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ABSTRACT 

 

 

The objective of this dissertation is to obtain a better understanding of how the molecular 

level properties of ionic liquids and poly(ionic liquids) effect the transport of solutes within the 

compounds.  This knowledge is especially useful in regard to light gas separations, such as CO2/N2 

and CO2/CH4.  As was found in our research, the vast sea of potential ILs can by narrowed down 

considerably by using molecular dynamics simulations such as COSMOTherm.  Once potentially 

useful cation/anion combinations are determined, laboratory synthesis and experimentation can 

verify whether the materials can be used as successful membranes.  Additionally, this work shows 

how rearrangement of the conformation of sub-groups on the cation can vastly change its 

permeability and selectivity performance.  Finally, this work also addresses a void in the literature 

regarding poly(IL) bulk-material studies.  We show that poly(IL) materials have the potential to 

be superabsorbent materials, due to the behavior of the cation and anion when subjected to polar 

organic solvents. 
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CHAPTER 1 

INTRODUCTION 

For several years, ionic liquids (ILs) have demonstrated remarkable capabilities as solvents 

and membranes for light gas separations.  This is especially evident in the cases of post-combustion 

CO2 capture (CO2/N2 separation) and natural gas sweetening (CO2/CH4 separation).1-8  In most ILs 

CO2 absorption is a physical mechanism involving weak, reversible interaction.  Selectivity values 

for CO2 in ILs has been shown to be similar to those of organic solvents that are often used in 

industry.9-11  ILs differ from these organic solvents in one key way:  ILs are highly tunable 

molecules with a number of methods to control properties such as gas solubility, density, viscosity, 

and heat capacity.12, 13  Additionally, ILs have the advantage of being largely non-volatile, even at 

significantly elevated temperatures.14  This could potentially lead to large energy savings in the 

process of CO2 capture, as well as minimizing losses due to fugitive emissions. 

Due to the incredibly large number of potential IL cation-anion combinations and their 

relationships to CO2 solubility and selectivity, a number of studies have used predictive models 

based on the molecular properties of the molecules.  14, 15  Early models of CO2 solubility and 

selectivity were as much as 20% in error when compared to the limited amount of experimental 

data available at the time.  It was suggested that Camper’s model, which used molar volume (Vm) 

as the main variable, could be more accurate at predicting solubility and selectivity if it utilized 

free volume (Vf) and fractional free volume (Vf/Vm) to determine trends.16  Historically, 

imidazolium-based ILs utilizing bis(trifluoromethanesulphonyl)imide (Tf2N) anions have shown 
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higher solubilities for  CO2 than their analogous ILs containing other common anion species such 

as BF4 and PF6.
17, 18  Prior research by our group considered both cation and anion effects on the 

potential solubility and selectivity of CO2.
16  Using COSMOTherm, 165 combinations of 

[Cnmim][X] ILs were examined to explore relationships between FFV and CO2 solubility and 

selectivity.  It was determined that the free volume created by large delocalized anion are the main 

factor in driving CO2 solubility and selectivity; however, free volume created by the n-alkyl 

substituents worked to reduce solubility.  Similar results were also published by other 

researchers.19 

The lack of volatility associated with ILs was considered to be highly beneficial to field of 

supported liquid membranes (SLMs)4, 20-27 as this property eliminated a common failure 

mechanism.  Although there was little risk of evaporation of IL from the SLM, failure due to liquid 

loss caused from the pressure differential across the membrane exceeding the weak capillary forces 

holding the IL in the support, or “blow-out”, still remained a concern.  As a result, polymerized IL 

(poly(IL)) membranes were conceived and developed in which a polymer backbone functionalized 

with ionic groups would provide stabilization through non-covalent interactions as well as 

additional mechanical integrity due to the formation of a polymer backbone via chain-addition 

chemistry (e.g. poly(styrene), poly(acrylate), etc.).9, 28-42  Bara and co-workers demonstrated that 

many unique IL monomers could be synthesized and that poly(IL)-IL composites could be formed 

by incorporating a non-polymerizable IL within the poly(IL) structure.2, 3, 13, 14, 43-45  The poly(IL)-

IL composite approach has served as a useful basis for the development of a number of membrane 

materials, with progressively improved performance in relationship to Robeson’s Upper Bounds 

for CO2/N2 and CO2/CH4.
46-49    
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Despite the number of poly(IL) materials produced in recent years, we still see a need to 

more thoroughly investigate fundamental structure-property relationships in ILs and poly(ILs), 

especially in regard to CO2 separations.   
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CHAPTER 2 

Correlating fractional free volume to CO2 selectivity in [Rmim][Tf2N] 

ionic liquids 

 

W. Jeffrey Horne, Matthew S. Shannon, Jason E. Bara 

Department of Chemical & Biological Engineering 

The University of Alabama, Tuscaloosa, AL 35487-0203, USA 

 

Abstract 

Ionic liquids (ILs) with smaller molar volumes are typically correlated with improved CO2/N2 and 

CO2 / CH4 solubility selectivity. However, it is the free volume (i.e. the ‘‘empty’’ space) present 

within this molar volume where gas molecules will dissolve. Thus, we seek to find further 

relationships between IL free volume and molar volume as a means to more intuitively understand 

CO2 selectivity. Previously, we considered the effect of 1-n-alkyl-3-methylimidazolium ILs with 

various anions (i.e. [Cn mim][X]) using COSMOTherm to rapidly calculate free volume. It was 

noted that ILs with the smallest molar volumes also had the smallest free volumes, indicating that 

a correlation between free volume and CO2 selectivity can exist. In our prior work, we considered 

165 ILs, many of which had not yet been synthesized or are perhaps purely theoretical. Here, we 

extend our examination to functionalities other than n-alkyl groups such as ethers, nitriles, 

fluoroalkyls, etc. with the bis(triflamide) anion ([Tf2N]). The focus is devoted specifically to 

families of ILs that are readily synthesized and have CO2 solubility and selectivity data reported 

in the literature. Analysis of these [Rmim][Tf2N] ILs serves to further confirm that ILs with smaller 

free volumes also have improved CO2 selectivity, and that in most cases, polar functional groups 

provide better performance than the n-alkyl-functionalized analogs. Given that synthesis of 

functionalized imidazolium cations is typically more facile than novel anions, a deeper exploration 

of functional groups may be key to further improving CO2 selectivity in these types of ILs.  

 

Keywords 

CO2 capture, free volume, imidazolium-based ionic liquids, COSMOTherm  
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2.1.  INTRODUCTION 

 Over the past decade, ionic liquids (ILs) have been on the forefront of research in novel 

solvents/membranes/hybrid materials for CO2 separations, especially given the emphasis on 

developing cost and energy efficient technologies for post-combustion CO2 capture (i.e. CO2/N2 

separation at low pressure), and the long-existing need for natural gas treating (i.e. CO2/CH4 

separation at low to high pressures) 1-6.  The absorption mechanism(s) of CO2 in the vast majority 

of ILs has been shown to be primarily physical (i.e. weak, reversible interactions), and the 

selectivity for CO2 in ILs has proven to be comparable to that observed in other organic solvents 

that do not chemically react with CO2 
1, 3, 4, 7-14.   Experimental data reveal that ILs tend to exhibit 

CO2 absorption levels between small organic molecules and polymers.  The solubility of CO2 in 

ILs (on a molarity or molality basis) is most comparable with relatively non-volatile (and 

uncharged) organic solvents such as long alkanes, alcohols, methyl esters of carboxylic acids and 

oligo(ethylene glycols) 15, 16.  However, ILs, unlike most other physical organic solvents (e.g. 

methanol, acetone, etc.),17 offer a “tunable” platform where a multitude of synthetic and/or mixing 

strategies are available to control IL thermophysical properties such as density, viscosity, heat 

capacity, gas solubility, etc.1, 2, 7, 9, 10, 13, 14, 18, 19.  ILs also provide the favorable property of being 

essentially non-volatile even under elevated operating temperatures 20-23.  The low volatility of ILs 

could allow for a potentially “greener” process operation by reducing heat duties and minimizing 

fugitive solvent emissions, provided other solvent thermophysical properties such as viscosity 

were well-suited to maximizing mass and heat transfer rates. 
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Because of the seemingly infinite number of possible IL cations and the resultant structure-

property relationships to CO2 solubility and selectivity, researchers have focused on generating 

predictive models based on the intrinsic properties of ILs.  Camper et al. proposed a two-parameter 

model for CO2 solubility and selectivity at low pressures in imidazolium-based ILs at 298.15, 

313.15, and 323.15 K.24  The model, based on Regular Solution Theory (RST), relates gas 

solubility (on a molarity basis) to IL molar volume (Vm).  Camper proposed that the solubility of 

CO2 and other gases were a function of Vm with an exponential dependence of (-4/3) based on a fit 

to experimental data and the use of the Kapustinski equation to estimate the IL solubility parameter 

(δ) 24-26.  The Kapustinskii Equation was previously utilized to estimate the values of δ for alkali 

metal salts.  A key assumption of the Kapustinskii equation is that the ions are spherical and atomic 

(point charges).  However, as bulky organic salts, imidazolium-based ILs have little in common 

with “classic” metal salts (e.g. NaCl).  Thus, the use of the Kapustinskii equation can lead to at 

least 20% overestimations in IL solubility parameters 7.  Yet, Camper’s model did tend to capture 

the experimentally-observed trends in CO2 solubility and selectivity 24.  Although, as we 

previously discussed,27 the form of Camper’s model allowed for it “bend” to the data and that the 

fit quality (i.e. R2 value) would be improved if the (-4/3) power dependence from the assumption 

that the Kapustinskii applied was instead treated as adjustable constant.  However, there did not 

appear to be a rational basis for doing this other than to force the model to better match 

experimental data. 

At the time of Camper’s model, there were but a handful of ILs where CO2 solubility and 

selectivity had been published, and as such, the model included disparate 1-n-alkyl-3-

methylimidazolium cations with different anions (i.e. [Cnmim][X] ILs).  We previously raised the 

question as to whether a singular model that employed Vm as the primary variable could sufficiently 
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capture the trends in gas solubility across ILs featuring multiple structure variables , especially in 

light of more recent results that showed greater CO2 solubility in [Cnmim][B(CN)4] ILs than could 

have been predicted from Camper’s model.27-30  We suggested that the IL free volume or fractional 

free volume (FFV) would be correlated to Vm and might provide better insight into CO2 solubility 

and selectivity trends 27. 

Hu et al. 31, 32 made several key conclusions regarding gas solubility in ILs at the molecular 

level, showing that the imidazolium ring and anion organize into three-dimensional ionic networks 

or nanodomains driven by strong, long-range (Coulombic) interactions, with the alkyl tails (C3 and 

longer) experiencing weak, short-ranged interactions and driving segregation into heterogeneous, 

nonpolar domains 32, 33.  Results from Raman experiments, molecular dynamics (MD), and density 

functional theory (DFT) calculations proved that the ionic networks formed are flexible enough to 

change molecular conformation to accommodate nonpolar domains 34.  Throughout the literature, 

imidazolium-based ILs with [Tf2N] anions have been shown to exhibit higher CO2 solubilities (on 

a molarity basis) when compared to other analogous cations with other common anion species 

such as [BF4] and [PF6] 
35, 36.  Increased CO2 solubility (mole fraction basis) has been attributed to 

CO2-[Tf2N] interactions1, 9, 35 due to CF2, CF3 and S=O groups and/or the larger size and 

delocalization of the [Tf2N] anion 37.  However, only relatively small improvements are observed 

in terms of “bulk” CO2 solubility (molarity basis) in [Cnmim][Tf2N] relative to analogous 

[Cnmim][X] species (i.e. same cation, different anion) 24. 

Our prior study 27 considered both cation and anion effects on CO2 solubility and selectivity 

in [Cnmim][X] ILs.  Using COSMOTherm, we probed 165 actual and theoretical combinations of 

[Cnmim][X] ILs in order to explore whether a relationship FFV and CO2 solubility/selectivity 

trends might exist.  By combining computational results with experimentally-determined data, a 
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correlation between FFV and CO2 solubility and selectivity was identified 27.  The overall 

implication of the study was that greater CO2 solubility and selectivity could be simultaneously 

achieved by reducing the n-alkyl chain length as well as considering larger anions that are fully 

delocalized.  Hu et al. 31 also concluded similar findings based on simply comparing free volume 

in [C4mim][PF6] and [C8mim][PF6] to [C4mim][Tf2N]  and [C8mim][Tf2N] based on the difference 

of Vm and molar van der Waals volume (VvdW) 38-41.  Our earlier work indicated that free volume 

created by the large, delocalized anions drives CO2 solubility and selectivity, but that free volume 

created by the pendant n-alkyl chains serves to diminish CO2 solubility and selectivity.  We noted 

that although our method was a rapid means for calculating FFV it did not provide for the 

determination of the absolute values of CO2 solubility/selectivity, and experimentally-determined 

constants unique to each [Cnmim][X] series were still needed.  However, the proposed relationship 

between free volume and Vm mirrored the experimental data relating CO2 selectivity to Vm.24, 27, 42 

Solubility of acid gases (i.e. CO2 and SO2) in ILs are highly dependent on both energy of 

cavity formation (i.e. the free volume) and strong IL-gas interactions 31.  Light gases (e.g. H2, N2, 

and O2) only experience weak interactions with ILs that are driven by cavity formation or the 

available free volume.  Alkyl groups tend to form nonpolar domains and thus do not exhibit 

favorable increases in CO2 selectivity.  To observe significant increases in acid gas/light gas 

selectivities, polar functional groups should be appended to the imidazolium cation ring, which 

would favor the formation of predominantly ionic and polar cavities which would presumably 

favor CO2 selectivity 43.  Rigidity at the molecular level plays a significant role in the nature(s) of 

cation and/or anion conformers which influence free volume.  Increasing the flexibility of these 

ionic structures tends to lower the viscosity of the material while decreasing energy of cavity 

formation, thus, increasing the available FFV.   
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Although less utilized, perhaps due to different synthetic methods and/or starting materials, 

imidazolium-based ILs with non-alkyl substituents (i.e. [Rmim] cations) have shown improved 

and different behaviors with respect to CO2 solubility and selectivity.  In this study, we investigate 

the effects of appending polar substituent groups to the imidazolium cation compared to that of 

the aforementioned [Cnmim][Tf2N] ILs by utilizing COSMOTtherm to calculate FFV for a 

selected group of [Rmim][Tf2N] ILs.  In addition to updated calculation of FFV for [Cnmim][Tf2N] 

ILs in the latest version of COSMOTherm, the following  R group types are considered:  ether, 

nitrile-terminated alkyl, hydroxyl-terminated alkyl, fluoroalkyl, benzyl and silicon-based 

functionalities.  The results of these studies illustrate that FFV calculated by COSMOTherm 

supports the notion that [Rmim][Tf2N] ILs with non-alkyl substituents display distinctly different 

trends that can be correlated with experimentally-observed improvements/changes in CO2 

selectivity relative to [Cnmim][Tf2N] ILs with similar Vm.  The most notable differences occur 

within ether ([Pxmim][Tf2N])and fluoroalkyl ([CnF2n+1C2mim][Tf2N]) series, which exhibit large 

divergences from the trend of the [Cnmim][Tf2N] series.  The relationships between FFV and CO2 

selectivity provide further insight into why imidazolium cations with smaller substituents and/or 

those with polar functional groups exhibit enhanced CO2 selectivity relative to those with n-alkyl 

groups larger than ethyl.  As all non-alkyl [Rmim][Tf2N] ILs exhibited smaller values of FFV than 

[Cnmim][Tf2N] ILs of similar Vm, strategies that reduce FFV through manipulation of the 

imidazolium cation may hold promise for further improvements in CO2 selectivity in 

[Rmim][Tf2N] ILs.  
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2.2.  COMPUTATIONAL METHODS 

A set of 27 various 1-R-3-methylimidazolium cations (Table 2.1) with the [Tf2N] anion 

were paired for use in COSMOtherm (version C30_1301).   

 

Table 2.1:  Structures, abbrevations and types of functional groups examined for [Rmim][Tf2N] 

ILs. 

Cation Structure(s) Abbreviation, Functional group type 

 
(n = 0, 1, 2, 3, 4, 5, 6, 7, 9, 11, 13) 

[Cnmim], n-alkyl 

 
(n = 1, 3, 5, 7, 9) 

[(NC)Cnmim], nitrile-terminated alkyl 

 
(x = 1, 2, 3) 

[Pxmim], ether 

 
(n = 2, 4, 6) 

[(CnF2n+1)C2mim], fluoroalkyl 

 

[HOC2mim], hydroxyl-terminated alkyl 

 

[Bnmim], benzyl 

 

[(HCC)C1mim], alkyne 

 
 

 

 

N/A, various silicon-containing moeities 

Anion Structure Abbreviation, Functional group type 

 

[Tf2N], bis(triflamide) 



 

11 

 

  

The [Cnmim] cations analyzed were already available within the library of compounds 

utilized in our prior work, however the [Rmim] cations were not available within the library 

obtained from the software provider and COSMO files for these were developed by our research 

group.  Optimized structures of the ions were developed with TURBOMOLE, using both the 

TZVP basis set 44 with the Becke and Perdew (b-p) functional 45, 46 at the density functional theory 

(DFT) level.  All COSMO calculations were also performed with TZVP, which is consistent with 

other works that have utilized COSMOTherm to predict the properties of ILs and other types of 

molecules 47-58. 

Densities (kg m-3), COSMO volumes (VCOSMO) (m3 kmol-1), and molar volumes (m3 kmol-

1) were obtained for each of the 27 cation-anion combination evaluated.  VCOSMO is the volume 

enclosed by the charge screening surface and is analogous to VvdW, but there is no direct conversion 

factor between VCOSMO and VvdW.  

Values of Vm were calculated at 25°C using the density application with COSMOtherm.  

FFVIL was then calculated by Eqn. 2.1: 

𝐹𝐹𝑉𝐼𝐿 =  
Vm−VCOSMO

Vm
           (2.1) 

where the term (Vm-VCOSMO) is taken to be the molar free volume (Vf) (m
3 kmol-1). 

 

2.3.  RESULTS AND DISCUSSION 

 Small molecules containing polar groups (i.e. ethers, nitriles, etc.) are generally viewed to 

have improved solubility selectivity for CO2 relative to hydrocarbon-based solvents.7, 10, 17, 24  A 

similar trend has been found in ILs.  Bara and co-workers experimentally demonstrated that 

[Rmim][Tf2N] ILs with polar substitutents consisting of oligo(ethylene glycol) 10 (i.e. [Pxmim] 

cations) and nitriles 7 (i.e. [NCCnmim] cations) show little to no improvement in CO2 solubility 
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compared to alkyl-functionalized ILs that had the same number of atoms in the side chain.  

However, increases in ideal solubility selectivities were observed, up to 75%.  Fluoroalkyl-

functionalized [Rmim][Tf2N] ILs were shown to decrease in CO2/N2 selectivity but have higher 

values for CO2/CH4 selectivity.14  This occurrence is primarily attributed to weak hydrocarbon-

flurocarbon interactions that decrease CH4 solubility, while fluorocarbons tend to increase the 

solubility of CO2, N2 and O2 
59, 60.  Also, gas separation performance in [Rmim][Tf2N] ILs with 

silicon-based functional groups was examined via supported ionic liquid membranes (SILMs), 

owed to the fact that a number of silicone-based polymer materials, especially 

poly(dimethylsiloxane) (PDMS)) have been examined for CO2 as well as O2/N2 membrane 

separations 61-65.  However, a siloxane-functionalized IL (Table 2.1) was observed to have a 

relatively low CO2/N2 selectivity 1, 66. 

Gas solubility shows a general correlation to FFV inorganic materials, with higher gas 

solubility and FFV in small molecule, liquid solvents and lower gas solubility and FFV in 

polymers.14  RTILs tend to fall between these two classes of media in terms of gas solubility and 

FFV 1, 27.  Lin and Freeman clearly showed that a distinct correlation between FFV and gas 

solubility/selectivity is poor across a selection of molecules with diverse structures (e.g. MeOH, 

acetone, n-hexane, THF, etc.) 17.  The lack of a discernible correlation should not be unexpected 

as the nature of the functional groups present (e.g. polar/non-polar) strongly influence the character 

of the small molecule and in turn, both FFV and CO2 solubility/selectivity.  Lin and Freeman 

illustrate that two distinct molecules (e.g. acetonitrile and n-hexane) can have similar values of 

FFV, but very different performances with respect to their CO2 absorption 17. 

Our prior work recognized this limitation and suggested that although a relationship 

between Vm and gas solubility in ILs has been shown to exist across a series of ILs with propagating 
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structures (e.g. [Cnmim][X]), there is no fundamental reason as to why the sheer size (i.e. Vm) of 

the IL should have a direct bearing on gas solubility.  However, the cavities formed as a result of 

incrementally changing the n-alkyl chain on the cation (i.e. FFV) would clearly be correlated to 

Vm and also to the ability/affinity of gases to dissolve within the ILs.  Thus, a relationship between 

FFV and CO2 solubility/selectivity could exist across molecules with a regularly propagating 

structure, especially when the incremental change represents but a small portion of the entire 

molecule (e.g. a single -CH2- group).  Our simulation using COSMOTherm and that of Lin and 

Freeman, only considered FFV in the neat solvents without any dissolved CO2 (or other gases), 

while Costa and co-workers considered the change in FFV with increasing CO2 mole fraction 67.    

However, it cannot be ignored that the solubilities (molarity or molality basis) of N2 and CH4, 

which are only expected to exhibit weak interactions with ILs, increase as the length of the n-alkyl 

chain increases.  In our view, increased free volume is responsible for the increased solubility of 

these gases, and the relationships between FFV and structural increments are important to consider 

in understanding CO2/N2 and CO2/CH4 solubility selectivity in [Rmim][Tf2N] ILs. 

Figure 2.1 presents the results of our simulations in COSMOTherm for the relationships 

between FFV and Vm in [Cnmim][Tf2N] and various [Rmim][Tf2N] ILs.  A discussion comparing 

these results with experimentally-observed CO2 solubility and selectivity behaviors associated 

with each ‘R’ group follows.    
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Figure 2.1:  Calculated relationships between IL molar volume and IL FFV.  Key to figure: 

filled squares: [Cnmim]; filled diamonds: [(NC)Cnmim]; filled circles: [Pxmim]; filled triangles: 

[(CnF2n+1)C2mim]; open square: [HOC2mim]; open diamond: [Bnmim]; open triangle: 

[(HCC)C1mim]; open circles: silicon-based functional groups. 

 

For the [Cnmim], [(NC)Cnmim], [Pxmim] and [(CnF2n+1)C2mim] series, a relationship 

between FFV and Vm was calculated according to Eqn. 2.2: 

𝐹𝐹𝑉 = 𝐴 +
𝐵

𝑉𝑚
           (2.2) 

where A is a dimensionless constant and B has units of m3·kmol-1.  The A constant represents the 

asymptotic value of FFV as Vm becomes exceedingly large. 

 The values of A and B and the quality of fit (R2) values for each of the four series are 

presented in Table 2, and analyses for each cation family are discussed in the following sections. 
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Table 2.2:  Fit parameters and quality for the relationship between IL FFV and Vm based on fit of 

calculated data to Eqn. 2. 

 

Cation Family A B (m3·kmol-

1) 

R2 

n-alkyl: [Cnmim] 0.2185 -2.659 0.9993 

nitrile: [(NC)Cnmim] 0.2260 -3.094 0.9993 

ether: [Pxmim] 0.1844 -1.821 0.9983 

fluoroalkyl: 

[(CnF2n+1)C2mim] 

0.1515 -1.093 0.9987 

 

 

2.3.1  n-Alkyl: [Cnmim][Tf2N] 

 The ‘A’ and ‘B’ values calculated from a fit of Eqn. 2.2 to the updated COSMOTherm 

calculation of FFV (which considers conformers of [Cnmim] cations) are within 1-2% of those in 

our prior work, where we only considered one conformer for each [Cnmim] cation: that with the 

fully extended n-alkyl chain.  This implies that bends and twists in the alkyl chain have very little 

impact on the FFV determined from application of Eqn. 2.1 to the COSMOTherm output.  As can 

be seen in Figure 2.1, [Cnmim] cations display the largest values of FFV for any given value of 

Vm.  As we have demonstrated an inverse correlation between FFV and CO2 selectivity as the n-

alkyl chain is extended, this position of the [Cnmim][Tf2N] series within Figure 1 is not surprising.  

As [Cnmim][Tf2N] ILs are shown to have the largest FFV at a given value of Vm, experimentally 

observed reductions in CO2/N2 and CO2/CH4 solubility selectivities relative to other [Rmim][Tf2N] 

ILs with similar values of Vm and analogous side chain lengths (e.g. [C4mim][Tf2N] & 

[P1mim][Tf2N]) are consistent with the trends in Figure 2.1. 

 

2.3.2  Nitrile-terminated alkyl: [NCCnmim][Tf2N] 

 [C2mim][dca], an IL with a nitrile containing anion, was amongst the earliest imidazolium-

based ILs studied for CO2 separations and was observed to have greater CO2/N2 and CO2/CH4 
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solubility selectivities, but lower CO2 solubility, than most other imidazolium-based ILs.  More 

recent works with [C2mim][B(CN)4] have shown that ILs with nitrile-containing anions tend to 

have improved CO2 solubility and selectivity relative to other ILs with similar cations.  Carisle, et 

al. first demonstrated that [(NC)Cnmim][Tf2N] ILs (i.e. nitrile-terminated alkyl groups attached to 

the imidazolium cation) can provide improvements in CO2 selectivity relative to other 

[Cnmim][Tf2N] ILs of similar Vm and number of atoms in the chain.   

The smaller members of [(NC)Cnmim][Tf2N] series may experience intermolecular, head-

to-tail interaction between the imidazolium ring and the terminal nitrile group, which is electron-

withdrawing and makes the aliphatic hydrogens in close proximity more acidic 68.  These increased 

intermolecular interactions are likely to cause a reduction in FFV, especially when the nitrile group 

is not insulated from the ring by a number of -(CH2)- linkages.  Examination of Figure 2.1 reveals 

that the smallest IL in this group, [(NC)C1mim][Tf2N], exhibits a very low FFV which would 

correlate with its improved CO2 selectivities relative to all other [Rmim][Tf2N] ILs.  However, the 

data in Figure 2.1 and fit constants in Table 2.2 reveal that as the number of -(CH2)- linkages are 

increased, the relationship between FFV and Vm in the [(NC)Cnmim][Tf2N] series begins to 

approximate the [Cnmim] series.  As the nitrile group is diluted within a growing alkyl bulk, its 

effects are diminished and, at a sufficiently long length, will approximate the character of 

[Cnmim][Tf2N] ILs.  These trends in FFV can be considered with respect to the published 

experimental results for CO2, CH4 and N2 absorption in [(NC)Cnmim][Tf2N] ILs (n = 1, 3, 5) where 

the moles of CO2 per volume of IL may increase slightly as the number of -(CH2)- repeat units 

increased, while that of N2 and CH4 increase much more significantly.  A trend of increasing 

solubility of CH4 and N2 in [(NC)Cnmim][Tf2N] ILs is the same as observed in [Cnmim][Tf2N] 
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ILs with respect to increasing FFV, which results in the same trend of decreasing CO2 selectivity 

with increasing chain length (i.e FFV)  7, 8, 11, 24  

A corresponding set of arguments could be made for a series of [Rmim][Tf2N] ILs with 

hydroxy-terminated alkyl groups (i.e. [HOCnmim][Tf2N]).  Although we did not simulate this 

entire series, our simulation of [HOC2mim][Tf2N] reveals that it has a similar FFV to 

[(NC)C1mim][Tf2N], which has the same number of atoms in the side chain (excluding protons).  

However, as the primary structural variable in this family of ILs is the number of -(CH2)n- linkages 

present, the [HOCnmim][Tf2N] series will also eventually approximate the [Cnmim][Tf2N] series, 

and only the smallest members of the [HOCnmim][Tf2N] series are likely to offer improvements 

in CO2 selectivity relative to their alkyl analogues.  

 

2.3.3  Ethers: [Pxmim][Tf2N] 

 In contrast to the [Cnmim] and [(NC)Cnmim] families, which feature a repeating -(CH2)n- 

unit as the structural variable, ether-functionalized [Pxmim] cations grow from a repeating -

(CH2CH2O)x- linkage containing Lewis basic oxygen atoms 69.  While the [(NC)Cnmim] series is 

expected to converge with the [Cnmim] series, incrementing the repeat unit of the [Pxmim] series 

causes greater divergence from the [Cnmim] series.  This is clearly shown in Figure 2.1 and Table 

2.2 where the relationships between FFV and Vm are in distinct contrast to the [Cnmim] and 

[(NC)Cnmim] series.  The [Pxmim] series shows < 10% increase in FFV from [P1mim] to [P3mim], 

even though the length of the side chain increased from 4 to 10 atoms.  Interestingly, 

[C3mim][Tf2N] and [P1mim][Tf2N] have nearly identical values of Vm as do [C8mim][Tf2N] and 

[P3mim][Tf2N].  However, FFV in the [Cnmim] series increases by more than 20% over this range 

with worsening CO2 selectivity observed. 
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 Reduced FFV due to the presence of ethers is likely a consequence of the intra- and 

intermolecular interactions between the flexible ether linkages and the cation.  In order to capture 

this behavior in COSMOTherm, we generated two conformers for each of the [P2mim] and 

[P3mim] cations: one where the oligo(ethylene glycol) chain was fully extended and one where at 

least one of the ether oxygens experienced hydrogen-bonding with the imidazolium ring, as known 

from molecular dynamics simulations 43.  The σ-surfaces of these conformers from COSMOTherm 

are shown in Figure 2.2. 

Figure 2.2: COSMOTherm σ-surfaces where the oligo(ethylene glycol) chain is fully extended 

(left) and H-bonded (right) conformers for [P2mim] (top) and [P3mim] (bottom) cations. 

 

 

 Bara, et al. first showed that [Pxmim][Tf2N] ILs offered an advantage in CO2 selectivity 

relative to [Cnmim][Tf2N] ILs 10.  Experimental CO2 solubility data indicated a slight decrease in 

solubility with extension of the chain but CH4 and N2 solubility exhibited a near zero order 

dependence.  Thus, greater levels of CO2 selectivity were observed in [Pxmim][Tf2N] ILs as CH4 
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and N2 solubilities did not increase with incrementally longer substituent groups.  This is behavior 

is in contrast to the [Cnmim][Tf2N] series where CO2 selectivity continuously decreases as the n-

alkyl chain is extended.  As FFV in the [Pxmim][Tf2N] series is markedly smaller than in 

[Cnmim][Tf2N] ILs with similar Vm, this reduced FFV is well-correlated to increased CO2 

selectivity.  These trends are also consistent with those we have observed for imidazoles (i.e. 

neutral analogues) with the same ether-based functional groups relative to imidazoles with n-alkyl 

chains.70-73 

 

2.3.4  Fluoroalkyl: [(CnF2n+1)C2mim][Tf2N] 

 Fluoroalkyl (i.e. -CF2- or -CF3) groups are present in all ILs that contain the [Tf2N] anion 

(and other similar anions), but only a few studies have focused on fluoroalkyl groups directly 

appended to the imidazolium cation 14.  The inclusion of fluoroalkyl groups on imidazolium cations 

(Table 1) has also generated results that are in contrast to [Cnmim][Tf2N] ILs with respect to CO2 

separations in imidazolium-based ILs.  Specifically, imidazolium cations bearing fluoroalkyl 

chains were observed to have reduced CO2/N2 solubility selectivity, yet improved CO2/CH4 

solubility selectivity than analogous [Cnmim][Tf2N] ILs of similar molar volume.  Our analysis of 

FFV (Figure 2.1 & Table 2.2) shows that, relative to the other systematically variable groups 

examined, [CnF2n+1C2mim][Tf2N] ILs have the smallest values of FFV at a given value of Vm, and 

that there is very little change in FFV even as the number of -(CF2)- units is extended from 1 to 5.  

Thus, it would be expected from correlations between FFV and CO2 selectivity trends in the 

[Cnmim], [(NC)Cnmim] and [Pxmim] series that [CnF2n+1C2mim][Tf2N] ILs would have the 

greatest selectivity.  However, as previously noted, fluoroalkyl groups tend to favor increased 

solubility of gases such as CO2, N2 and O2 relative to analogous alkyl groups.  Simultaneously, 

fluoroalkyl groups disfavor CH4 dissolution due to weak fluorocarbon – hydrocarbon interactions 
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59.  Although FFV is nearly constant with respect to the length of the fluoroalkyl chain, CO2/N2 

and CO2/CH4 solubility selectivities are observed to decrease as the fluoroalkyl chain is 

extended.14, 19  However, the propagating structure has little influence on the solubilities of other 

gases, as inferred from nearly constant O2/N2 and CH4/N2 selectivities observed in experiments 

using supported liquid membranes (SLMs) 14.  One hypothesis for this behavior is that the presence 

of cavities which are more favorable to CO2 dissolution at shorter chain lengths are diminished as 

the [Rmim][Tf2N] IL substituent grows.  However, unlike molecular dynamics simulations, 73, 74 

estimation of FFV with COSMOTherm can only provide a “total” free volume, and cannot predict 

cavity size or the nature of the interactions between the cavity and the gas.   

 

2.3.5  Non-propagating Structures 

In addition to the functional groups that can be systematically incremented, [Rmim][Tf2N] 

ILs with several other structural variables have been analyzed for their CO2 separation properties 

1.  Table 1 shows three functionalities based on silicon-containing groups, as well as imidazolium 

cations with an alkyne and a benzyl group.  The ILs with a benzyl group or alkyne are observed to 

have low FFV which correlates well to their relatively high CO2/N2 and CO2/CH4 solubility 

selectivities compared to analogous [Cnmim][Tf2N] ILs with the same number of carbon atoms in 

the substituent group 1, 7, 75. 

[Rmim][Tf2N] ILs with silicon-containing substituents considered tend to have smaller 

values of FFV than analogous [Cnmim][Tf2N] ILs with the same number of carbon atoms in the 

side chain.  This is perhaps somewhat anomalous in that they tend to have CO2/N2 and CO2/CH4 

solubility selectivities that are comparable to [Cnmim][Tf2N] ILs with similar Vm.  However, the 

silicon-containing ILs are unique in among the ILs in this work as they are the only species to 

feature branching (i.e. multiple terminal groups).  This aspect may be worthy of further 
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experimental and computational investigation as we are unaware of studies that have fully 

considered the effects of branched alkanes or cycloalkanes as functionalities in ILs relating to CO2 

solubility.   

 

2.4.  Conclusions 

Calculation of FFV in [Rmim][Tf2N] ILs with 8 different classes of ‘R’ groups confirms 

that smaller values of FFV in ILs are associated with improved CO2/N2 and CO2/CH4 solubility 

selectivity.  As [Rmim][Tf2N] ILs with n-alkyl substituents are typically observed to have poorer 

CO2 selectivity than functionalized analogues (e.g. ether, nitrile), only the smaller members of the 

[Cnmim][Tf2N] series (i.e. [C1mim][Tf2N] and [C2mim][Tf2N]) would seem to be contenders if 

maximizing CO2 absorption relative to N2 or CH4 is the desired property.  Although [Rmim][Tf2N] 

ILs with n-alkyl groups may be more convenient and economical to synthesize, we would 

encourage further research and exploration of [Rmim] cations where ‘R’ is something other than 

n-alkyl.   

As previously stated, correlations between published CO2 solubility and selectivity data to 

FFV calculated from COSMOTherm are evident.  Although smaller FFV tends to also correlate 

with a smaller Vm, we do not see an intuitive reason as to why the size of the IL (i.e. Vm) is the 

primary factor governing gas dissolution.  Instead, we prefer to consider the empty space (i.e. free 

volume) created by the IL or the fraction of unoccupied space within a given volume (i.e. FFV).  

However, it is also apparent that the absolute values of CO2 solubility and selectivity cannot be 

determined from FFV alone and more detailed simulations are needed to characterize and quantify 

the size distributions and nature of cavities that comprise the empty space.  Yet, the calculation of 

FFV via COSMOTherm does seem to provide a rapid guide for suggesting new [Rmim][Tf2N] ILs 
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that could have improved CO2 solubility selectivity if the user can design and then synthesize new 

ILs that possess even smaller values of FFV.  We foresee that branched and/or cycloalkyl groups 

may be new avenues worth of investigation. 
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CHAPTER THREE 

Effect of Branched and Cycloalkyl Functionalities on CO2 Separation Performance of 

Poly(IL) Membranes 

W. Jeffrey Horne , Mary A. Andrews, Matthew S. Shannon, Kelsey L. Terrill, Joshua D. Moon, 

Spenser S. Hayward & Jason E. Bara 

Department of Chemical and Biological Engineering, 

The University of Alabama, Tuscaloosa, Alabama, 35487-0203 

Abstract 

Over the past several years, polymerizable ionic liquids (poly(ILs)) have been studied as potential 

materials for use in gas separation membranes, typically with a focus on CO2 removal .  ILs present 

a versatile platform for membrane design as monomer synthetic strategies provide multiple 

dimensions of control over cation/anion chemical structures.   The molecular composition of IL 

monomers can be directly correlated to measurable structure-property-performance relationships, 

including gas transport, in the resultant poly(IL) materials.  A unique feature of this “bottom-up” 

design approach or poly(ILs) is that it readily allows for the introduction of unique combinations 

of functional groups not typically found in, or easily introduced to, conventional polymer 

materials.  The flexibility afforded in monomer design also allows for a straightforward means of 

comparison of performance of structural isomers (e.g. n-propyl vs. i-propyl).  However, such 

comparisons are rarely reported for ILs, let alone poly(IL) materials.  Here, we have synthesized 

several IL monomers containing branched- and cycloalkyl groups appended to the imidazolium 

ring.  These monomers were used to form poly(IL) membranes which were analyzed in terms of 

their permeabilities toward CO2, N2 and CH4 as well as their selectivities for CO2 relative to the 

other species.  Relative to their n-alkyl counterparts, poly(ILs) with branched and cyclic 

functionalities exhibited ~20% larger CO2/N2 and CO2/CH4 selectivities, yet gas permeabilities 

dropped by nearly an order of magnitude.  It is proposed that the improvements in selectivity 

associated with branched and cyclic functionalities is due to smaller fractional free volumes (FFV) 

compared to analogous n-alkyl chains, which is supported by computational studies using 

COSMOTherm. 
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3.1  Introduction 

Much of the motivation for research into the application of ionic liquids (ILs) in gas 

separation applications has been driven by the fact that ILs have a negligible vapor pressure, and 

as such, would not evaporate into the gas stream(s) which they contacted.1-3  The lack of volatility 

associated with ILs was considered to be highly beneficial to field of supported liquid membranes 

(SLMs)4-12 as this property eliminated a common failure mechanism.  Yet, although there was little 

risk of evaporation of IL from the SLM, failure due to liquid “blow out” caused from the 

transmembrane pressure differential exceeding the weak capillary forces holding the IL in the 

support still remained a concern.  Thus, polymerized IL (poly(IL)) membranes were conceived 

and developed in which a polymer backbone decorated with pendant ionic groups would provide 

stabilization through non-covalent interactions as well as additional mechanical integrity due to 

the formation of a polymer backbone via chain-addition chemistry (e.g. poly(styrene), 

poly(acrylate), etc.).13-28  Bara and co-workers demonstrated that many unique IL monomers could 

be synthesized and that poly(IL)-IL composites could be formed by incorporating a non-

polymerizable IL within the poly(IL) structure.29-35  The poly(IL)-IL composite approach has 

served as a useful basis for the development of a number of membrane materials, with 

progressively improved performance in relationship to Robeson’s Upper Bounds for CO2/N2 and 

CO2/CH4.
36, 37  

Despite the number of poly(IL) materials produced in recent years, we still see a need to 

more thoroughly investigate fundamental structure-property relationships in ILs and poly(ILs), 

especially in regard to CO2 separations.  Rogers and Seddon have pointed out that the number of 

possible ILs based on readily available starting materials should easily exceed 106, while the 

number of binary and ternary combinations exceed 1012 and 1018, respectively.38-41  Bara and 
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Shannon have commented that many research studies using ILs tend to focus on a small subset of 

common ILs wherein the cation is functionalized with n-alkyl chains, even though IL precursors 

such as imidazoles are easily modifiable and relatively inexpensive.42  Historically, ILs containing 

these groups (e.g. cyclopentyl, i-propyl, etc.) have been rare in the literature (although are more 

commonly claimed in patent descriptions).  In our view, only a small corner of the IL universe is 

actively being explored. 

Here, then, we take a first small step outside of the conventional functional groups and 

examine several poly(IL) systems that contain branched- or cycloalkyl appendages on the 

imidazolium cation.  The structures of each IL monomer considered and the bistriflimide anion are 

shown in Figure 3.1. 

 

 

Figure 3.1:  IL monomers utilized to form poly(IL) membranes in this study. 

 

In this report, we examine the effect of these branched and cycloalkyl groups on CO2 

permeability and selectivity in poly(IL) membranes.  It was observed that the use of branched and 

cycloalkyl groups produced poly(IL) membrane materials with reduced permeability for all gases, 
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yet improved CO2/N2 and CO2/CH4 selectivities relative to n-alkyl constitutional isomers.  These 

results are attributed to increased packing efficiency of side chains which results in reduced 

fractional free volume (FFV), which we have validated through COSMOTherm simulations.  The 

implications of using branched and cycloalkyl functional groups are consistent with many prior 

works that have shown that “smaller” ILs vis-à-vis molar volume provide non-linear 

improvements in CO2 selectivity.  Although the poly(IL) membranes studied in this work lie 

relatively far from the Robeson Upper Bound, this initial exploration of ILs with branched and 

cycloalkyl functionalities may present a useful foundation by which to design new ILs with further 

improved CO2 selectivity. 

 

3.2  Experimental Methods 

3.2.1  Materials 

Lithium bistriflimide was obtained from IoLiTec (Tuscaloosa, AL USA) and p-

chloromethylstyrene was obtained from TCI America (Portland, OR USA).  Research grade CO2, 

N2 and CH4 were obtained from Airgas (Radnor, PA USA).  All reagents, gases and solvents were 

used as received without further purification. 

 

3.2.2 Synthesis of Branched and Cycloalkyl Functionalized IL Monomers 

The IL monomers used to form poly(IL) membranes were synthesized according to well 

established methods,32, 43, 44 starting from a corresponding N-functionalized imidazole which was 

synthesized based on our previously published methods.45, 46  For the convenience of the reader, 

Figure 3.2 shows the the procedure by which the IL monomers are synthesized.  1H NMR spectra 

illustrated later in this chapter. 
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Figure 3.2:  Synthesis of IL monomers with branched and cycloalkyl functional groups. 

 

 

3.2.3  Poly(IL) Membrane Formation 

 

~1.5 g of monomer were mixed with 1 wt % of a photoinitiator (2 -hydroxy-2-

methylpropiophenone).  A porous nylon membrane filter (Pall, Nylaflo©) (porosity, φ = 0.8) cut 

to approximately 7-8 cm in diameter was placed on a siloxane (Rain-X) coated quartz plate.  The 

siloxane coating facilitates removal of the polymer membrane from the plates, and is chemically 

inert.  Monomer and photoinitiator were transferred via pipet onto the support material and covered 

with another similarly treated quartz plate.  The monomer was given approximately 15 min to 

absorb into the support material, then placed in a UV irradiation chamber (VWR, UV Crosslinker) 

and exposed to an intensity of 120 mJ/cm2 at the sample surface for 90 minutes per side.  After 

this time, the plates were separated using a clean razor blade, and the polymer membrane was 

peeled from the quartz plate and transferred to a cutting board.  A 47 mm diameter stainless steel 

die was used to punch the membrane from the polymer and support.  The resulting membranes 

were then used in permeability testing.  An example of the membranes used in this study is shown 

in Figure 3.3. 
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Figure 3.3: Digital photograph of a poly(IL) membrane. 

 

Monomer and polymer samples were analyzed with a Fourier transfer infrared (FTIR) 

spectrometer (Perkin-Elmer, Spectrum 2) to determine approximate degrees of polymerization.  It 

was determined that the C=C double bond on the styrene responsible for the polymerization of the 

monomer occurs at an IR wavenumber of approximately 920 cm-1.  The disappearance of this 

signal indicates the disappearance of the π-bond on the styrene portion of the monomer and 

therefore the formation of a poly(styrene) backbone.  It was determined that 90 minutes per side 

of the membrane were sufficient to reach > 95% conversion of monomer to poly(IL). 

 

3.2.4  Gas Permeability Measurements 

The poly(IL) membranes formed were subjected to permeability testing using a time-lag 

apparatus.  Details on the theory, assembly and operation of this type of experiment can be found 

elsewhere in the literature.47, 48 

 Membranes were first degassed under dynamic vacuum (~0.01 psi) for at least 16 h prior 

to each experiment.  A single gas (N2, CO2, or CH4) was added to the feed side of the membrane 

at ambient temperature (~20°C) at upstream pressures of ~3 atm.  The feed volume of the system 

is much greater than the permeate volume as to keep the transmembrane pressure differential (i.e. 

i) relatively constant.  Temperature and pressure of both the feed and permeate sides of the 

membrane were recorded via electronic sensors interfaced with LabView software, which provides 



 

33 

 

continuous, real-time recording of data.  Based on many publications in the literature, it can be 

assumed that the solution-diffusion mechanism applies to gas transport through the poly(IL) 

membrane.  The permeability of each gas (Pi) was determined from experimental data according 

to Eqn. 3.1, 

 

𝑃𝑖 =
𝐽𝑖𝑙

𝛥𝑝𝑖
               (3.1) 

 

where Ji is the steady-state flux through the membrane, l is the thickness of the membrane, and Δpi 

is the driving force from the feed side to the permeate side.  Here, the only unknown is the steady-

state flux, which can be calculated from Eqn. 3.2, 

 

𝐽𝑖 =
𝑉𝑝𝑒𝑟𝑚𝛥𝑃

𝐴𝑡𝑅𝑇𝜙
               (3.2) 

 

where Vperm is the volume of the permeate side of the apparatus, ΔP is the pressure change on the 

permeate side of the membrane, A is the area of the membrane, t is the time associated with the 

pressure rise, R is the gas constant, T is temperature, and φ is the porosity of the nylon membrane 

support material.  Once the permeability, Pi is calculated, ideal selectivity (αi,j) can be calculated 

as the ratio of pure component permeabilities (Eqn. 3.3). 

 

𝛼𝑖,𝑗 =  
𝑃𝑖

𝑃𝑗
               (3.3) 
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3.3  Computational Methods 

COSMOTherm was employed to simulate some thermophysical properties of ILs 

composed of 1-R-3-methylimidazolium cations with [Tf2N] anions, where ‘R’ is the same set of 

functionalities shown in Figure 3.2.  Optimized structures of the cations were developed by our 

research group with TURBOMOLE, using the TZVP basis set49 with the Becke and Perdew (b-p) 

functional50, 51 at the density functional theory (DFT) level.50-52  All COSMO calculations were 

also performed with TZVP, which is consistent with other works that have utilized COSMOTherm 

to predict the properties of ILs and other types of molecules.53-57 

Densities (g cm-3), COSMO volumes (VCOSMO) (cm3 mol-1), and molar volumes  

(cm3 mol-1) and were obtained for each of the 5 ILs considered.  Values for analogous ILs with n-

alkyl chains were taken from our prior works.  VCOSMO is the volume enclosed by the charge 

screening surface and is analogous to VvdW, but there is no direct conversion factor between 

VCOSMO and VvdW.  

Values of Vm were calculated at 25°C using the density application with COSMOtherm.  

FFVIL was then calculated by Eqn. 3.4,58 

 

𝐹𝐹𝑉𝐼𝐿 =  
Vm−VCOSMO

Vm
               (3.4) 

 

where the term (Vm-VCOSMO) is taken to be the molar free volume (Vf) (cm3 mol-1). 

  



 

35 

 

3.3 Results and Discussion 

3.4.1  Ideal Gas Properties and Performance 

 

The permeabilities of CO2, N2, and CH4 for each of the branched and cycloalkyl-

functionalized poly(IL) membranes are presented in Table 3.1.  Permeability (Pi) is expressed in 

barrers and is the average taken from at least three replicates, while the uncertainty for each value 

represents one standard deviation.  The isobutyl monomer was excluded from membrane studies 

due to its tendency to crystallize at/above room temperature which made it problematic to form 

poly(IL) membranes. 

 

Table 3.1: Permeability and selectivity of branched and cycloalkyl functionalized poly(ILs). 

Poly(IL) Pendant 

Group 

P 

(CO2) 

+/- P 

(N2) 

+/- P 

(CH4) 

+/- α 

(CO2/N2) 

α 

(CO2/CH4) 

i-propyl 10.4 0.2 0.33 0.06 0.35 0.01 31 30 

sec-butyl 13.6 0.1 0.39 0.01 0.55 0.01 35 25 

methylcyclopropyl 7.94 0.19 0.24 0.05 0.32 0.03 33 25 

cyclopentyl 6.65 0.19 0.19 0.02 0.25 0.01 34 27 

 

 

The order of magnitude of the permeability values reported in Table 3.1 is consistent with 

previous poly(IL) membranes that were formed from the polymerization of styrene-based IL 

monomers, which is a consequence of reduced gas diffusivity through/around the poly(styrene) 

components.  Interestingly, it is clear that the cycloalkyl groups are 50% or less permeable to CO2 

than the branched groups, even though they have an equivalent number of carbon atoms in the 

pendant ‘R’ group.  The compact nature of the cycloalkyl groups may reduce the free volume 

through which the CO2 and the other gases diffuse.  Yet, despite the difference in permeabilities 

between branched and cycloalkyl groups, there was little effect on CO2/N2 and CO2/CH4 

selectivities, as the values for each membrane fell within a 10% range.  The sec-butyl poly(IL) 



 

36 

 

displayed the largest CO2/CH4 selectivity while the greatest  CO2/N2 selectivity was observed in 

the isopropyl poly(IL). 

3.4.2  Comparison to Straight-Chain Alkyl-Functionalized Poly(ILs) 

 Taken alone, there is little that can be concluded about the permeability and selectivity 

values presented in Table 1 other than they would not be near the upper bound of a Robeson Plot 

for either separation.36, 59  Thus, it is more useful to compare the relationships between how 

poly(ILs) with branched and cycloalkyl groups perform relative to previously published works that 

studied poly(ILs) with n-alkyl chains.  Figure 3.3 compares CO2 permeability values from the 

current study to literature data for poly(ILs) with n-alkyl groups.32 

 

Figure 3.4: Comparison of CO2 permeability in poly(IL) membranes with n-alkyl functional 

groups (hollow squares) to poly(IL) membranes with branched alkyl groups (filled circles) or 

cycloalkyl groups (filled diamonds). 
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 As can be seen in Figure 3.3, the poly(IL) membranes with n-alkyl groups displayed 

increasing CO2 permeability with increasing number of carbons in the pendant group.  While CO2 

permeability did increase between the isopropyl and the sec-butyl poly(IL) membranes, it is clear 

that CO2 permeability is still diminished compared to a poly(IL) membrane with an equivalent 

number of carbon atoms in an n-alkyl configuration.  For the cycloalkyl groups, permeability was 

even further diminished, and the inclusion of a cyclopentyl functionality actually resulted in a 

slightly smaller CO2 permeability than the methylcyclopropyl group despite that fact that it 

contains one more carbon atom.  The reductions in CO2 permeability are likely due to reduced FFV 

compared to n-alkyl analogues, which is addressed in Section 3.4.3. 

 Yet, although the inclusion of pendant groups other than n-alkyl chains has been observed 

to reduce CO2 permeability in poly(IL) membranes, improvements in CO2 selectivity have also 

been reported for linearly propagating polar groups (e.g. oligomeric ethers, nitrile-terminated alkyl 

chains).44, 53  Figure 3.4 presents a comparison of CO2/N2 and CO2/CH4 permeability selectivity in 

n-alkyl functionalized poly(IL) membranes with the data obtained in this study. 
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Figure 3.5:  CO2 selectivity relative to number of carbons in the poly(IL) pendant group.  

CO2/N2 = squares; CO2/CH4 = circles; n-alkyl chains = hollow symbols; branched and cycloalkyl 

groups = filled symbols. 

 

Figure 3.4 illustrates that the poly(IL) membranes containing branched and cycloalkyl 

pendant groups exhibit significantly improved CO2/N2 and CO2/CH4 permeability selectivity 

compared to n-alkyl analogues, and the largest improvements for both separations relative to the 

n-alkyl baseline are observed for the cyclopentyl poly(IL).  A recent study on ILs with cycloalkyl 

functionalities appended to imidazolium cations showed that 1-cyclopently-3-methylimidazolium 

bistriflimide was significantly more dense than 1-pentyl-3-methylimidazolium bistriflimide 

([C5mim][Tf2N]) indicating that the cyclopentyl moiety is considerably smaller than an n-pentyl 

chain.60  This reduction in size would hinder the diffusion of all gases, but CO2 would be less 
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affected as it is smaller than N2 and CH4 in terms of its kinetic diameter, with a resultant increase 

in CO2/N2 and CO2/CH4 selectivities even as CO2 permeability decreases. 

We have previously shown that the improvements in CO2 selectivity in poly(IL) 

membranes could be achieved through the incorporation of polar groups which exhibited more 

favorable interactions with CO2 than did hydrocarbon chains.44, 53  However, here we have been 

able to improve CO2 permeability selectivity using only hydrocarbon chains, but via non-linear 

arrangements.  Thus, it would also appear that branching and/or cyclization of hydrocarbon 

substituents promotes CO2 selectivity in poly(IL) membranes and that FFV may be effected.    

 

3.4.3  Impact of Branched and Cycloalkyl Functionalities on FFV 

 In order to probe the FFV of the branched and cycloalkyl groups, COSMOTherm 

simulations were employed for 1-R-3-methylimidazolium bistriflimide ([Rmim][Tf2N] ILs.  Given 

that the styrene group is constant for all monomers and becomes the polymer backbone, we were 

only interested in examining the pendant cation group, which can be approximated by the 

corresponding [Rmim][Tf2N] IL.  Table 3.2 presents values for density and molar volume from 

COSMOTherm and FFV values for each IL calculated according to Eqn. 3.4. 

Table 3.2:  Relevant data obtained from COSMOTherm for [Rmim][Tf2N] ILs.  

# 

Carbons Group 

MW 

(g/mol) 

Density 

(g/cm3) 

Vm 

(cm3/mol) FFV 

3 n-propyl 405.34 1.48 273.56 0.138 

i-propyl 405.34 1.48 273.05 0.120 

4 n-butyl 419.37 1.45 289.69 0.127 

i-butyl 419.37 1.45 290.19 0.125 

sec-butyl 419.37 1.45 289.19 0.125 

methylcyclopropyl 417.35 1.50 278.00 0.109 

5 n-pentyl 433.39 1.41 307.06 0.132 

cyclopentyl 431.38 1.50 288.51 0.109 

6 n-hexyl 447.42 1.38 323.90 0.137 
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 From Table 3.2, it is clear that replacing an n-alkyl group within an IL with a branched or 

cycloalkyl group with an equivalent number of carbons reduces FFV, which provides insight into 

the underlying mechanism that causes the observed differences in gas transport and membrane 

performances.  Cycloalkyl groups display larger reductions in FFV than branched groups, which 

provides further insight into the divergent trends in CO2 permeability seen in Figure 3.  Thus, the 

results obtained here for poly(IL) membranes bearing branched and cycloalkyl groups fall in line 

with the larger trend that reductions in FFV cause reductions in CO2 permeability, but also 

potential gains in CO2 selectivity. 

 In addition to changing the size/shape of the cationic group attached to the poly(styrene) 

backbone, branched and cycloalkyl groups may also present different electronic environments than 

their n-alkyl counterparts caused by hyperconjugation or ring strain.  Figures 5a-c present 

comparisons of the COSMOTherm σ-profiles for propyl, butyl and pentyl-functionalized 

[Rmim][Tf2N] ILs, respectively, where the y-axis represents the relative surface area and the x-

axis represents surface electron density (positive = rich, negative = poor). 
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Figure 3.6a: Comparison of σ-profiles for n-propyl (red) and i-propyl (blue). 

 

 
Figure 3.6b: Comparison of σ-profiles for n-butyl (red), i-butyl (blue), sec-butyl (green) and 

methylcyclopropyl (black). 
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Figure 3.6c: Comparison of σ-profiles for n-pentyl (red) and cyclopentyl (blue). 

 

 In examining Figures 3.5a-c, it can be seen that although of the imidazolium cations show 

a similar trend with a large peak near σ = -0.5 e/Å, there is a distinct difference in the propyl and 

butyl plots near σ = 0 e/Å, with shoulders present in the branched/cycloalkyl groups that are not 

present for the n-alkyl chains.  The plot for methylcyclopropyl (black line, Figure 5b) is the most 

noteworthy as it shows this group presents the most electron-rich surface of any species considered 

as the line extends to σ = 0.75 e/Å, while no other species has any surface area with an electron 

density > 0.5 e/Å.  The intense ring strain associated with the cyclopropyl ring causes an overlap 

of sp3 orbitals, giving this group a more electron-rich character.  This can be visually illustrated 

via comparison of the s-surfaces for the 1-butyl-3-methylimidazolium and 1-methylcyclopropyl-

3-methylimidazolium cations (Figure 3.6).   
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Figure 3.7:  σ-surfaces of 1-butyl-3-methylimidazolium cation (top) and 1-methylcyclopropyl-3-

methylimidazolium cation (bottom).  The views of the left show the cation face on (cf. Figure 1) 

while the views on the right provide an edge-on visualization of the pendant group.  

 

 

 In Figure 3.6, blue regions are relatively electron-poor, green regions are electron-neutral 

and yellow regions are relatively electron-rich.  As indicated by Figure 5b and obviated by Figure 

3.6, the methylcyclopropyl functionality shows a more electron-rich nature.  It is clear that 

replacing n-alkyl groups with branched or cycloalkyl groups not only affects FFV within the 

poly(IL) membrane but may also affect that polarity within the free volume/cavities through which 

the gases diffuse.  The result of these molecular-level changes is a measurable change in 

performance properties for species that are constitutional isomers (Table 3.1, Figures 3.3,3.4). 
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3.5.  Conclusions 

In this study, membranes composed of poly(ILs) with branched and cyclic alkyl 

functionalities were tested for their gas permeation performance with respect to CO2, N2, and CH4.  

The branched and cyclic functionalized poly(IL) membranes were found to have significantly 

(~20%) higher selectivities for CO2 and CH4 over N2, but with corresponding decreases in 

permeability.  The differences in performance are attributed to reduced FFV in branched and 

cycloalkyl poly(IL) membranes.  It was also shown that replacing the n-alkyl groups with branched 

or cycloalkyl groups has small effects on the local electronic environment surrounding the cation.  

As this study makes it clear that “not all butyl groups are created equally” in the context of ILs, 

there are certainly additional opportunities to develop new ILs that are isomeric to the 

[Cnmim][Tf2N] series, but with distinctly different properties and performances.  One proposed 

strategy is further explore the effects of appending groups to the imidazole ring itself. 

 

Acknowledgments 

Acknowledgment is made to the donors of the American Chemical Society Petroleum Research 

Fund for partial support of this work.  Additional support provided by NSF Research Experiences 

for Undergraduates (EEC‐1062705) is gratefully acknowledged. 

  



 

45 

 

3.6  References 

1. Bates, E. D.; Mayton, R. D.; Ntai, I.; Davis, J. H., Jr., CO2 Capture by a Task-Specific 

Ionic Liquid. J. Am. Chem. Soc. 2002, 124, (6), 926-927. 

 

2. Bara, J. E.; Camper, D. E.; Gin, D. L.; Noble, R. D., Room-Temperature Ionic Liquids 

and Composite Materials: Platform Technologies for CO2 Capture. Accounts of Chemical 

Research 2010, 43, (1), 152-159. 

 

3. Bara, J. E.; Carlisle, T. K.; Gabriel, C. J.; Camper, D.; Finotello, A.; Gin, D. L.; Noble, R. 

D., Guide to CO2 Separations in Imidazolium-Based Room-Temperature Ionic Liquids. 

Industrial & Engineering Chemistry Research 2009, 48, (6), 2739-2751. 

 

4. Scovazzo, P.; Visser, A. E.; Davis, J. H., Jr.; Rogers, R. D.; Koval, C. A.; DuBois, D. L.; 

Noble, R. D., Supported ionic liquid membranes and facilitated ionic liquid membranes. ACS 

Symp. Ser. 2002, 818, 69-87. 

 

5. Fortunato, R.; Afonso, C. A. M.; Benavente, J.; Rodriguez-Castellon, E.; Crespo, J. G., 

Stability of supported ionic liquid membranes as studied by X-ray photoelectron spectroscopy. J. 

Membr. Sci. 2005, 256, (Copyright (C) 2012 American Chemical Society (ACS). All Rights 

Reserved.), 216-223. 

 

6. Gan, Q.; Rooney, D.; Zou, Y., Supported ionic liquid membranes in nanopore structure 

for gas separation and transport studies. Desalination 2006, 199, 535-537. 

 

7. Ilconich, J.; Myers, C.; Pennline, H.; Luebke, D., Experimental investigation of the 

permeability and selectivity of supported ionic liquid membranes for CO2/He separation at 

temperatures up to 125°C. J. Membr. Sci. 2007, 298, 41-47. 

 

8. Krull, F. F.; Medved, M.; Melin, T., Novel supported ionic liquid membranes for 

simultaneous homogeneously catalyzed reaction and vapor separation. Chem. Eng. Sci. 2007, 62, 

5579-5585 

. 

9. Seeberger, A.; Kern, C.; Uerdingen, M.; Jess, A., Gas separation by supported ionic 

liquid membranes. DGMK Tagungsber. 2007, 2007-2, 207-212. 

 

10. Myers, C.; Pennline, H.; Luebke, D.; Ilconich, J.; Dixon, J. K.; Maginn, E. J.; Brennecke, 

J. F., High temperature separation of carbon dioxide/hydrogen mixtures using facilitated 

supported ionic liquid membranes. J. Membr. Sci. 2008, 322, (1), 28-31. 

 

11. Bara, J. E.; Gabriel, C. J.; Carlisle, T. K.; Camper, D. E.; Finotello, A.; Gin, D. L.; Noble, 

R. D., Gas separations in fluoroalkyl-functionalized room-temperature ionic liquids using 

supported liquid membranes. Chem. Eng. J. 2009, 147, (1), 43-50. 

 

12. Hernandez-Fernandez, F. J.; de, l. R. A. P.; Tomas-Alonso, F.; Palacios, J. M.; Villora, 

G., Preparation of supported ionic liquid membranes: Influence of the ionic liquid 

immobilization method on their operational stability. J. Membr. Sci. 2009, 341, 172-177. 



 

46 

 

 

13. Hu, X.; Tang, J.; Blasig, A.; Shen, Y.; Radosz, M., Grafted poly(ionic liquid) membranes 

for CO2 separation. PMSE Prepr. 2006, 95, 268. 

 

14. Carlisle, T. K.; Bara, J. E.; Gabriel, C. J.; Noble, R. D.; Gin, D. L. In Main-chain ionic 

polymers: The next generation of ionic liquid-inspired polymer platforms, 2008; American 

Chemical Society: 2008; pp IEC-202. 

 

15. Carlisle, T. K.; Bara, J. E.; Lafrate, A. L.; Gin, D. L.; Noble, R. D., Main-chain 

imidazolium polymer membranes for CO2 separations: An initial study of a new ionic liquid-

inspired platform. J. Membr. Sci. 2010, 359, (Copyright (C) 2012 American Chemical Society 

(ACS). All Rights Reserved.), 37-43. 

 

16. Simons, K.; Nijmeijer, K.; Bara, J. E.; Noble, R. D.; Wessling, M., How do polymerized 

room-temperature ionic liquid membranes plasticize during high pressure CO2 permeation? J. 

Membr. Sci. 2010, 360, (1-2), 202-209. 

 

17. Li, P.; Pramoda, K. P.; Chung, T.-S., CO2 Separation from Flue Gas Using Polyvinyl-

(Room Temperature Ionic Liquid)-Room Temperature Ionic Liquid Composite Membranes. Ind. 

Eng. Chem. Res. 2011, 50, (Copyright (C) 2012 American Chemical Society (ACS). All Rights 

Reserved.), 9344-9353. 

 

18. Yuan, J.; Antonietti, M., Poly(ionic liquid)s: Polymers expanding classical property 

profiles. Polymer 2011, 52, (7), 1469-1482. 

 

19. Carlisle, T. K.; Nicodemus, G. D.; Gin, D. L.; Noble, R. D., CO2/light gas separation 

performance of cross-linked poly(vinylimidazolium) gel membranes as a function of ionic liquid 

loading and cross-linker content. J. Membr. Sci. 2012, 397-398, (Copyright (C) 2012 American 

Chemical Society (ACS). All Rights Reserved.), 24-37. 

 

20. Carlisle, T. K.; Wiesenauer, E. F.; Nicodemus, G. D.; Gin, D. L.; Noble, R. D., Ideal 

CO2/Light Gas Separation Performance of Poly(vinylimidazolium) Membranes and 

Poly(vinylimidazolium)-Ionic Liquid Composite Films. Ind. Eng. Chem. Res. 2013, 52, (3), 

1023-1032. 

 

21. Tome, L. C.; Mecerreyes, D.; Freire, C. S. R.; Rebelo, L. P. N.; Marrucho, I. M., 

Pyrrolidinium-based polymeric ionic liquid materials: New perspectives for CO2 separation 

membranes. J. Membr. Sci. 2013, 428, 260-266. 

 

22. Yuan, J.; Mecerreyes, D.; Antonietti, M., Poly(ionic liquid)s: An update. Prog. Polym. 

Sci. 2013, 38, (7), 1009-1036. 

 

23. Carlisle, T. K.; McDanel, W. M.; Cowan, M. G.; Noble, R. D.; Gin, D. L., Vinyl-

Functionalized Poly(imidazolium)s: A Curable Polymer Platform for Cross-Linked Ionic Liquid 

Gel Synthesis. Chem. Mater. 2014, 26, (3), 1294-1296. 

 



 

47 

 

24. Liang, L.; Gan, Q.; Nancarrow, P., Composite ionic liquid and polymer membranes for 

gas separation at elevated temperatures. J. Membr. Sci. 2014, 450, 407-417. 

 

25. Tome, L. C.; Mecerreyes, D.; Freire, C. S. R.; Rebelo, L. P. N.; Marrucho, I. M., 

Polymeric ionic liquid membranes containing IL-Ag+ for ethylene/ethane separation via olefin-

facilitated transport. J. Mater. Chem. A 2014, 2, (16), 5631-5639. 

 

26. Gu, Y.; Cussler, E. L.; Lodge, T. P., ABA-triblock copolymer ion gels for CO2 

separation applications. J. Membr. Sci. 2012, 423-424, 20-26. 

 

27. Gu, Y. Y.; Lodge, T. P., Synthesis and Gas Separation Performance of Triblock 

Copolymer Ion Gels with a Polymerized Ionic Liquid Mid-Block. Macromolecules 2011, 44, (7), 

1732-1736. 

 

28. Lodge, T. P., Materials science - A unique platform for materials design. Science 2008, 

321, (5885), 50-51. 

 

29. Camper, D.; Bara, J.; Koval, C.; Noble, R., Bulk-Fluid Solubility and Membrane 

Feasibility of Rmim-Based Room-Temperature Ionic Liquids. Ind. Eng. Chem. Res. 2006, 45, 

(Copyright (C) 2012 American Chemical Society (ACS). All Rights Reserved.), 6279-6283. 

 

30. Noble, R. D.; Gin, D. L.; Camper, D.; Bara, J.; Zeng, X.; Koval, C., Design and 

characterization of novel membrane materials from imidazolium-based room temperature ionic 

liquids and liquid crystal structures. PMSE Prepr. 2006, 95, (Copyright (C) 2012 American 

Chemical Society (ACS). All Rights Reserved.), 267. 

 

31. Bara, J. E.; Kaminski, A. K.; Noble, R. D.; Gin, D. L., Influence of nanostructure on light 

gas separations in cross-linked lyotropic liquid crystal membranes. J. Membr. Sci. 2007, 288, 

(1+2), 13-19. 

 

32. Bara, J. E.; Lessmann, S.; Gabriel, C. J.; Hatakeyama, E. S.; Noble, R. D.; Gin, D. L., 

Synthesis and Performance of Polymerizable Room-Temperature Ionic Liquids as Gas 

Separation Membranes. Ind. Eng. Chem. Res. 2007, 46, (Copyright (C) 2012 American Chemical 

Society (ACS). All Rights Reserved.), 5397-5404. 

 

33. Gin, D. L.; Pecinovsky, C. S.; Zhou, M.; Lu, X.; Kidd, T. J.; Bara, J. E.; Zeng, X.; Elliott, 

B. J.; Noble, R. D., New approaches to the design of nanoporous catalysts and membranes based 

on polymerized lyotropic liquid crystal assemblies. Polym. Prepr. (Am. Chem. Soc., Div. Polym. 

Chem.) 2007, 48, (Copyright (C) 2012 American Chemical Society (ACS). All Rights 

Reserved.), 764-765. 

 

34. Bara, J. E.; Gin, D. L.; Noble, R. D., Effect of Anion on Gas Separation Performance of 

Polymer-Room-Temperature Ionic Liquid Composite Membranes. Ind. Eng. Chem. Res. 2008, 

47, (24), 9919-9924. 

 



 

48 

 

35. Bara, J. E.; Hatakeyama, E. S.; Gin, D. L.; Noble, R. D., Improving CO2 permeability in 

polymerized room-temperature ionic liquid gas separation membranes through the formation of a 

solid composite with a room-temperature ionic liquid. Polym. Adv. Technol. 2008, 19, (10), 

1415-1420. 

 

36. Robeson, L. M., The upper bound revisited. Journal of Membrane Science 2008, 320, (1-

2), 390-400. 

 

37. Robeson, L. M., CORRELATION OF SEPARATION FACTOR VERSUS 

PERMEABILITY FOR POLYMERIC MEMBRANES. Journal of Membrane Science 1991, 62, 

(2), 165-185. 

 

38. Huddleston, J. G.; Visser, A. E.; Reichert, W. M.; Willauer, H. D.; Broker, G. A.; Rogers, 

R. D., Characterization and comparison of hydrophilic and hydrophobic room temperature ionic 

liquids incorporating the imidazolium cation. Green Chem. 2001, 3, (4), 156-164. 

39. Smiglak, M.; Metlen, A.; Rogers, R. D., The Second Evolution of Ionic Liquids: From 

Solvents and Separations to Advanced Materials-Energetic Examples from the Ionic Liquid 

Cookbook. Acc. Chem. Res. 2007, 40, (11), 1182-1192. 

 

40. Chatel, G.; Pereira, J. F. B.; Debbeti, V.; Wang, H.; Rogers, R. D., Mixing ionic liquids - 

"simple mixtures" or "double salts"? Green Chem. 2014, 16, (4), 2051-2083. 

 

41. Rogers, R. D.; Seddon, K. R., Ionic Liquids--Solvents of the Future? Science 2003, 302, 

(5646), 792-793. 

 

42. Bara, J. E.; Shannon, M. S., Beyond 1,3-difunctionalized imidazolium cations. 

Nanomater. Energy 2012, 1, (4), 237-242. 

 

43. Washiro, S.; Yoshizawa, M.; Nakajima, H.; Ohno, H., Highly ion conductive flexible 

films composed of network polymers based on polymerizable ionic liquids. Polymer 2004, 45, 

(5), 1577-1582. 

 

44. Bara, J. E.; Gabriel, C. J.; Hatakeyama, E. S.; Carlisle, T. K.; Lessmann, S.; Noble, R. D.; 

Gin, D. L., Improving CO2 selectivity in polymerized room-temperature ionic liquid gas 

separation membranes through incorporation of polar substituents. Journal of Membrane Science 

2008, 321, (1), 3-7. 

 

45. Bara, J. E., Versatile and Scalable Method for Producing N-Functionalized Imidazoles. 

Ind. Eng. Chem. Res. 2011, 50, (24), 13614-13619. 

 

46. Hindman, M. S.; Stanton, A. D.; Irvin, A. C.; Wallace, D. A.; Moon, J. D.; Reclusado, K. 

R.; Liu, H.; Belmore, K. A.; Liang, Q.; Shannon, M. S.; Turner, C. H.; Bara, J. E., Synthesis of 

1,2-dialkyl-, 1,4(5)-dialkyl-, and 1,2,4(5)-trialkylimidazoles via a one-pot method. Ind. Eng. 

Chem. Res. 2013, 52, (34), 11880-11887. 

 



 

49 

 

47. Bara, J. E.; Kaminski, A. K.; Noble, R. D.; Gin, D. L., Influence of nanostructure on light 

gas separations in cross-linked lyotropic liquid crystal membranes. Journal of Membrane Science 

2007, 288, (1-2), 13-19. 

 

48. Frisch, H. L., The time lag in diffusion. J. Phys. Chem. 1957, 61, 93-5. 

49. Schafer, A.; Huber, C.; Ahlrichs, R., Fully optimized contracted Gaussian basis sets of 

triple zeta valence quality for atoms Li to Kr. The Journal of Chemical Physics 1994, 100, (8), 

5829-5835. 

 

50. Becke, A. D., Density-functional exchange-energy approximation with correct 

asymptotic behavior. Physical Review A 1988, 38, (6), 3098-3100. 

 

51. Perdew, J. P., Density-functional approximation for the correlation energy of the 

inhomogeneous electron gas. Physical Review B 1986, 33, (12), 8822-8824. 

 

52. Lee, C. T.; Yang, W. T.; Parr, R. G., DEVELOPMENT OF THE COLLE-SALVETTI 

CORRELATION-ENERGY FORMULA INTO A FUNCTIONAL OF THE ELECTRON-

DENSITY. Physical Review B 1988, 37, (2), 785-789. 

 

53. Horne, W. J.; Shannon, M. S.; Bara, J. E., Correlating fractional free volume to CO2 

selectivity in [Rmim][Tf2N] ionic liquids. J. Chem. Thermodyn. 2014, 77, 190-196. 

 

54. Bara, J. E.; Moon, J. D.; Reclusado, K. R.; Whitley, J. W., COSMOTherm as a Tool for 

Estimating the Thermophysical Properties of Alkylimidazoles as Solvents for CO2 Separations. 

Ind. Eng. Chem. Res. 2013, 52, (15), 5498-5506. 

 

55. Shannon, M. S.; Tedstone, J. M.; Danielsen, S. P. O.; Hindman, M. S.; Bara, J. E., 

Properties and Performance of Ether-Functionalized Imidazoles as Physical Solvents for CO2 

Separations. Energy Fuels 2013, 27, (6), 3349-3357. 

 

56. Sumon, K. Z.; Henni, A., Ionic liquids for CO2 capture using COSMO-RS: Effect of 

structure, properties and molecular interactions on solubility and selectivity. Fluid Phase 

Equilibria 2011, 310, (1-2), 39-55. 

 

57. Diedenhofen, M.; Klamt, A., COSMO-RS as a tool for property prediction of IL 

mixtures-A review. Fluid Phase Equilibria 2010, 294, (1-2), 31-38. 

 

58. Shannon, M. S.; Tedstone, J. M.; Danielsen, S. P. O.; Hindman, M. S.; Irvin, A. C.; Bara, 

J. E., Free Volume as the Basis of Gas Solubility and Selectivity in Imidazolium-Based Ionic 

Liquids. Industrial & Engineering Chemistry Research 2012, 51, (15), 5565-5576. 

 

59. Robeson, L. M., Correlation of separation factor versus permeability for polymeric 

membranes. J. Membr. Sci. 1991, 62, (2), 165-85. 

 



 

50 

 

60. Mandai, T.; Masu, H.; Imanari, M.; Nishikawa, K., Comparison between Cycloalkyl- and 

n-Alkyl-Substituted Imidazolium-Based Ionic Liquids in Physicochemical Properties and 

Reorientational Dynamics. The Journal of Physical Chemistry B 2012, 116, (7), 2059-2064. 

  



 

51 

 

CHAPTER 4 

Poly(Ionic Liquid) Superabsorbent for Polar Organic Solvents 

W. Jeffrey Horne,1 Mary A. Andrews,1 Kelsey L. Terrill,1 Spenser S. Hayward,1 Jeannie 

Marshall,1 Kenneth A. Belmore,2 Matthew S. Shannon & Jason E. Bara 

1 University of Alabama, Department of Chemical and Biological Engineering, Tuscaloosa, 

Alabama, 35487-0203 

2 University of Alabama, Department of Chemistry, Tuscaloosa, Alabama, 35487-0336 

 

ABSTRACT 

A simple, polymerized ionic liquid (poly(IL)), methyl imidazolium styrene Tf2N, exhibits 

superabsorbent behavior toward polar organic solvents, most notably propylene carbonate (PC) 

and dimethyl sulfoxide (DMSO) wherein the poly(IL) was observed to swell over 390 times and 

200 times (w/w) its original mass, yet absorbs negligible quantities of water, hexanes and other 

solvents.  Although solubility parameters and dielectric constants are typically used to rationalize 

such behaviors, we find that poly(IL) – solvent compatibility is most clearly correlated to solvent 

dipole moment.  Poly(IL) superabsorbency is not reliant upon the addition of a crosslinking agent, 

although the initial photoinitiator concentration was observed to affect poly(IL) swelling.  
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4.1 INTRODUCTION 

There is a large and growing number of papers in the literature relating to fundamental and 

applied studies on ionic liquids (ILs), yet there have been far fewer publications relating to poly(IL) 

materials.  Ohno and co-workers produced many of the earliest works relating to the development 

of a variety of poly(IL) materials as mechanically-stable ion conductors.1-4  Other early 

applications of poly(ILs) focused on sorbents5-7 and membranes for gas separations.8-14  

Mecerreyes and co-workers have published two review articles highlighting the history, 

applications and progress of poly(IL) materials.15, 16  However, within the poly(IL) field of 

research, focus has yet to be devoted to understanding their bulk properties, with most reports 

tending to focus on specific applications where only small quantities of the poly(IL) are used, 

typically as thin films. 

While it is well-known that poly(IL) materials are capable of swelling/containing “free” 

ILs within their structures,13, 17, 18 their ability to absorb neutral molecular solvents is virtually 

unexplored.  Muldoon and Gordon first reported on crosslinked poly(IL) beads formed from 

imidazolium cations with vinyl groups that were able to swell in organic solvents such as acetone, 

but did not quantify the degree of swelling.19  Firestone and co-workers demonstrated that 

amphiphilic poly(IL) materials produced from the photopolymerization of 1-octylacrylate-3-

methylimidazolium chloride in the presence of 23 wt% water were capable of forming hydrogels 

that swell to nearly 200 times (w/w) in water, with approximately 50 times (w/w) swelling in 

EtOH, DMSO, MeOH and DMF.20  While the inclusion of water was necessary to solubilize the 

monomer, which was a waxy solid at ambient temperature, it is not clear as to whether the water 

already present within the poly(IL) structure promoted uptake of these polar organic solvents.  Less 
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polar solvents such as 1-octanol, hexanes, EtOAc and CHCl3 had minimal or no swelling of the 

material. 

Other reports have focused on copolymers of ionic monomers with large, highly 

hydrophobic monomers and crosslinkers to produce polymers that swelled in non-polar solvents.  

Sada, et al. reported on a crosslinked copolymer gel network containing with ammonium cations 

or octadecyl groups attached the polyacrylate backbone.21  The material was observed to swell 

over 120 times (w/w) in CH2Cl2 and THF, 99 times in CHCl3, 70 times in chlorobenzene and 11 

times in hexane.  Little or no swelling was observed for DMSO, DMF, MeOH or CH3CN.  More 

recently, polyelectrolyte gels containing a ternary mixture of vinyl imidazolium monomers, 

crosslinkable vinyl gemini imidazolium salts and tetradecylacrylate were shown to swell in low ε 

solvents such as CCl4, CHCl3, CH2Cl2, THF and toluene at levels of ~10-50 times (w/w), yet had 

no absorption of solvents with larger dielectric constants (ε) such as CH3CN, DMSO or DMF.22 

These examples where poly(IL) materials were swollen by molecular solvents employ 

relatively sophisticated monomers or mixtures with additional crosslinker.  Furthermore, the 

swelling behavior is engineered based on a balance between long alkyl chains tethered to the 

imidazolium/ammonium cations as well as physical/chemical crosslinking.  Given our experience 

in working with poly(IL) materials and reports on the swelling of other ionic polymers previously 

mentioned, we were interested as to whether a poly(IL) produced via the bulk photopolymerization 

of a “simple” styrene-based IL monomer such as methylimidazolium styrene Tf2N (Figure 4.1) 

without an added crosslinking agent would swell in various molecular solvents.  
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4.2  EXPERIMENTAL METHODS 

4.2.1  Materials.  With the exception of water, which was obtained from a 12 MΩ deionized water 

source, all solvents utilized in the swelling experiments were obtained from commercial suppliers 

at a minimum of ACS grade. 

 

4.2.1 Methods.   

IL Monomer Synthesis 

The methylimidazolium styrene Tf2N monomer utilized in these studies (Figure 1) was 

synthesized according to well-established procedures detailed by Bara and co-workers.14  1H NMR 

data were consistent with published values.  The monomer synthesized is shown in Figure 4.1 

 

Figure 4.1  Synthesis and structure of IL monomer and poly(IL) used in this work. 

Preparation of Poly(IL) 

A photoinitiator, 2-hydroxy-2-methylpropiophenone, was dissolved at 1-2 wt% in the IL monomer 

(4.00 g) using a vibrating mixer and mild heating to ensure homogeneity.  The IL + initiator 

solution was then pipetted onto a 5” diameter quartz plate, which was cleaned and coated in Rain-

X™.  Rain-X is a commercially available, hydrophobic surface coating that aids in the release of 

the polymer film from the quartz surface post-polymerization and is otherwise inert.  An identical 
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quartz plate, separated by 1 mm thick spacers, was then placed on top of the IL monomer, and the 

plates were placed inside a highly reflective chamber and exposed to 254 nm ultraviolet light for 

4 h.  After this time, the plates were pried apart using a clean razor blade and the large area film 

peeled easily from the lower quartz plate.  FT-IR analysis revealed the degree of conversion of 

styrene groups was near 99% in all cases. 

 

Measurement of Swelling 

Uniform diameter samples were extracted from the poly(IL) disc by punching with a 10 

mm diameter stainless steel die.  The dry mass of each sample was recorded (typically ~150 mg) 

and the sample was then placed in a sealed jar containing 60 mL of a solvent for and allowed to 

equilibrate for 36 h.    After this time, the swollen polymers were removed from their containers, 

and excess (surface) solvent was removed using absorbent paper.  The mass of the swollen sample 

was then recorded and the swelling ratio (Q) was calculated according to the following equation: 

Q = (mwet – mdry)/mdry  (wt/wt) 

All experiments were performed in triplicate.  A list of the solvents examined and their relevant 

properties are shown in Table 4.1 with respective values for solubility parameter (δ), dielectric 

constant (ε), and dipole moment (μ).  
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Table 4.1:  Solubility parameter (δ), dielectric constant (ε), and dipole moment (μ) of selected 

solvents. 

Solvent  (MPa1/2)  DPM (D) 

hexanes 14.9* 1.88 0.08 

tetrahydrofuran 18.5 7.52 1.75 

methyl ethyl ketone 19.3 18.5 2.76 

dichloromethane 20.2 8.93 1.14 

acetonitrile 24.3 36.6 3.44 

dimethyl sulfoxide 24.5 47.2 4.10 

nitromethane 25.1 35.9 3.46 

ethanol 26.2 24.3 1.66 

propylene carbonate 27.2 64.9 4.94 

methanol 29.7 33.1 2.87 

water 48 80.4 1.87 
*value is for n-hexane, although solvent used was a mixture of isomers. 

 

4.3  RESULTS AND DISCUSSION 

Investigation of the swelling behavior of the poly(IL) focused on variety of organic 

solvents with a wide range of solubility parameters.  As expected, solvents that were fully 

immiscible with the IL monomer (e.g. hexanes, water) were incapable of swelling the poly(IL).   

Yet, we also observed that some solvents which were fully miscible with the IL monomer such as 

dichloromethane (CH2Cl2), tetrahydrofuran (THF), and ethanol (EtOH) had virtually no ability to 

swell the poly(IL).  Furthermore, there was no apparent mass loss from the poly(IL) into these 

solvents, indicating that any soluble fraction of the poly(IL) sample is essentially non-detectable 

(or non-existent).   Other solvents that were known to be fully miscible with the monomer such as 

acetonitrile (ACN), methanol (MeOH) and dimethyl sulfoxide (DMSO) did exhibit varying 

degrees of swelling.  The largest swelling capacity initially observed was for DMSO where the 

swelling capacity (Q) was measured to be 202, or approximately a 20,000% increase in mass.  

Figure 4.2 provides an example of the difference in size between a “dry” poly IL sample and the 

fully swollen sample in DMSO.  



 

57 

 

 

 

Figure 4.2:  Digital photographs displaying the SEM cross section of the poly(IL) material (top) 

with uniform thickness of ~1 mm; 10 mm diameter pristine poly(IL) sample punched from the 

bulk (bottom left); and the poly(IL) material fully swollen to ~89 mm diameter in DMSO 

(bottom right).   
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In the study of superabsorbent materials, swelling behavior is typically rationalized in 

terms of solubility parameters and dielectric constants.20, 21  Based on well-known thermodynamic 

relationships for solvent-solute interactions, a “match” between polymer and solvent solubility 

parameter (i.e. (d2-d1)
2 = 0) should result in maximum swelling.  Furthemore, solvents with high 

dielectric constants should have an affinity for charged/ionic groups.   Analysis of the relationship 

between Q and δ (Figure 4.3a) appears to reveal that there is “sweet spot” with regard poly(IL) 

swelling behavior, but there is not an overall defining trend.  Based on  

Figure 4.3a:  Relationship between poly(IL) swelling (Q) and solvent solubility parameter (δ). 

the large degree of swelling (Q = 202.4) in DMSO (δ = 26.7 MPa1/2), it can be inferred that DMSO 

is the most well-matched solvent in terms of solubility parameter to the poly(IL).  Interestingly, 
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this value is nearly identical to that calculated by Bara, et al. via group contribution methods for a 

structurally similar, non-polymerizable IL, 1-benzyl-3-methylimidazolium bistriflimide (δ = 27.2 

MPa1/2). 23, 24    

However, not all solvents with solubility parameters near 27 MPa1/2 resulted in a high 

swollen poly(IL) (i.e., Q > 40).  For example, ethanol (δ = 26.5) had a value of Q = 0.11, indicative 

of nearly zero swelling.  Contrastingly, exposure of the poly(IL) to methyl ethyl ketone (MEK) (δ 

= 19.1) resulted in Q = 41.5.  These distinctly different behaviors indicate that for a poly(IL) 

system, the solubility parameter value alone cannot be taken as a predictor of swelling and a more 

relationship between other solvent properties and swelling must exist. 

Based on observations reported in other works, we then examined correlations between 

poly(IL) swelling and solvent dielectric constant, ε, which is considered to the a measure of the 

solvent’s ability to screen charges (Figure 4.3b).  Here, the organic solvent with the greatest Q 

value, DMSO, also has a large value for its dielectric constant (ε = 47.2).  Figure 4.3b illustrates 

a distinct tendency of the poly(IL) to swell more in organic solvents with increasing dielectric 

constant, although the near zero swelling in EtOH (ε = 24.3) compared to that in MEK (ε = 18.5) 

is anomalous.  As also can be seen in Figure 4.3b, there is a poor correlation between Q and ε 

when the solvent with the largest dielectric constant, water (ε = 80.4) is considered.  Experimental 

results thus suggest that solvents with high dielectric constants that also have solubility parameters 

near that of the poly(IL) will yield greater swelling. 



 

60 

 

 

Figure 4.3b:  Relationship between poly(IL) swelling (Q) and solvent dielectric constant (ε). 

Still, we endeavored to find a more intuitive correlation by which to rationalize the swelling 

behavior of the poly(IL).  Solvent dipole moment (μ) was selected since the dipole moment 

represents the distance between centers of charge on the solvent and may be a more appropriate 

metric by which to rationalize solvent-poly(IL) interactions as μ may effectively describe the 

ability of the solvent to align itself with the charges present on cation and anion of the poly(IL).   

Q values for the solvents were then plotted against solvent dipole moment (μ) (Figure 4.3c), 

resulting in a much more obvious trend between swelling and an intrinsic physical property of the 

solvent itself.  Solvents with dipole moments < 2 D are observed to have no ability to swell the 
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poly(IL), while those with dipole moments > 2.5 D result in highly swollen materials.  Figure 4.3c 

also illustrates a nearly exponential increase in swelling as dipole moment increases, with the large 

degree of swelling in DMSO again correlated with the largest dipole moment.   This result led us 

to search for at least one additional solvent with a larger dipole moment than DMSO.  We selected 

propylene carbonate (PC) (μ = 4.94), which has a solubility parameter in the “sweet spot” (δ = 

27.1 MPa1/2) and a larger dielectric constant (ε = 64.9) than DMSO.  Confirming the hypothesis, 

PC was observed to be absorbed by the poly(IL) in larger quantity than any other solvent tested, 

resulting in Q = 390.  The PC-swollen poly(IL) was quite fragile in this state any significant motion 

or pressure would cause the gel to separate into pieces.  
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Figure 4.3c:  Relationship between poly(IL) swelling (Q) and solvent dipole moment (µ) with 

data point for propylene carbonate (PC) appended. 

To gain further insight into the interactions of a solvent within the highly swollen poly(IL), 

1H NMR spectra of the IL monomer in DMSO-d6 were compared to the poly(IL) swollen in 

DMSO-d6.  Figure 4.4 illustrates the chemical shift of the C(2)-H proton in the IL monomer (pink) 

to that in the poly(IL) swollen in DMSO-d6.  The observed chemical shift of the the IL monomer 

(~9.21) in DMSO-d6 is identical to that reported in the literature.14  However, in the swollen 

poly(IL) sample a broadening is observed along with a simultaneous upfield shift to ~9.09.  While 

the broadening of 1H NMR signals is certainly expected in a polymer sample, the upfield shift 

observed here indicates a weakening cation-anion interaction that may be associated with cation 

interactions with a neighboring π system (e.g. the aromatic benzene rings).25 
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Figure 4.4: Stacked 1H NMR spectra of methylimidazolium styrene IL monomer (pink) and 

swollen poly(IL) (blue) in DMSO-d6. 

 

The imidazolium C(2)-H proton chemical shift can be taking as an indicator of H-

bonding strength, with signals further downfield indicative of stronger cation-anion interactions.   

However, here we observe an apparent weakening of these interactions in the poly(IL) relative to 

the IL monomer, suggesting that the imidazolium cation is a weaker H-bond donor in the 

poly(IL), or that DMSO is able to effectively “pull” the [Tf2N] anion further from the 

polystyrene-bound imidazolium cation.  Furthermore, there may be large steric effects due to the 

orthogonal arrangement of the imidazolium and benzene rings along the polymer backbone.  

Since any significant amount of ionic or covalent crosslinking of the polymer chains would be 

expected to limit swelling, the ability of DMSO and other solvents with δ > 2 D to separate 
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cations and anions may be the key mechanism driving the exponentially increases in poly(IL) 

swelling associated with increasing dipole moment.  Simulations suggest that effective dipole 

moment of the IL, 1-hexyl-3-methylimidazolium bistriflimide ([C6mim][Tf2N]) (which has a 

composition similar to that of the IL monomer used in this study) is 5.7 +/- 0.9 D.  

 

4.4  CONCLUSIONS 

In this study, we have shown that a simple poly(IL) material is prone to exponential 

swelling in neutral molecular solvents that have dipole moments > 2 D.  Remarkably, the poly(IL) 

absorbed nearly 400 times its initial mass in PC and over 200 times in DMSO.  Poly(IL) swelling 

also shows a somewhat less direct relationship to solvent solubility parameter and dielectric 

constant.  Yet, not all solvents that were miscible with the IL monomer could swell the poly(IL).  

Based on 1H NMR evidence, weakened cation-anion interactions were observed which may be 

due to sterics surrounding the poly(IL) chain and/or π-cation interactions between the benzene and 

imidazolium rings.  Only solvents with relatively large dipole moments appear to be able to 

compete with these interactions, which in turn causes the poly(IL) to swell.  These behaviors 

provide useful insight into poly(IL)-solvent interactions and may be used to design functional or 

responsive materials. 
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CHAPTER 5 

ONGOING AND UNPUBLISHED WORK 

 

5.1  PEG/Imidazole Pseudo-Poly(IL) Membranes 

Polymers made from imidazolium ionic liquid-based monomers as well as their imidazole 

counterparts have been analyzed for their potential as thin film membranes for use in CO2 capture.  

In this study, we have formed hybrid membranes from PEG-MEA monomers along with 

imidazole-styrene.  In addition to the acrylate and styrene monomers, LiTf2N was introduced at a 

1:1 ratio to the imidazole in an attempt to make an ionic liquid-like structure.  The structures of 

these compounds are shown in Figure 5.1  SEM images of the membranes are shown in Figure 

5.2. 

Figure 5.1:  Chemical structures of compounds utilized in pseudo-poly(IL) study 

 

It was determined that these pseudo-poly(IL) membranes, while physically robust and quite 

durable, performed poorly as compared to the pure PEG-MEA membrane used as a standard for 

comparison in regard to permeability.  As the weight percentage of PEG-MEA in the polymer 

decreased, permeability also decreased as shown in Figure 5.1.    

PEG-MEA Imidazole Styrene LiTf2N 
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Figure 5.2:  SEM images of a) 90%, b) 80%, c) 70%, and d) 50% PEG-MEA membranes 

 

Figure 5.3:  Permeability measurements for N2, CO2, and CH4 as a function of PEG-

MEA wt. %  
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Based on these measurements of ideal permeability, selectivity values were 

calculated for each of the gas pairs, CO2/N2, CO2/CH4, and CH4/N2.  It was determined that 

for the gas pairs CO2/N2 and CH4/N2 that selectivity values decreased as the weight 

percentage of selectivity PEG-MEA in the polymer deceased.  However, an increase of 

approximately 25% in for the gas pair CO2/CH4 was noted.  Selectivity values are 

illustrated in Figure 5.4.  

This work shows that pseudo-(ILs) can be formed in-situ for polymerization, and 

can be formed into viable membranes.  While this is noteworthy, the results as they pertain 

to improvements in permeability and selectivity are not positive, with the exception of the 

improvement in selectivity for CO2/CH4. 

 

Figure 5.4:  Selectivity measurements for CO2/N2, CO2/CH4, and CH4/N2 as a function of 

PEG-MEA wt. %  
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5.2 CuCl-Poly(IL) Membranes 

Poly(IL) membranes containing free IL have been studied in multiple locations in the 

literature.  However, it has been found that coordination between the chloride of a free IL and 

certain metal salts can form a complex that may be advantageous for use gas separations using a 

thin-film polymer membrane.  We have begun experiments that utilize different IL monomers 

(vinyl ethyl imidazolium Tf2N and ethyl imidazolium styrene) along with a free IL (bmimCl) and 

CuCl.  Fabrication of membranes has been mostly successful, and experiments are now complete.  

Reporting should be complete in the very near future. 

 

5.3 Polyimide/Imidazole Compounds 

 Poly(IL) membrane research is beginning to look at polyimides as starting materials, 

backbones, and functional groups for thin film membranes.  Our group has now successfully 

synthesized a number of IL monomers using aminopropyl imidazole and dianhydrides such as 

PMDA (Figure 5.3).  To make the new compounds polymerizable, chloromethyl styrene is added 

to add dual sites on the compound to initiate photopolymerization.  It is hypothesized that these 

rigid, bulky molecules will provide significant free volume in the formation of the poly(IL), 

therefore being an excellent candidate for light gas separations.  As of the publication of this work, 

formation of thin films that would be viable membranes has not been successful.  However, 

membrane fabrication attempts will continue, and differing dianhydrides are proposed as starting 

materials that may provide better materials for thin film membranes. 
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Figure 5.3:  Proposed PMDA Monomer  
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

 

The noteworthy capabilities of ILs and poly(ILs) as solvents and membranes for gas 

separations have been well documented throughout the literature.  This dissertation attempts to 

develop a better understanding of the structure-property relationship present in these compounds.  

Using COSMOTherm, it was determined that the presence of a larger FFV value corresponds to 

a higher rate of permeability.  In that same line of thinking, the subsequent chapter of this work 

shows how changing the shape of the side chains on an imidazole ring can vastly change the 

performance of a poly(IL) membrane.  Changing straight-chain alkyl side groups to branched or 

cyclic alkyl groups cause selectivity to increase, but also cause dramatic decreases in 

permeability.  This is due to their more compact nature as compared to their straight-chain 

counterparts and the corresponding reductions in FFV.  In the final study, it was shown that a 

simple poly(IL) material is prone to exponential swelling in neutral molecular solvents that have 

high dipole moments.  The weakened cation-anion interactions were observed via NMR and are 

likely caused by either steric hindrance around the backbone of the poly(IL) or π-cation 

interactions between the benzene and imidazolium rings.  These behaviors provide useful insight 

into poly(IL)-solvent interactions and may be used to design functional or responsive materials. 
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