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ABSTRACT 

 Recent experimental investigations have found that the photopolymerization of 1-

vinylimidazole (VIm) can be significantly accelerated with the addition of lithium 

bis(trifluoromethylsulfonyl)-imide (LiTf2N). However, a clear explanation for this 

phenomenon is lacking, and the underlying molecular level interactions in such a system 

are unknown. The two components, VIm and LiTf2N, are soluble over a wide range of 

concentrations at ambient temperature, and if the fundamental behavior of this mixture 

can be clearly quantified, there are significant opportunities for tuning the polymerization 

dynamics, polymer structure, and properties. In this work, molecular dynamics 

simulations are used to model the underlying pre-polymerization structure of VIm/LiTf2N 

mixtures at several different concentrations. It is found that the Li+ enhances the site-site 

interactions of key sites involved in the polymerization, and this is suggested to play a 

major role in the experimentally-observed enhancement of the polymerization behavior. 
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Chapter 1. Introduction and Background 

1.1 Motivation 

There is a clear need to economically separate and capture CO2 emissions from 

coal and gas fired power plants. In today’s economy, coal and natural gas are very 

inexpensive sources of energy.2 Although this may be perceived as a benefit to 

consumers, burning many megatons of coal and gas annually is beginning to have 

adverse effects on our planet.3,4,5,6 The environmental effects of greenhouse gases have 

been known for quite some time.3 Excess CO2 and methane gases cause radiation from 

the sun to be trapped on earth, leading to incremental increases in the global temperature. 

Since the industrial revolution, atmospheric CO2 levels have risen 25 percent.7 The EPA 

has reported that in 2012 alone, 5.5×109 metric tons of CO2 gas were released from 

energy production sources.8 Only within the last 50 years has government regulation 

mandated that companies emitting pollutants be held accountable for the damage being 

done to the environment. Bills such as the Clean Air Act and the Clean Air Act 

Amendments have imposed regulations on the atmospheric emission of certain 

compounds. Compounds such as ammonia, nitrates and sulfates, which create acid rain 

and other damaging effects on the environment and agriculture have been efficiently and 

economically removed from flue gas for many years now.9 Some of the removal 

technologies are even able to convert the unwanted emissions into resalable commodities. 

However until recently, there has not been such a strong push to remove CO2 from flue 
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gas. A few reasons for this may be that the effects of global warming have not been as 

broadly accepted in the past, or that there have not been economical technologies for 

removing CO2 from flue gas.10 However, recent domestic governmental regulations have 

placed strict mandates on CO2 emissions. In 2014, President Obama passed a plan 

developed by the EPA to begin implementing regulations for carbon emissions in the 

United States.11 In future years, in order for coal and gas burning plants to be able to 

compete with nuclear and renewable energy sources as well as the new regulations taking 

place, engineers must develop an inexpensive and efficient method for separating and 

capturing CO2 from flue gas.2 

 

1.2 Methods of CO2 Removal 

 

 It is possible with today’s technology to remove the regulated amounts of CO2 

from flue gas. The problem is that the process economics and efficiency of these 

processes are not viable on large scales. The current leading industrial technology for 

CO2 capture is through chemical absorption with aqueous monoethanol amine (MEA), 

which is composed of approximately 18% MEA.12 However, using chemical absorption 

with MEA to remove CO2 gas in coal and gas fired power plants can reduce the final 

electricity output by up to 20 percent.  This is an enormous energy penalty requiring 

increased fuel consumption and large increases in energy costs to consumers. The cost of 

the energy to remove about 90 percent of CO2 from post combustion flue gas is around 

$40 per metric ton. However, this cost does not consider transportation, storage, and 

solvent replacement.13 
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 Since the current technologies for CO2 separation and capture are economically 

unfeasible, other methods have been proposed for removing CO2. Chemical absorption 

technologies use solvents such as MEA (which chemically reacts with CO2), while 

Selexol® physically absorbs CO2. In both cases, the regeneration steps require high 

temperatures and/or low pressure to release CO2 from the solvent.14 The process for 

either regeneration approach requires a lot of expensive equipment, including stripper 

columns, pumps, and heat exchangers.  Therefore implementing these types of systems 

requires a very large initial cost, and because of the pressure drop and evaporative solvent 

losses, operation costs can also be significant.  

 There are some more radical approaches for sequestering CO2 from flue gas. One 

interesting, yet currently unfeasible, method for extracting CO2 from flue gas is cryogenic 

separation. By cooling the gases, separation can occur based on the difference in boiling 

points. This process has been commercially used for liquefying CO2 from a high >90% 

CO2 source.15 However, since typical post combustion flue gas contains such a low 

overall concentration of CO2 (as well as other SOX and NOX compounds), the energy cost 

for this method far exceeds equivalent separation with MEA absorption.16 Major 

advances in cooling efficiency are required in order for this method to become 

competitive. Another slightly more practical option is to design plants to use O2 rich 

combustion sources by using pure O2 instead of air that is only ~21% O2. This process 

change would raise the partial pressure of CO2 in the flue gas making existing 

sequestration methods much more economical.16 The main challenge with this approach 

is that many of the existing coal and gas fired plants are not design to handle the 

increased combustion temperature that O2 rich combustion would create.12 Moreover, the 



	   4 

cost to retrofit existing power plants to handle these harsher conditions would be 

equivalent to the cost of a completely new facility.  

 Physical adsorption onto porous materials is another potential avenue for CO2 

capture. If flue gas is passed through a packed bed of a high surface area material such as 

activated carbon,17 CO2 molecules can be selectively adsorbed to the pore surface. One 

challenge with this approach is the finite loading capacity of the adsorbent material.  

Within a short period of operation time, the pores can become saturated with CO2 and 

need to be replaced or regenerated. This makes the CO2 capacity of the sorbent material 

very important when assessing the capital and operating cost of such a method.18 

 Another promising alternative is using membranes for removing CO2 from flue 

gas. Membrane separation can be achieved by selectively absorbing and diffusing CO2, 

while preventing other gasses (such as nitrogen or water vapor) to pass through the 

porous media. This method of separating CO2 from post combustion exhaust gas 

potentially requires less energy, there are no sorbents to regenerate, and since there are no 

moving parts, the maintenance costs can be minimized.19 In addition to the separation 

performance of the membrane, there are also other practical issues that must be 

considered.  For instance, the pressure drop resulting in the use of membrane separation 

should be comparatively low compared to other gas purification methods.9 Some 

examples are listed in Table 1, which should serve as benchmarks for viable membrane 

performance.  In addition to pressure drop, the durability of the membrane is a critical 

issue.  Performance must be able to be sustained for an extended period of time, 

regardless of swings in operating temperature, the existence of other trace components, or 

varying flow rates. 
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Gas Removed Method Pressure Drop (kPa) 

N/A Open Exhaust column 1.7 20 

NOx SCR (Packed Bed) 1.2 21 

SOx Wet FGD (Scrubber) 2.5 20 

CO2 Chemical Absorption 1.3 22 

 

One of the major limitations of current membrane materials is that reaching an 

acceptable CO2/N2 selectivity is very difficult. In order to achieve the necessary level of 

CO2 separation, the CO2/N2 selectivity must be a minimum of 200. However, the best 

existing membrane materials (using precious metal catalysts, such as palladium) are only 

able to achieve a CO2/N2 selectivity of 100.23 However, with developments in imidazole-

based polymers and ionic liquids, there are opportunities to synthesize novel membrane 

materials that are inexpensive to produce at large volumes, yet have the potential to yield 

high selectivities and low pressure drops for CO2 separation from industrial combustion 

exhaust gas.  

 

 

 

 

Table 1. Comparison of pressure drops for typical gas purification systems used 
to treat industrial post-combustion exhaust gas 
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1.3 Ionic Liquids 

 

An ionic liquid at the most basic description is a liquid composed completely of 

ions. By this definition, all salts heated to achieve a liquid state would be considered an 

ionic liquid. However, most salts have very high melting temperatures, and these “molten 

salts” are not ideal for most industrial processes. Ionic liquids were first studied over 100 

years ago, and one of the earliest documentations of ionic liquids was the “red-oil” that 

forms as a result of a Friedel-Crafts reaction.24 

The chemical and physical properties of ionic liquids can be widely varied, based 

on the cation-anion combination.25 This vast parameter space has motivated many 

researchers to synthesize and explore the properties of new ionic liquids. While the 

thermophysical and chemical properties of ionic liquids can be tuned for specific 

applications, there exist some general properties that are true of almost all ionic liquid 

compounds. One of the most distinct properties is a very low vapor pressure. Many ionic 

liquids have vapor pressures so low that they are considered negligible compared to that 

of a solid. For industrial applications, this property can provide unique benefits, since 

evaporative solvent losses can be minimized.  Furthermore, many room temperature ionic 

liquids (RTILs) have melting temperatures below 303 K, and they do not experience 

chemical decomposition until temperatures of 600-700 K.26  

 Another universal property of ILs is that they can dissolve a wide variety of 

compounds including both polar and non-polar species, and organic and inorganic 

species. Moreover, ILs can be tuned to serve as selective solvents for compounds such as 

alcohols, aromatics, polymers, and even certain gases, such as CO2. Outside of separation 
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technologies, ionic liquids can serve as electrically conductive27 solvents, and due to their 

structure, they can also possess high ionic conductivity.28 This opens up potential 

applications in fuel cells, batteries, sensors, and other electrochemical devices. 

Depending on the ion combination, there are many other additional applications of ILs in 

reaction engineering and other industrial processes.  

 Recent studies performed by a group at Notre Dame have found that imidazolium-

based ILs  (such as 1-ethyl-2-methyl imidazolium (emim) and 

bis(trifluoromethylsulfonyl)-imide (LiTf2N)) are surprisingly good at dissolving CO2.29 

Following early indications that IL compounds can dissolve CO2, Gonzalez-Miquel, et al. 

performed COSMO-RS simulations of 1-butyl-2-methyl imidazolium (bmim) Tf2N and 

other imidazolium-based IL combinations to predict CO2/N2 selectivity.  Unfortunately, 

they found that these mixtures were well below a CO2/N2 selectivity that would be 

economically acceptable.30 However, other groups have shown that polymer membranes 

of alkyl imidazolium Tf2N can reach the upper bound on the Robeson Plot,31 surpassing 

the performance of other polymers. Another group reported that certain functionalized 

imidazoliums can even drive CO2/N2 selectivity beyond the current upper bound of 

performance.32 

 These initial encouraging results have motivated us to pursue other novel 

imidazole-based polymer membranes. One potential candidate material is 

polyvinylimidazole (poly-VIm). Poly-VIm is a polymer with an imidazole pendant, 

which can be produced in a bulk solution via radical photopolymerization. This polymer 

has received a great deal of attention in recent studies and has been used for many 

applications, such as coating electrodes,33 fuel cell membranes,34 and separations 
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applications including CO2 adsorption35,36 and the adsorption of metal ions.37 One of the 

challenges of producing poly(vinylimidazole) in bulk solution is that the polymerization 

is very slow, with a conversion of around eighty percent,38 and this behavior is attributed 

to mass transport limitations in such a viscous solution.38 Overcoming the mass transport 

limitations in bulk photopolymerization has been a critical issue in recent polymer 

research,39,40 and the wide range of applications for poly(vinylimidazole) make it a strong 

candidate for further research. Much of the past work on this topic has dealt with 

polymerizing monomers in conventional solvents and salts to explore polymerization 

rates41,42; however, due to their unique properties, recent research has considered ionic 

liquids (ILs) as effective additives for such reactions.43,44 The use of ionic liquids in 

radical polymerization has been found to increase propagation rates and decrease 

termination rates leading to an overall increase in polymer conversion.45 Past studies have 

explored the polymerization of methyl methacrylate (MMA), acrylonitrile, and VIm with 

the addition of Lewis acids with different metal cations.46,42,47 These studies have 

suggested that certain metals are likely to form a ligand complex with monomers and 

smaller polymer chains in solution that can help to coordinate specific molecules, leading 

to increased polymerization rates. Because of its high melting temperature, LiTf2N is not 

a room temperature IL but because of the complex formed with the metal cation and 

monomer, adding LiTf2N to specific solutions forms an ionic liquid complex. The 

addition of LiTf2N has been considered for enhancing the polymerization of methyl 

methacrylate (MMA)40 and poly(vinylimidazole).38 Both studies indicate an increase in 

reaction rate and monomer conversion.  
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Motivated by several of these previous experimental studies, we use molecular 

dynamics simulations to explore the underlying molecular interactions responsible for the 

reaction enhancement in mixtures of 1-vinylimidazole (VIm) in bulk solution with 

LiTf2N. In computational studies, ionic liquids have been a popular topic for quite some 

time, and LiTf2N/IL mixtures have been modeled by others in the past.48,49,50 This work 

attempts to find simulation parameters for a fixed charge model of LiTf2N that will allow 

accurate simulations of pure LiTf2N, LiTf2N in water, and LiTf2N in a solution of VIm, 

so that we can clarify the coordination environment of the VIm monomers.  

 

 

 

 

 

  

  

 

 

 

 

 

 

 

 

Figure 1 Illustration of the photopolymerization of (a) VIm to (b) a vinylimidazole dimer, including 
the labels of individual sites. The reaction primarily occurs through the C8-C9 sites. 

(a)	   (b)	  
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By comparing experimental properties to those calculated from the simulations of VIm in 

solution with LiTf2N, accurate models are generated and analyzed and yield a better 

understanding of the physical mechanism that allows polymerization of 

polyvinylimidazole to overcome its mass transport limitation and achieve much higher 

conversions. In this study, eight mixtures of VIm and LiTf2N were modeled using 

molecular dynamics simulations with molar ratios of VIm to LiTf2N ranging from 1:1 to 

10:1. These ratios were chosen based on the opportunity to compare with experimental 

density data,38 which were used as initial benchmarks. By comparing experimental 

properties to those calculated from the simulations of VIm in solution with LiTf2N, 

refined molecular models are generated and used to identify the key interactions is these 

mixtures, in order to understand the polymerization enhancement. 

 

Figure 2 is an illustration of LiTf2N. 
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Chapter 2. Simulation Methods 

 2.1 Computational Background 

 

  The goal of this work was to clarify the molecular-level structural data about the 

VIm/LiTf2N system. To set up these simulations, we first needed to find an optimized 

geometric structure, so that accurate calculations of the structural coordination of 

molecules could be determined. By determining the lowest energy configuration of a 

molecule, we can more accurately simulate the behavior of the system, and more 

correctly assign fixed partial charges to a molecule. Although fixed charges do not exist 

in nature, this assumption allows for faster calculations with only a slight compromise in 

accuracy. Finally, using the calculated initial geometry and partial charges, simulations 

were constructed to explore how the molecules interact and coordinate with each other. 

This work involved two main computational methods, Density functional theory (DFT) 

with natural bond orbital population analysis (NBO), and molecular dynamics (MD).  

DFT analysis is a quantum mechanical based calculation, and it needs no experimental 

parameters. Unlike other quantum mechanical methods, DFT directly accounts for the 

electron correlation, both accurately and efficiently. Natural bond orbital (NBO) 

population analysis is a method for approximating partial charges of atoms in a molecule. 

There are multiple methods for population analysis, or assigning charge distribution. It 

should be understood that partial charges are an approximation of the highest probability 
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of electron density around atoms in a molecule. Mulliken population analysis is the 

default Gaussian method. Although it is computationally efficient, it tends to be very 

inaccurate. This method divides charges between atoms that share electrons by assuming 

that all elections are equally shared. In comparison, the natural bond orbital (NBO) 

population analysis provides a more accurate approximation, assigning partial charges by 

classifying orbitals in non-bonding, natural atomic orbitals, and natural bonding and anti-

bonding orbitals. This method is more computationally expensive, and for large 

molecules can be very time intensive, but partial charges generated with this method are 

more accurate.  

 Molecular Dynamics has been one of the workhorses of molecular simulations 

since the dawning of the computer. Using an IBM 704, Alder and Wainwright observed 

32 hard spheres dance around a box with attractive potentials, followed by Rahman in 

1964 who applied Lennard-Jones potentials to 864 argon atoms. Since these simple 

beginnings, there have been exponential leaps in computing power and algorithm 

development. Now molecular dynamics (MD) simulations methods are used to calculate 

equilibrium properties (density, pressure, temperature, free-energy, specific heat) and 

transport properties (self-diffusion, conductivity, viscosity) in systems with millions of 

atoms. Using classical mechanics and integration of Newton’s equation of motion, MD 

simulations march forward in time by updating positions and velocities.  

Once these simulations are performed, the results can be directly compared to 

experimental measurements, and like experiments, many of the errors that can occur with 

simulated results are related to an incorrectly prepared sample, too short of a 

measurement, or not measuring the correct property. However, if samples are prepared 
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correctly, the parameters are accurate, and the system is large enough and allowed to run 

for an appropriate amount of time, simulations can provide much of the same information 

that could be obtained in an experimental lab. 

 

2.2 Simulations Details 

 

The simulations in this work were performed with GROMACS version 4.6.551 

and following equilibration, production was allowed run for 106 steps with a time step of 

0.001 ps, for a total simulation time of 1.0 ns. Longer simulations were not necessary in 

this case; and data from simulations of 10 ns matched that of the 1.0 ns simulations. 

Pressure was maintained at 1 bar using a Parrinello-Rahman barostat,52 and temperature 

was fixed using a Nose-Hover thermostat.53 The method for reaching equilibrium in well 

mixed simulations was to start by placing molecules randomly in a box and raising the 

temperature in a NVT simulation to 2000 K. Pressure was then raised in a NPT 

simulation to 120 bar. After snapshots of the simulation appeared to contain a well-mixed 

solution, temperature was allows to slowly drop to 303 K and pressure was relaxed to 1 

bar using NPT simulations. The simulation was determined to have reached equilibrium 

once the system at 303 K and 1 bar was observed to have a constant total energy. 

 The particle-mesh Ewald (PME)54 was used for long-range electrostatic 

interactions with a Coulomb cut-off of 0.9 nm and Fourier spacing of 0.12 nm-1. Site-site 

interactions were cut off at 0.9 nm and standard tail corrections for energy and pressure 

were used to account for long-range interactions.55 Parameters for all simulated 

molecules were described using an OPLS all atom force field56 and other sources57. Fixed 
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bond lengths were used for all molecules, and this constraint is expected to result in a 

negligible loss in accuracy58. The Lennard-Jones potential was used to describe the 

interactions between atoms, and Lorentz-Berthelot mixing rules used to account for 

unlike pairs interactions, unless otherwise specified.  

 The simulations used a fixed charge model to represent electrostatic interactions. 

In order to obtain these partial charges, the electronic structures of VIm and the IL anions 

were calculated with Gaussian 09.59 In the first step, DFT was used to find a minimum 

energy configuration and were conducted using the B3LYP functional60 and the 6-31 

g++(d,p) basis set. This was followed by a NBO population analysis61 at the MP2/6-

311++g(3d,3p) level of theory. In order to refine the electrostatic charges to be used in 

the MD simulations, the NBO charges for VIm from MP2 calculations were scaled by a 

factor of 0.8, as well as the charges on the IL cation and anion model (as listed in Tables 

1 and 2).  Although there are more sophisticated methods for quantifying partial charges 

in ILs, a fixed scaling factor of 0.8 tends to improve the kinetic and thermodynamic 

properties (versus using integer charges on the anions and cations).  This same scaling 

factor has also been shown to improve agreement with imidazole-based molecules, when 

comparing simulated and experimental thermophysical properties. Recent studies have 

shown that scaling ion charges can help account for the effect of polarizability, and that it 

is not always necessary to have an integer charge when simulating ion pairs.62 

Preliminary simulations with integer charges resulted in densities that were significantly 

higher than the experimental data for the corresponding mixtures. Tf2N was modeled as a 

15 site charge based models from Zhao et al,63 and PF6 and BF4 were assigned partial 
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charges based on models in previous studies.64 VIm was modeled as 13 sites and is 

charge neutral. 
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Chapter 3. Results 

 

The results are presented in three main parts. First, we benchmark simulation data 

to experimental data of pure components and mixtures. This allowed us to slightly refine 

our intermolecular potential model. Next, we analyze the local coordination of the VIm 

monomers with respect to the addition of varying amounts of LiTf2N. Finally, we extend 

our study by examining the local VIm coordination behavior with respect to three other 

similar ionic liquids, including NaTf2N, KTf2N, Mg(Tf2N)2, LiPF6, and LiBF4. 
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site charge (e-) epsilon (kJ/mol) sigma (nm) 
VIm (0.0e-) 

C1 0.260 0.293 0.355 
C2 -0.013 0.293 0.355 
C3 -0.035 0.293 0.355 
NA -0.406 0.711 0.325 
H5 0.151 0.126 0.242 
H6 0.161 0.126 0.242 
NB -0.446 0.711 0.325 
C8 0.068 0.318 0.355 
C9 -0.325 0.318 0.355 

H10 0.146 0.126 0.242 
H11 0.153 0.126 0.242 
H12 0.144 0.126 0.242 
H13 0.142 0.126 0.242 

 

 

 

 

 

 

 

 

 

Table 2. A compilation of the intermolecular parameters used for modeling VIm. The partial 
charges for VIm in this table were calculated using NBO population analysis and then scaled by a 
factor of 0.8. The net charge of each molecule is shown in parenthesis.   
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site charge (e-) epsilon (kJ/mol) sigma (nm) 
Tf2N (-0.8e-) 

S1 0.816 1.046 0.373 
O2 -0.424 0.879 0.311 
O3 -0.424 0.879 0.311 
C4 0.280 0.276 0.368 
F5 -0.128 0.222 0.310 
F6 -0.128 0.222 0.310 
F7 -0.128 0.222 0.310 
N8 -0.528 0.711 0.341 
S9 0.816 1.046 0.373 

O10 -0.424 0.879 0.311 
O11 -0.424 0.879 0.311 
C12 0.280 0.276 0.368 
F13 -0.128 0.222 0.310 
F14 -0.128 0.222 0.310 
F15 -0.128 0.222 0.310 

    Hexafluorophosphate (-0.8e-)  
P 1.072 0.8368 0.3927 
F -0.312 0.2552 0.3276 

Tetrafluoroborate (-0.8e-) 
B 0.941 0.3928 0.3760 
F -0.435 0.2552 0.3276 

    Cations  
Li 0.80 0.076 0.223 
Na 0.80 0.012 0.350 
K 0.80 0.0014 0.493 

Mg  1.60 3.66 0.164 
 

 

 

Table 3. A compilation of the partial charges used for modeling the anions and cations. The partial 
charges in this table were based on previous studies and then scaled by a factor of 0.8e.63, 64  
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3.1 Pure LiTf2N 

 

To evaluate the performance of the LiTf2N force field, a pure LiTf2N system was 

used to compare simulated and experimental densities. At room temperature LiTf2N is a 

solid; its melting temperature is 507K,65 so to evaluate our intermolecular parameters, 

simulated densities of pure LiTf2N were compared to an experimental data set over a 

range of liquid conditions.1 The simulated densities for pure LiTf2N using the original 

parameter set56,63 were 6-7% higher than the experimental values over the temperature 

range explored.  In order to improve the simulation results, a number of different 

moderate adjustments to the interactions were explored (different charge scaling values, 

alternate cross-term mixing rules, etc.).  Ultimately, the best performance was found by 

scaling all of the Lennard-Jones sigma values by 1.05, which led to an overall decrease in 

the system density.  These scaled sigma values are shown in Tables 1 and 2. As shown in 

Figure 3, the simulated densities using the refined parameters for LiTf2N fall within less 

than 1% of the experimentally measured densities. Similar methods have been used for 

refining simulation parameters for ionic mixtures.66 While more comprehensive model 

evaluations may be possible with additional experimental data, an improvement in the 

density prediction is interpreted to be a worthwhile outcome, especially considering the 

structural information probed in the current study.  As more experimental data becomes 

available, additional benchmarking studies are anticipated to lead to further model 

improvements.  
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Following the parameter refinement, simulations of LiTf2N in water were also 

conducted, in order to perform additional benchmarking against experimental densities. 

The refined charges and LJ parameters listed in Table 2 were used for LiTf2N, and the 

water molecules were described by the SPC intermolecular potential.67 Figure 4 shows 

that the comparison between simulation and experimental densities is very good (<2% 

error) over a fairly broad range of LiTf2N concentrations. 

 

 

Figure 3. Density of pure LiTf2N with respect to varying temperature of simulations with 
original and with scaled Lennard-Jones potentials (shown in Table 2). By scaling the sigma 
value for each atom by 1.05, the simulated density is consistent with the experimentally 
measured density.1 
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3.2 LiTf2N in VIm 

 

After the intermolecular parameters for LiTf2N were benchmarked against the 

pure liquid and against aqueous LiTf2N mixtures, simulations were performed for the 

VIm + LiTf2N mixtures.  Before performing detailed analysis of the liquid structure and 

site-site interactions, the simulated densities were again compared against 

experimentally-measured densities.38 At a fixed temperature of 303 K, the mole fraction 

Figure 4. Comparison of experimental and simulation densities of mixtures of LiTf2N and 
SPC water at a temperature of 303 K.  
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of LiTf2N in the VIm monomers was varied from a value of approximately 0.09 to a 

value of 0.25, with the density comparison shown in Figure 5.  The simulated densities 

are consistently higher than the experimental values by approximately 5%, but this is an 

improvement over the results obtained using the original parameters for LiTf2N, which 

led to discrepancies of close to 10% (data not shown).  In lieu of any other experimental 

benchmarks for this mixture, we were not motivated to pursue any further parameter 

alteration, as this error falls within the level of accuracy that one might expect using 

purely predictive methods of force field generation.66 This issue may be revisited in the 

future, as additional experimental data would allow for further quantitative improvement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Density profile with respect to mole fraction of LiTf2N in VIm at a temperature of 303 K.  
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3.3 Pre-Polymerization Molecular Structure 

 

Following the initial experimental benchmarking of the simulation models, radial 

distribution analysis was conducted to explore the coordination of the molecules in the 

system. For this study, the two most important pair interactions are: (a) the correlation 

between the carbons on the alkene functional group where polymerization takes place 

(C8 and C9 sites); and (b) the interactions between Li+ and the NB nitrogen on the 

exterior region of the imidazole ring in VIm. In experiments, the addition of LiTf2N 

raised both reaction rate and conversion.38 In our simulations, we find that as the 

concentration of LiTf2N in the VIm mixture is increased (up to a mole fraction of 0.50), 

there is a higher probability of finding the polymerizing carbons (C8 and C9) in close 

proximity.48 When comparing the pure VIm monomers to the solution with 50 mol% 

LiTf2N, the height of the first peak in Figure 6 shifts from approximately 1.17 to a value 

of 1.52, indicating a significant enrichment in the local C8-C9 coordination.  
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To further explore the direct effect of the LiTf2N on the pre-polymerization structure of 

the VIm monomers, we analyzed the local coordination of the VIm molecules around the 

Li+ cations. To determine a reasonable cut off for this calculation (i.e., the extent of first 

coordination shell), a radial distribution function of the Li+ and NB sites (shown in Figure 

1) was calculated, and Figure 7 illustrates that a cutoff distance of 0.3 nm is a reasonable 

estimate of the first coordination shell. 

 

!C8!

C9!

Figure 6. Comparison of radial distribution functions of systems with varying mole 
fractions of LiTf2N in VIm. The site-site radial distribution function is defined between the 
C8 and C9 carbons on the alkene group of VIm.  
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The coordination of VIm about the Li+ cations was calculated for all 

concentrations of LiTf2N in VIm. This local coordination environment was then 

compared to infrared spectroscopy absorbance data taken from experimental samples of 

these same solutions. Figure 8 shows the overlay of the experimental spectroscopy data 

and the simulated predictions of the local Li+ coordination environment. While there is 

not a quantitative correlation between these two separate sources of data, the 

experimental and computational perspectives tend to mimic the same trend, especially 

when examining the 1:1 and 2:1 interactions. 

Figure 7. Radial distribution function of Li-NB at different mole fractions of LiTf2N in 
VIm at 303K.  
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  Thus, one might infer that the interaction measured through IR spectroscopy is 

reflecting the local coordination of the VIm and Li+ interaction.   While this observation 

is not conclusive, it can be more rigorously explored in future studies of similar systems. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

 
 

3.4 Comparison with Other Ionic Liquids: NaTf2N, LiPF6, and LiBF4 

 

In order to broaden our investigation and explore the role of other IL solvents on 

the VIm pre-polymerization structure, three other similar ILs were considered: NaTf2N, 

LiPF6, and LiBF4. Since experimental data was available in the literature,1 the simulated 

Figure 8. Comparison of coordination of VIm about the Li+ cation of solutions with 
different mole fractions of LiTf2N at 303 K. The plot above shows that for the 2:1 
interaction, the simulated probability data is consistent with experimental absorbance 
data.  
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densities of pure NaTf2N were compared to experimental data before analyzing the 

coordination effects. For consistency, the same Lennard-Jones scaling procedure for 

LiTf2N was used to modify the original NaTf2N model (i.e. scaling all of the sigma 

values by 1.05), and the resulting parameters are listed in Table 2.  The Lennard-Jones 

parameters for LiPF6 and LiBF4 were not modified from the original source64 as they 

were derived for a eutectic mixture similar to the one used in this work. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The simulated densities of NaTf2N were found to fall within 2-3% of the experimental 

densities,1 which was deemed acceptable.66 

Figure 9. Density of pure NaTf2N with respect to temperature using the scaled Lennard-Jones 
potentials shown in Table 2 and experimentally measured densities taken from the literature.1  
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Once again, the radial distribution functions show how VIm coordinates in a 

mixture with NaTf2N. Like with LiTf2N, as the concentration of NaTf2N increases, the 

peak heights in the g(r) plot also increase, meaning the local coordination of the C8 and 

C9 VIm sites are also increased. Figure 10 however, directly compares 3:1 VIm to IL 

mixtures of both LiTf2N and NaTf2N. The graph shows that there is a slightly higher 

local concentration of VIm in the solution containing LiTf2N. One possible reason for 

this is shown in Figure 11, which is the radial distribution function of Na-NB. The peak 

between Na+ and NB occurs at a greater separation distance than between Li+ and NB. 

This is due to the larger size of the Na+ cation, which has an atomic radius of 102 pm 

compared to Li+, which has an atomic radius of 76 pm.68 As observed with the Li+ cation, 

VIm also forms a complex with the Na+ cation, but the characteristics are somewhat 

different.  Coordination calculations (Figure 12, this time using a cut-off of 0.4 nm), 

show that VIm has a higher coordination about Na+ than it does with Li+. Once again, this 

may be due to the fact that Na+ is a larger atom and therefore has more surface area for 

coordinating monomers. 
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Figure 10. Radial distribution function of C8-C9 atoms of VIm for the 3:1 VIm to IL solutions. 
The graph shows that mixtures containing Li+ have a stronger probability of interaction.  
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Figure 11. A radial distribution function of the cations (Li+ and Na+) and NB atom of VIm for the 
3:1 VIm to IL solutions. The graph shows that mixtures containing Li+ have the a closer interaction 
with the monomers than Na+. 
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 To explore the effect that different anions might have on the system, two other 

anions of different size were tested in the same manner as above and used for a 

comparison. The anions, PF6
- and BF4

- were chosen because they are smaller than Tf2N-, 

and they have a high fluorine content (similar to Tf2N-). Using the same radial 

distribution analysis, Figure 13 suggests that while the addition of LiPF6 or LiBF4 

improves the local C8-C9 coordination, the probability of finding C8 and C9 in close 

proximity is still less than that of the mixture of VIm and LiTf2N. This data shows that 

Figure 12. Comparison of the average number of VIm molecules about the Na+ atom with 
different mole fractions of NaTf2N at 303 K. 
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there is some correlation between the selected anion and the local concentration of VIm, 

which is suggested to affect the polymerization behavior of VIm.  

 

  

 

 

 

 

 

 

  

 

 

 

 

 

To further assess the molecular structure in solution, another coordination 

analysis of VIm about Li+ was conducted for the mixtures containing PF6
- and BF4

- 

anions. The results of this calculation, shown graphically in Figure 14, indicate that 

unlike the solutions with LiTf2N, which seem to prefer a coordination of two or three 

VIm molecules, the VIm monomers in LiPF6 and LiBF4 mixtures appear to have a higher 

probability of being in a 1:1 ratio of coordination with the Li+ cation or not coordinated at 

Figure 13. Comparison of radial distribution functions of the C8 and C9 atom of VIm. All 
mixed solutions have a ratio of 3:1 VIm to IL and are at 303 K.  
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all. The reason for this could be that PF6
- and BF4

- are more strongly coordinated with Li+ 

and hinder the interaction between Li+ and VIm; however that is not tested in this study.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Coordination of VIm to cation probabilities of solutions with different ILs. All solutions in 
this comparison are at 303K and have a VIm to IL ratio of 3:1. 
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Chapter 4. Conclusions 

 

 We offer molecular-level insight as to why the addition of an ionic liquid 

consisting of metallic cations and larger weaker coordinating anions significantly 

increases the polymerization rate and conversion of VIm. Our results show that there are 

interactions between the metal cations and monomers that cause the monomers to orient 

in a specific manner related to the IL conformation. After reviewing the data, there is an 

apparent relationship between the probability of 2:1 VIm-cation interactions and the local 

concentration of VIm. Although a 2:1 ratio of VIm about the cation seems to aid in the 

pre-polymerization coordination, the presence of higher ratios might inhibit this favorable 

coordination. The graphs also distinctly show that as the concentration of IL increases (up 

to 50%) the local concentration of the vinyl groups increase, directly linking this data to 

experimental finding and overcoming the mass transport limitation in 

photopolymerization. In comparison with LiPF6 and LiBF4, mixture solutions containing 

LiTf2N were found to have a higher probability of monomers in a favorable coordination 

for polymerization. While this work does not explicitly show it, it is believed that because 

Tf2N- is a larger molecule, it has a weaker association with its cation than the smaller PF6
- 

and BF4
- molecules. It is believed that this lessened attraction contributes to VIm’s ability 

to coordination around the Li+ cation. Another possible explanation for the lack of 

favorable coordination with regards to PF6
- and BF4

- relates to the IL’s ability to self-
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orient in polar and nonpolar regions. It could be that in these mixtures containing ILs, the 

coordination of VIm is directly linked to how the different cation-anion combinations 

naturally aggregate in micro-domains. This conclusion, while not answered in this work 

might offer a deeper understanding into why certain IL combinations aid polymerization 

while others inhibit it.  

 

 

 

 

 

 

 

 

 

 

Figure 15 shows a snapshot of the polar and non-polar regions in 3:1 VIm to 

LiTf2N mixture. More work should be focused on the contribution of how the micro-

domain segregation of these ionic liquid complexes into polar and non-polar regions 

affects the coordination of the monomer. Other similar compounds may also demonstrate 

this behavior, which may contribute to the observed polymerization behavior. A 

reasonable first step in testing this would be to simulate methyl methacrylate, since these 

are other studies with this monomer and LiTf2N, under the same conditions as described 

in this work.40,46 

Figure 15. Representative simulation snapshot at 303 K of: (a) pure VIm system; (b) 
3:1 molar mixture of VIm:LiTf2N; and (c) 3:1 molar mixture of VIm:LiTf2N, with 
LiTf2N molecules removed for clarity. 



	   36 

Changing the cation of the IL also had an influence over the coordination and 

local concentration. Despite the stronger coordination that occurs in mixtures with Na+, 

VIm interacts with the cation in a similar manner as it does with Li+. This is most likely 

why there is only a slight shift in both radial distribution functions and coordination data. 

It is apparent by the results shown in this work that the addition of ILs similar to LiTf2N 

yields a higher local concentration of the polymerizing atoms of VIm. Once again this 

may be attributed to the IL’s inherit nature to aggregate into polar and non-polar regions. 

In the future this affect will be thoroughly analyzed and quantified. 
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Chapter 5. Future Work 

 

 There is additional modeling work that could be performed on our IL/VIm 

mixtures in order to provide additional insight. Comparisons with other experimental 

properties such as the diffusivity of the cation, viscosity, and heat capacity would allow 

us to further refine the parameters of the simulation models. Previous studies suggest that 

for most simulation of ionic liquids, these properties will differ from the experimental 

values by consistent amounts.66,69 The simulations typically underestimate the diffusivity 

by two orders of magnitude, while the simulated viscosities tend to overestimate the 

experimental targets by one order of magnitude.66 Experimental heat capacity 

measurements have an approximate 6% margin of error,70 and the calculated heat 

capacities often fall within 10-12% of the experimental mean.66,71 However, at the time of 

this work, there are no known experimental measures of these additional properties for 

the LiTf2N/VIm system.  

In summary, this simulation study was conducted to provide additional insight 

into the development of membrane technology for industrial CO2 separation and capture. 

It would be interesting to use similar simulation approaches to explore how different 

alkali Tf2N additions affect the CO2 solubility and compare these to CO2 solubility in 

imidazolium based organic liquids.29,31,32 After this, it would be useful to simulate CO2 

permeability, followed by the CO2/N2 selectivity of poly-VIm with varying 
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concentrations of LiTf2N, NaTf2N, KTf2N, Mg(Tf2N)2, or combinations of different 

cations. 
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Appendix A: Exploration of Other Cations 

 

In order to broaden our investigation and explore the role of other cations for 

alkali Tf2N solvents on the VIm pre-polymerization structure, two other ILs with metallic 

cations were considered: KTf2N, and Mg(Tf2N)2. Since experimental data was available 

in literature,1 the simulated densities of pure KTf2N were compared to experimental data 

before analyzing the coordination effects. 

Before coordination calculations and radial distribution functions were calculated, 

the parameters KTf2N were optimized to have densities that were similar to experimental 

densities. The model of KTf2N with no charge or Lennard Jones scaling, yielded 

simulated densities that were within a reasonable margin of error. In fact, applying the 

same conditions that were applied to Li+ and Na+ pushed the simulation densities out of 

the range of acceptable error for predictive methods. Instead, the only modification that 

was made to the KTf2N parameters was a charge scaling of 0.95. This strengthened the 

correlation between simulation and experimental densities significantly as shown in 

Figure A1.  

 When benchmarking LiTf2N and NaTf2N there was a subtle trend between the 

size of the cation and the error of the density. If left unmodified (using OPLS parameters 

for the cations and those proposed by Zhao et al. for Tf2N-), the trend shows that as the 

cations decrease in size, the simulation density increases in error. One possible 
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explanation is that there is a fundamental error in parameter for modeling ionic systems 

such as these with simple fixed charge models. However, since this work focuses on the 

structural orientation only of these systems, benchmarking these simulations to 

experimental densities should be sufficient enough to gain some qualitative insight about 

the molecules behavior regardless if scaling schemes are somewhat different.   

 

 

 

 

 Experimental densities for liquid Mg(Tf2N)2 were unable to be located, so there 

was no benchmarking conducted. However, given the assumption above it seemed 

reasonable to treat Mg(Tf2N)2 similarly to NaTf2N given that Mg2+ and Na+ are similar in 

size. The charges were scaled by 0.8 and sigma was scaled by 1.05. 
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Figure A1. Comparison of experimental and simulation density profile with respect to varying 
temperatures for which KTf2N is in the liquid state. The graph shows that a good agreement between 
simulation and experimental density can be achieved when partial charges are scaled by a factor of 0.95. 
A scale of 0.8 for charges yields a density that is much too low. 
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As observed with the Li+ cation, VIm seems to form a complex with all metal 

cations tested but to different degrees. Coordination calculations show that Mg2+ has a 

VIm coordination similar to Li+
. Figure A2 shows that Mg2+ has the same 2:1 metal to 

VIm tendency, except that the system with MgTf2N holds this confirmation as the most 

probable at higher VIm concentrations.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

With KTf2N additions, there is a higher probability of finding a greater number of 

VIm coordinated about the metal cation. Figures A3 shows that for K mixtures, 

coordinations of 4:1 and 5:1 are favored as VIm concentration increases. Analysis and 

comparison of this data with that of LiTf2N, LiPF6, and LiBF4 suggest that the preferred 

Figure A2 Coordination probabilities of solutions with different VIm Mg(Tf2N)2 ratios at 
303K. The plot above shows that the coordination is similar to that of Li – VIm coordinations, 
with the exception that the 2:1 interaction becomes more probable at higher VIm 
concentrations. 
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interaction to increase local concentration of VIm in a favorable confirmation is a 2:1 

monomer to metal interaction. Figure A4 shows the radial distribution of the C9 atom 

about the C8 atom, the vinyl group where polymerization takes place.  The graph shows 

that all IL additions increase local concentration. However, mixtures including 

Mg(Tf2N)2 yield a much higher g(r) than other metal cations tested. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3 Coordination probabilities of solutions of solutions with different VIm to KTf2N ratios at 
303K. The plot above shows VIm found to have coordinated around the larger K cation in ratios of 4:1 
and greater.  
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Figure A4 Radial distribution function of C8-C9 atoms of VIm for the 3:1 VIm to IL solutions. The graph 
shows that mixtures containing Mg2+ have a stronger probability of favorable confirmation.  
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Figure A5 Radial distribution function of Cation and NB atom of VIm for the 3:1 VIm to IL solutions. The 
graph shows that mixtures containing Li+ and Mg2+ have a closer interaction with the monomers than Na+ or 
K+.  
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Appendix B: Further Refinement of Parameters 

 

 In an attempt to further refine the parameters of the LiTf2N in VIm system, 

several other schemes were attempted to scale the Lennard Jones parameters. 

 

	   

 

 

 

 

 

 

 

 

 

 

 

Figure B1. Density comparison of different Lennard-Jones sigma scaling between the VIm and 
LiTf2N interactions. A. No Lennard Jones scaling. B. only LiTf2N interactions scaled in accordance 
with Table 3. C. 1.08σ only. D.(open diamond) 1.1σ only  
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Figure B1 shows the comparison of densities for different Lennard Jones sigma scales, 

and Fiure B2 shows the comparison of densities for different Lennard Jones epsilon 

scales. With the exception of trend A in Figure B1, the interactions between Li+ and 

Tf2N- had σ scaled by 1.05 just as described in Chapter 3.1 of this work.  

 

Figure B2. Density comparison of different Lennard-Jones epsilon scaling between the VIm and 
LiTf2N interactions. A. 1.5ε and 1.1σ B. 1.1σ only. C. 0.5ε and 1.1σ.   


