationic analogue, possibly due to the high viscosity of the 

dicationic IL and the exceptional performance of the monocationic IL which was 

characterized by the highest CO2 permeance, CO2 solubility and swelling in the series.
19
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