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Abstract 

Polyimides are at the forefront of advanced membrane materials for CO2 capture and 

gas purification processes.  Recently, “ionic polyimides” (IPims) have been reported as a 

new class of condensation polymers which combine structural components of both ionic 

liquids (ILs) and polyimides through covalent linkages.  In this study, we report CO2 and 

CH4 adsorption and structural analyses of an IPim and an IPim + IL composite containing 

[C4mim][Tf2N]. The combination of molecular dynamics (MD) and grand canonical Monte 

Carlo (GCMC) simulations are used to compute the gas solubility and the adsorption 

performance with respect to the density, fractional free volume (FFV), and surface area of 

the materials. Our results highlight the polymer relaxation process, and its correlation to 

the gas solubility.  In particular, the surface area can provide meaningful guidance with 

respect to the gas solubility, and it tends to be a more sensitive indicator of the adsorption 

behavior versus only considering the system density and FFV.  For instance, as the polymer 

continues to relax, the density, FFV, and pore-size distribution remain constant, while the 

surface area can continue to increase, enabling more adsorption. Structural analyses are 

also conducted to identify the nature of the gas adsorption once the ionic liquid is added to 

the polymer.  The presence of the IL significantly displaces the CO2 molecules from the 

ligand nitrogen sites in the neat IPim to the imidazolium rings in the IPim + IL composite. 

Whereas, the CH4 molecules move from the imidazolium ring sites in the neat IPim to the 
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ligand nitrogen atoms in the IPim + IL composite. These molecular details can provide 

critical information for the experimental design of highly selective IPim materials, as well 

as provide additional guidance for the interpretation of the simulated adsorption systems. 

1. Introduction 

Industrial gas separation and storage processes present many technical and economic 

challenges to the natural gas industry and to power plants. For instance, the existence of 

acid gases such as H2S and CO2 in natural gas increases equipment maintenance and 

separation cost for the energy industry.1 To make energy supply lines more economically 

feasible and minimize corrosion, these impurities must be removed through natural gas 

sweetening with removal of CO2 prior to routing natural gas to the supply line.2 

Furthermore, CO2 is the primary waste component of power plant exhaust gas and is a side 

product of many processes of the petrochemical industry, such as ammonia production. 

Palliating CO2 from emission sources is a critical need in industry, and it is necessary in 

order to meet current and future environmental regulations. Aqueous alkanolamine (e.g., 

monoethanolamine (MEA)) solvents are the most common process liquids for CO2 

absorption units.3 However, these current separation processes are challenged by high 

energy demands for recovery,4 volatility, corrosivity, and degradation to toxic products.5  

Adsorption in porous materials is an alternative, energy-efficient method for removing 

CO2 from natural gas streams, and the development of materials possessing both high CO2 

selectivity and adsorption capacity are key factors. While CO2 removal with MEA involves 

chemisorption (requiring significant regeneration energy), physisorption in porous 

materials minimizes the regeneration costs. There are some traditional adsorbents that have 

been widely studied such as activated carbon,6,7 zeolites,8 metal organic frameworks 
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(MOFs),9,10 and silica gel.11 While these materials provide high surface areas and 

adsorption capacity, in practical gas separation applications, there can be limits in terms of 

either their stability, selectivity, or cost.   

Polymer materials such polyimides and polymers of intrinsic microporosity (PIMs) 

are emerging materials that can be used as gas separation membranes which exhibit both 

high CO2 permeability (i.e., flux) and selectivity.12 As opposed to bulk adsorbents, 

membranes are more amenable to continuous processing, as they achieve separation of CO2 

through the solution-diffusion mechanism. The fractional free volume (FFV) of advanced 

polyimides and PIMs comes from their rigid, yet contorted molecular structures,13,14 which 

creates voids and microstructure due to poor packing between polymer chains.15-19 Unlike 

MOFs, which are generally crystalline, polyimides and PIMs are glassy amorphous solids 

and they tend to have much higher stability in aqueous environments. A major advantage 

of polyimides and PIMs is the ability select/synthesize requisite monomers as a means of 

tailoring the polymer repeat unit to maximize specific adsorbent/adsorbate interactions.20,21 

In order to tailor the selectivity of these materials, we are exploring the behavior of 

composite structures composed of an IPim matrix to which additional IL has been added.  

The intent is to leverage the microporous structure of the IPim with the tunability of the IL 

selectivity.  Otherwise, a pure IL solvent typically suffers from high transport resistance 

and low free volume.22   

Ionic liquids, generally defined as organic salts with melting point temperatures < 100 

°C, are potential solvents for gas separation processes.23-25 They have demonstrated high 

selectivity for CO2
26-28 versus CH4,25,29 and this makes ILs promising for applications in 

natural gas sweetening and pre-combustion CO2 capture. In addition, the energy required 
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for solvent recovery in ILs can be reduced due to the physical absorption mechanism.  

Nevertheless, using ILs for gas separation processes has several drawbacks. For instance, 

the current industrial solvent for CO2 adsorption, MEA, is at least twenty times less 

expensive on a per volume basis than even the lowest cost ILs. The second, and possibly 

the most important drawback for ILs is their high viscosity relative to organic solvents. 

However, using ILs in membrane systems has significant advantages relative to their use 

as bulk absorbents.30 The high viscosity of ILs can be mitigated in membrane units, due to 

the short diffusion paths.30 In addition, the physical stability and processability of IPims 

make these materials an excellent matrix in which to immobilize ILs.31 In a recent 

publication,32 these hybrid materials have demonstrated excellent CO2/CH4 separation 

performance (SCO2/CH4 = 13.1) with enhanced permeability (up to 2242% for CO2 and 

2732% for CH4) when the IL was present within the ionic polyimide. 

Several others have recently examined the properties of PIMs and similar materials 

for gas separations.33-35 Hart, et al. used molecular simulations to model the CO2/CH4 

separation performance of nitrogen-containing PIMs (tetrafluoroteraphthalonitrile) and 

sulfonyl-based PIMs.20 They also evaluated the permselectivity of these membranes for 

CO2/CH4 and CO2/N2 separation processes,15 concluding that the polar sulfonyl 

functionality increases the gas solubility and permselectivity. With regards to CO2/CH4 gas 

separation, the solubility and permeability of CO2 increases by adding dipolar 

functionalities and bulky spirocenter groups on the PIM, since these groups increase both 

the enthalpy of CO2 adsorption and FFV. In related work, Calero et al.36 investigated the 

CO2 adsorption isotherm and selectivity of CO2/CH4 in both a hydrated structure of a 

covalent organic framework (COF) and in a COF structure with a small amount of IL. 
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Adding the IL in the COF structure increased the selectivity of the CO2 without a drastic 

reduction in the adsorption capacity. In the hydrated COF structure, the adsorption capacity 

tends to decrease while the selectivity increases in favor of the CO2. In comparison, PIMs 

possess an amorphous structure, while the COFs have crystalline structures (more similar 

to MOFs), but with covalently bonded structures of light elements (C, H, N, O, B, etc.) 

instead of coordinated metallic ions during the reaction. Covalent bonds of light elements 

(H, B, C, N, and O) compose the crystal structure in COFs while crystal structures of MOFs 

are coordinated by metal ions.  

While the experimental realization of the first generation of IPim + IL composite 

materials have already been reported,32 molecular simulations can provide detailed insight 

into the molecular-level structures and interactions in these systems responsible for the 

experimentally observed behavior.  In our study, the 1-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide ([C4mim][Tf2N]) IL has been chosen to reside within the 

ionic polyimide matrix because of the structural consistency between the IPim and 

[C4mim+][Tf2N-] and because this particular IL has been thoroughly studied and its 

absorption properties toward CO2 are well-known (Figure S-2).1,37-41 We thoroughly 

characterize the neat IPim relative to the IPim + IL composite materials by analyzing their 

average pore size distributions, surface areas, FFV, as well as their adsorption of CO2 and 

CH4.  The adsorption data is benchmarked against recent experimental results, and we are 

able to achieve good agreement with the experimental data,32 but this is only obtained after 

a moderate densification of the simulation cell.  Overall, our study highlights the nuances 

of structural relaxation and its importance on the emergent adsorption behavior in IPim-
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based materials, as well as the changes in the molecular-level adsorption behavior induced 

by the presence of the IL within the IPim matrix.     

2. Simulation Details 

Our simulation procedure is comprised of several different steps.  First, electronic 

structure calculations are used to assign partial charges on the atom sites of the IPim 

monomer units.  Then, molecular dynamics simulations (MD) are used to prepare the 

relaxed initial structure of the neat IPim and IPim + IL composite, and this involves a 

polymerization scheme, followed by several stages of structural relaxation.  The initial 

system also contains an N-methyl-2-pyrrolidone (NMP) solvent, which is eventually 

removed and replaced with the IL species following polymerization, and this is intended 

to mimic the experimental synthesis procedure.32 Finally, using an iterative combination 

of molecular dynamics and grand canonical Monte Carlo (GCMC) simulations, the 

solubility of CO2 and CH4 is modeled over a wide range of different pressures within the 

neat IPim and IPim + IL composite materials. The details of each stage are described below, 

and a schematic overview of our simulation models is illustrated in Figure 1. 

   

 

a) 

b) 
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Figure 1. Representative overview of the simulation models: a) IPim monomer, atoms are colored 
according to their type (N = navy, O = red, C = grey, and H = white). Specific nitrogen sites of the 
IPim are labeled for reference, as well as the head (H) and tail (T) designation; b) 2-dimensional 
monomer representation; c) post-polymerization with different chain lengths (red: 1, blue: 2, green: 
3, black: 4, and cyan: 12 monomers).  [Tf2N-] and NMP are deleted for clarity; and d) visualization 
of the FFV (gold region) within the final polymer system. 

 

In the electronic structure calculations, the geometric optimization of the isolated 

monomer structure was conducted using the B3LYP functional42 with the 6-31G(d) basis 

set using Gaussian09.43 Using the relaxed structure, the partial charges on each atom were 

approximated using the ChelpG method.43 Other charge assignment schemes (Hirschfeld, 

NBO, Merz-Kollman) were also evaluated, and consistent results were found. Ultimately, 

the partial charge results from the ChelpG method were used to modify the monomer 

topology file in combination with OPLS-AA force field parameters for monomer 

interactions. Force field parameters for [C4mim][Tf2N] ILs were taken from Lopez, et 

al,44,45 while parameters for NMP molecules were extracted from Aparicio, et al.46 The 

TraPPE47 force field for CO2, and CH4 was used, based on the previous experience of others 

modeling gas adsorption in ILs.1,27,48 The Lorentz-Berthelot mixing rules were used for 

cross-term interactions. 

c) d)
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Following the assignment of the force fields, the IPim and IPim + IL systems were 

constructed and conditioned according to the following default procedure (with specific 

variations noted later in the text): 

a) Ionic polyimide monomers were inserted into the simulation box using 

PACKMOL,49 followed by energy minimization using the steepest descent 

algorithm.  In order to test for finite-size effects, systems with 55, 110, and 200 

monomer units were tested (along with the balance of [Tf2N-] molecules to 

maintain charge neutrality). In addition, each of these systems was run at least 

twice, in order to evaluate the reproducibility of the results. 

b) In addition to the monomers, NMP molecules were also inserted at three different 

ratios: 1:4, 1:6, and 1:8 (monomer:NMP). The experiments used a ratio of 

approximately 1:60 during polymerization.32 

c) The monomer + NMP molecules were relaxed with MD simulations using a cycle 

of canonical (NVT) to increase the temperature following with isothermal-isobaric 

(NPT) ensemble simulations at high temperature and pressure, followed by a slow 

quench to room temperature. 

d) The monomer units were polymerized, using a nearest-neighbor algorithm 

(described below), followed by additional relaxation with MD. 

e) The NMP was then removed from the system, and the IPim + IL samples were 

generated by inserting the IL molecules in the cavities left by the NMP molecules, 

again using PACKMOL. 
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f) Both neat IPim and IPim + IL systems were further equilibrated and relaxed via 

NVT and NPT cycles, until a final temperature of 294 K and a pressure of 1 bar 

was reached. 

All of the MD simulations were performed with the GROMACS 5.0 simulation 

package.50 The Lennard-Jones potential and electrostatic interactions were calculated with 

a cut off distance of 1.4 nm, and the smooth particle mesh Ewald sum (SPME)51 method 

was implemented for long-range electrostatic interaction with 0.16 nm of Fourier-spacing. 

The Nose-Hoover thermostat52 was used to maintain the temperature and the Parrinello-

Rahman53 barostat was used to maintain the pressure, and the time step was 1 fs. In the MD 

simulations, periodic boundary conditions were implemented in all three dimensions.  

In order to test for finite-size effects and to evaluate system equilibration, the 

configurations of the initial monomer systems were compared with respect to different 

system sizes (55, 110, and 200 monomers, which correspond to box lengths of 

approximately 4, 5, and 6 nm, respectively) and different simulation durations.  In order to 

help analyze the initial structural relaxation of the monomers, radial distribution functions 

(RDFs) were calculated for the tail (T) and head (H) carbons of the monomers, as labeled 

in Figure 1. The RDF results are shown in Figure S-1, indicating that at short times (~10 

ns) there are some slight inconsistencies in the system configurations between different 

independent runs with varying box sizes, but at longer time (~50 ns), there is excellent 

agreement among the 3 different system sizes. Also, after this relaxation and decreasing 

the temperature to 294 K, the density is very consistent for all boxes (1.614 g/cm3) at the 

final pressure of 1 bar.  
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After the monomer relaxation, polymerization was then performed by connecting the 

head and tail groups, according to a nearest-neighbor algorithm. More sophisticated 

approaches have also been used to emulate the polymerization process, such as the 

Polymatic algorithm,54 which temporarily assigns charges to the head and tail groups of 

the monomers (accelerating the pairing process). Karayiannis, et al.55 suggested that low-

density polymerization helps to provide free volume for sufficient mobility and flexibility 

of the chain.  Thus, our polymerization step was conducted at an elevated temperature of 

550 K and a pressure of 1 bar, in order to provide for effective conformational flexibility. 

The monomers were attached using an in-house code that analyzed the H-to-T separation 

distance, and if within a cutoff (1.27 nm on average), then a hydrogen atom from each head 

and tail is removed, followed by the formation of a covalent bond. 

The prepared IPim structures then followed a steepest-descent energy minimization 

step for all bonded and non-bonded interactions.56 In past work, it has been noted55 that 

temperatures as high as 2000 K were needed to achieve adequate fluctuation and relaxation 

of glassy polymers. Thus, after polymerization, we continued the equilibration process at 

a temperature of 2000 K in both the NVT and NPT ensembles prior to cooling to the desired 

temperature of 294 K. With different initial box sizes (4, 5, and 6 nm) and different initial 

monomer configurations, the final polymer length distributions varied somewhat.  In order 

to estimate the reproducibility of our results, these different replicas were all evaluated in 

our physical and adsorption property analysis. A summary of the different IPim systems is 

described in Table 1.   
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Table 1. Summary of different IPim systems simulated, with densities corresponding to conditions 
of 1 bar and 294 K. 

description (including 
approximate box length) 

# monomers # NMP 
density 
(g/cm3) 

polymer chain lengths* 

neat, 4 nm (sample 1) 55 0 1.602 29, 10, 7, 7, 2 

neat, 4 nm (sample 2) 55 0 1.602 42, 9, 2, 2 

neat, 5 nm (sample 1) 110 0 1.625 78, 10, 17, 5 

neat, 5 nm (sample 2) 110 0 1.604 33, 46, 2, 14, 15 

neat, 6 nm (sample 1) 200 0 1.601 15, 20, 76, 56, 29, 2, 2 

neat, 6 nm (sample 2) 200 
0 

1.641 
17, 8, 8, 5, 5, 4(6), 
3(11), 2(18), 1(64) 

neat, 6 nm (sample 3) 200  800 1.600 80, 13, 41, 40, 20, 6 
composite, 6.8 nm 

(sample 1) 
200 (+ 200 

IL) 
800 

1.580 80, 13, 41, 40, 20, 6 

composite, 6.8 nm 
(sample 2) 

200 (+ 200 
IL) 

1200 
1.584 178, 14, 8 

*Numbers inside the parentheses represent the replication of that polymer chain length.  

As mentioned previously, the experimental production of the IPim samples involved 

the addition of NMP (5 mL per gram of monomer, which is a monomer:NMP molar ratio 

of 1:60).32 After the experimental polymerization reaction is complete, the side products 

and solvents are removed from the polymer. In order to mimic this process and to create 

the temporary voids for the IL insertions, the NMP molecules were present throughout the 

monomer equilibration and polymerization steps. After system equilibration and 

polymerization, the NMP molecules were then deleted from the box and the void spaces 

filled with [C4mim][Tf2N] molecules using PACKMOL software. To make sure that we 

made enough space for [C4mim][Tf2N] and were able to generate a well-mixed system, we 

started with three different ratios of monomer:NMP molecules of 1:4, 1:6, and 1:8.  For 

consistency with the experiments, the IL was added to the IPim at the same concentrations 

of 50:50.  

Once the neat IPim ionic polyimide and IPim + IL samples were prepared, we used 

the Cassandra package to run grand canonical Monte Carlo (GCMC) simulations of CO2 
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and CH4 adsorption.57 During GCMC simulations, the polymer and IL molecules are held 

rigid, while the GCMC steps involving the gas adsorbates were run for at least 3 × 106 steps 

(with 33% insertion, 33% deletion, 17% translation, and 17% rotation).  In order to improve 

sampling, these GCMC simulations were iteratively combined with MD simulations to 

further relax the system configuration. For instance, after finishing one stage of GCMC 

simulations, the resulting structure (including the gas molecules) was subjected to a short 

NVT MD relaxation process of 1 ns at the same temperature (294 K). After the MD stage, 

the resulting structure was then transferred back to the GCMC stage for continued insertion 

and deletion of gas molecules. This process continued for at least three cycles for each 

point along the adsorption isotherm, and the average value of the final GCMC cycles is 

reported in the isotherm graphs and also used to calculate Henry’s constants. Henry’s 

constant was extracted from the slope of the fitted line to the solubility graph, which was 

then converted from units of g/(Lꞏbar) to mol/(Lꞏatm). 

In order to connect the IPim and IPim + IL composite adsorption properties to the 

underlying molecular configurations, several different structural analyses were performed, 

which were originally applied to characterize solid adsorbents. Using the approaches of 

Gelb and Gubbins,58 we calculate the fractional free volume (FFV), pore size distribution 

(PSD), and exposed surface area of our IPim and IPim + IL composite models (which 

include all atomic sites during the analysis, with the Lennard-Jones diameters used to 

define the molecular surfaces), as well as the radial distribution function of key interaction 

sites in the system. 
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3. Results and Discussion 

3.1. Structural Optimization 

The densities of the neat IPim and IPim + IL composite systems were optimized, in 

order to reproduce the experimental CO2 adsorption data.  Thus, the initial system densities 

(~1.6 g/cm3) were slightly decreased to 1.565 ~ 1.589 g/cm3, while the adsorption behavior 

was predicted by the GCMC simulations (with the IPim and IPim + IL composite 

considered rigid). These simulation results are indicated by the large red circles in Figure 

2, and they compare well with the experimental data.  From these initial simulations, the 

IPim and IPim + IL composite structures were further subjected to stages of MD relaxation.  

Even though the systems were thoroughly relaxed prior to the initial GCMC simulations, 

the presence of the adsorbate molecules tends to help condition the adsorbent to increase 

its capacity.  Each MD stage tends to further relax the system, providing additional 

adsorption capacity during the subsequent GCMC stage.  Thus, at a fixed system density, 

the adsorption still continues to increase by a factor of 2-3 by subjecting the system to 

additional MD/GCMC stages.  Thus, in order to capture the experimental behavior, the 

system was then gradually compressed until the adsorption approached the experimental 

values.  The optimized IPim structures had densities approximately 10% higher (1.72 ± 

0.03 g/cm3) after the compression steps, with the final values indicated by the green circles 

in Figure 2. Each system optimization was repeated three times from the initial structure to 

the optimized one to evaluate the reproducibility of the results. All GCMC simulations 

were performed at 294 K and 1 bar for 3~5 × 106 MC steps while MD calculations were 

implemented in the NVT ensemble for 1 ns at 294 K. These final structures were used to 

calculate the gas adsorption isotherms, as well as for the structural analyses. We followed 
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the same procedure to optimize the IPim + IL composite, leading to a final density of 1.62 

± 0.02 g/cm3.  

In the experiments, an NMP solvent was used during the initial polymerization,32 and 

then washed away prior to adsorption. To consider the effect of NMP on the simulated 

structure and gas solubility results, we compared two samples: one includes NMP during 

polymerization and one is conducted without NMP molecules during polymerization 

(Figure S-3). After polymerization, the NMP molecules were deleted from the system, 

followed by relaxation of both systems. As Figure S-3 shows, the presence of the NMP 

solvent during the polymerization simulations does not appreciably affect the final gas 

solubility. The sample without NMP is referred to as “neat, 6 nm (sample 1)” and the 

sample with NMP is referred to as “neat, 6 nm (sample 3)”. Although they show a 

noticeable difference in the first GCMC simulations, their gas adsorption properties 

converge very closely after 4 cycles of MD/GCMC. Thus, the temporary presence of the 

NMP molecules was useful for preparing the IPim+ IL composites, but the NMP does not 

seem to be responsible for any other residual effects on the gas adsorption performance. 

 

0

2

4

6

8

10

12

14

16

18

1.5 1.6 1.7 1.8

C
O

2
so

lu
b

il
it

y 
(g

/L
)

density (g/cm3)

1 (repeated run)

2

3

experiment

a)

0

2

4

6

8

10

12

14

16

18

1.5 1.6 1.7 1.8

C
O

2
so

lu
b

il
it

y 
(g

/L
)

density (g/cm3)

1 (repeated run)

2

3

experiment

b)



 15

 

Figure 2. CO2 solubility during densification and relaxation for: a) 55 monomers; b) 110 
monomers; c) 200 monomers; and d) 200 monomers in 200 [C4mim][Tf2N]. These results are 
extracted from incremental cycles of MD and GCMC simulations, with each point corresponding 
to one MD/GCMC cycle. The hollow red circle is the starting point, the green circle is the final 
optimized structure, and the solid black line is a guide to the eye corresponding to successive cycles. 
The green line represent the experimental data,32 with a standard deviation of < 5%. 

 

3.2. Structural Analysis 

As illustrated in the previous section, the polymer adsorbent shows different solubility 
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In order to make the connection between the adsorption data and the different simulation 

structures, the surface area and FFV were calculated at different points along the simulation 

trajectory. During the MD simulations, the polymer molecules were free to modify their 
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maximum point of the solid line, the surface area in the polymer structure increased 

(Figure 3), while the FFV is constant (Figure 4). As Figures 3 and 4 show, the predicted 

solubility tends to be much more sensitive to the exposed surface area versus the FFV, 

which is typically used as a surrogate to predict gas solubility.  

 

Figure 3. CO2 solubility versus surface area for: a) 55 monomers; b) 110 monomers; c) 200 
monomers; and d) 200 monomers in 200 [C4mim+][Tf2N-]. The results are extracted from 
successive cycles of MD/GCMC simulations. The hollow red circle is the starting point, the green 
circle is the optimized structure, and the black solid line is a guide to the eye. 
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Figure 4. CO2 solubility versus FFV for: a) 55 monomers; b) 110 monomers; c) 200 monomers; 
and d) 200 monomers in 200 [C4mim][Tf2N]. The results are extracted from successive cycles of 
MD/ GCMC simulations. The hollow red circle is the starting point, the green circle is the optimized 
structure, and the black solid line is a guide to the eye. 
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smaller pore sizes, and the FFV decreases, as well. The smaller pore sizes reduce the 

adsorption capacity of the polymer for both CO2 and CH4. Figure 5 shows that similar 

densities tend to possess similar FFVs and similar pore size distributions.  However, as 

noted previously, the calculated surface area can provide additional distinction between 

these systems, and the surface area calculation can be performed very efficiently 

(significantly faster than calculating the PSD).   

 

Figure 5. Pore size distribution of initial structures (solid lines) and optimized, compressed 
structure (dashed lines) at 294 K. Colors represent different polymer systems: 55 monomers 
(black), 110 monomers (blue), 200 monomers (red), and 200 monomers + IL (green). Fractional 
free volume, CO2 solubility, and the density are reported for the optimized structures. 
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not significantly change the solubility of the gas in the IPim.  However, upon further 

analysis, we are able to identify very different molecular interactions between the gas 

molecules and the IPim and IPim + IL systems. 

  

Figure 6. Adsorption isotherms at 294 K of: a) CO2, b) CH4 (gas solubility values are provided in 
Table S-2). 

 

The Henry’s constant was also calculated for CO2 and CH4 in the IPim. Adding the IL 
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[C4mim][Tf2N] is 0.066 and 0.010 mol/(Lꞏatm), respectively. The experimental Henry’s 
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bar for CH4.1,25,59 Additional data for carbon dioxide and methane solubility in 1-ethyl-2-
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the simulation and experimental results, adding the IL to the polymer (at a ratio of 50:50) 

did not significantly change the adsorption of the polymer in favor of CO2.  However, the 

IPim and IPim + IL composite still strongly adsorb CO2 versus CH4, and the experiments 

indicate a significant increase in gas permeability, which we intend to investigate further 

in future work.  

3.4. Analysis of Adsorbate Interactions 

Identifying the dominant CO2 adsorption interactions in our IPim and IPim + IL 

composite models can reveal useful information for understanding the current gas 

adsorption behavior and also help guide the design for future IPim-based materials. In 

particular, it is important to characterize the adsorption site preferences for CO2 versus 

CH4, since it is difficult to anticipate the balance of adsorption enthalpy and site 

accessibility in our amorphous structures.  To help identify the site selectivity for CO2 and 

CH4, we analyzed the RDFs of the gases with specific sites of the IPim. In order to calculate 

the RDFs, we extracted 10 different configurations at each stage (each separated by 0.5 × 

106 steps). Each of these extracted samples was further relaxed with MD simulations for 

10 ns, and the reported RDFs are the average of these 10 samples. We have labeled six 

different nitrogen atoms in the monomer structure: N1 and N2 represent the ligand nitrogen 

atoms while N3 to N6 represent the imidazolium ring nitrogen atoms in the monomer 

structure (see Figure 1). As Figure 7 shows, the ligand nitrogen atoms in the IPim have 

strong interactions with the adsorbed CO2 gas. After the addition of the IL, this interaction 

is weakened and the adsorbed CO2 molecules are located mostly around the imidazolium 

ring of the polymer. Since the polymer structure is fairly symmetric, the adsorbed CO2 may 

move to either the right or left side of the ligand. However, as Figure 7 b shows, CO2 
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molecules are likely attracted to the N2 atom of the ligand. Thus, it is more probable that 

CO2 molecules were moved toward the first imidazolium ring containing N3 and N4. As 

Figure 7 c,d show, the interaction intensity of the adsorbed gas molecules with N3 and N4 

is higher in the IPim + IL composite, while the intensity of the CO2 interactions with N5 

and N6 remains unchanged (Figure 7 e and f).  

Methane shows very different interactions with the adsorbent structures. As Figure 8 

shows, CH4 molecules are mostly located at N5 and more specifically at N6 sites of the 

imidazole ring of the polymer. Adding the IL to the IPim changes the preferred CH4 

locations. Composite structures of IPim + IL have strong interactions between the CH4 and 

the N1 atom, since it is the closest nitrogen atom to the N6 in the monomer structure 

(Figure 8 a). The interaction strength between the N3 site and CH4 will increase upon the 

addition of the IL (Figure 8 c). Overall, CO2 molecules are most likely located at the ligand 

site of the IPim and adding IL moves them toward the imidazolium ring of the monomer. 

However, CH4 molecules are mostly located near the imidazolium ring site of the 

monomer, and adding the IL to the IPim moves the CH4 molecules toward the ligand site 

of the monomer. 

This work reports pure gas adsorption simulations. However, competition of CO2/CH4 

to occupy the active sites of the composite structure in different concentrations of CO2/CH4 

may reveal more information about the selectivity of this structure.  This will be 

investigated in future work. As Figures 7 and 8 show, the interaction of the IPim + IL 

composite with CO2 is stronger and well distributed along the nitrogen sites of the polymer 

than its interaction with CH4. To support this idea, Figure 9 compares the interaction of 

CO2 and CH4 with [Tf2N-] in the IPim and composite structure. While the CO2 interaction 
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remains constant in both structures, the CH4 interaction with [Tf2N-] decreases significantly 

in the composite structure.   
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Figure 7. Radial distribution function between the carbon atom of CO2 and the IPim sites: a) N1; 
b) N2; c) N3; d) N4; e) N5; and f) N6 (see Figure 1 for site labels). 
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Figure 8. Radial distribution functions of the carbon atom of CH4 with the IPim sites: a) N1; b) 
N2; c) N3; d) N4; e) N5; and f) N6 (see Figure 1 for site labels). 
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Figure 9. Radial distribution function of the oxygen atoms of the [Tf2N-] anions with the carbon 
atoms of: a) CO2; and b) CH4 (see Figure 1 for site labels).  

4.   Conclusion 

In this study, the solubility of CO2 and CH4 in an IPim and an IPim + [C4mim][Tf2N] 

composite was predicted and benchmarked against experimental values.  In addition, the 

structural details of the adsorbents and the molecular-level interaction with the gas 

molecules were identified.  Several different aspects were highlighted.  First, the cyclical 

relaxation between MD and GCMC was found to have a significant effect on the adsorption 

capacity.  Even though the adsorbents were thoroughly relaxed prior to the initial GCMC 

stage, further relaxation with MD in the presence of the CO2 was found to significantly 

increase the gas adsorption.  Second, by tracing the structural relaxation of the system, we 

found that the exposed surface area of the adsorbent is a fairly sensitive measure of the 

adsorption performance (while the density, PSD, and FFV remain essentially constant).  

Finally, although the addition of the IL to the IPim matrix has a negligible effect on the 

relative adsorption of CO2 and CH4, it has a dramatic effect on the nature of the gas 

adsorption.  We predict that the preferred adsorption sites of the CO2 and CH4 shift among 
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the ligand nitrogens and imidazolium nitrogens, depending upon the presence of the IL in 

the IPim material.  Overall, this information is expected to provide important molecular-

level details for the design of future IPim and IPim + IL composites for optimizing the 

transport rates and selectivity of different adsorbates.  While the permeability can be 

significantly enhanced in the IPim + IL compsotiess, specific functionalization of the IPim 

or IL selection can be used to further increase the selectivity. 

In regards to the simulation procedure, a moderate densification of the systems (up to 

10%) was required to capture the experimental adsorption data.  While this approach may 

not be transferrable to other systems or to other temperature and pressure conditions, future 

work will test the generality of such an approach for other IPim and IPim + IL composites.  

For instance, it is recognized that there are other potential sources for the initial quantitative 

disagreement with the experiments, such as shortcomings in the intermolecular potential 

(including the assignment of partial charges).  Regardless, we find that a thorough analysis 

of the system relaxation is necessary, since subtle changes in the system can impart large 

changes in the predicted adsorption behavior. 
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