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ABSTRACT
McDanel, William Michael
(Ph.D., Chemical Engineering, Department of Chemical and Biological Engineering)
Design and Development of Room Temperature Ionic Liquid-Based Epoxy-Amine Resins and
Ion Gels for Membrane-Based CO2 Separations
Thesis directed by Professors Douglas L. Gin and Richard D. Noble

Room temperature ionic liquids (RTILs) have very attractive CO2 permeabilities and
CO2/light gas permeability selectivities as supported membranes. However, RTILs are displaced
as supported membranes by a pressure differential, rendering them useless. Polymerized RTILs
(poly(RTIL)s) can be blended with unbound RTILs to form composite structures with good CO2
permeabilities and CO2/light gas permeability selectivities. High weight loadings of free RTILs
can be achieved with epoxy-amine chemistry to form ion gel membranes that have residual and
formed amine groups that interact specifically with CO2 to provide enhanced CO2 transport.
Novel bis(epoxide)-functionalized RTIL monomers were synthesized and reacted with
commercially available amine monomers to produce cross-linked, epoxy-amine-based
poly(RTIL) resins and ion-gel membranes via step-growth (S-G) polymerization. The amine
functionality was controlled by manipulating the S-G monomer stoichiometric ratios. Analysis of
the gas permeation data revealed that these materials exhibit a rare case of inverse CO2/CH4
diffusion selectivity (DCO2/DCH4 < 1) for ideal gas permeation testing. This phenomenon was
attributed to the interaction of CO2 with residual and formed amine groups in the S-G PIL.
Structural changes to the length and chemical nature (i.e., alkyl vs. ether) between the
imidazolium group and epoxide groups were studied to determine their effects on CO2 affinity.
The effect of using a primary vs. a secondary amine-containing multifunctional monomer was
iii

also investigated. Secondary amine monomers can increase CO2 permeability but also increase
the reaction time. By changing either epoxide or amine monomer structure, the CO2 solubility
and permeability of the resulting PIL resins and ion-gel membranes can be improved.
The residual and formed amine functional groups in epoxy-amine ion gel membranes
allow for the fixed-site-carrier facilitated transport of CO2. As expected for materials operating
via the fixed-site facilitated transport mechanism, increased CO2 permeability and CO2/N2
selectivity was observed with decreasing CO2 partial pressure. The hydrophilicity of the free
RTIL was determined to play an important role, with more hydrophilic RTILs enhancing the
effects of facilitated transport. Several of the membranes reported have CO2/N2 separation
performance that exceeds the 2008 Robeson upper bound. Therefore, these represent promising
materials and industrially attractive materials for membrane-based CO2 separations.
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Chapter 1: Introduction

1.1

Background and Overview
Human-induced climate change can largely be attributed to increasing atmospheric

carbon dioxide (CO2) concentrations. CO2 comprises approximately 80% of anthropogenic
greenhouse gas production and has been linked to both global climate change and ocean
acidification.1-6 To mitigate the unavoidable environmental consequences related to this
phenomenon, it is desirable to prevent or limit atmospheric CO2 emissions from large point
sources, such as coal and natural-gas-fired electric power plants, by separation and sequestration
and/or utilization of emitted CO2.3 The first step of this process is to identify and develop an
inexpensive large-scale method of separating CO2 from other light gases (primarily N2).
Conventional technologies to separate CO2 from these gas streams include amine adsorption,
cryogenic separations, pressure swing adsorption, and membrane separations.5-11 Amine
adsorption has been used to separate CO2 from gas streams since 1930 and is the most mature
CO2 separation technique at this time.10 However, this method requires the use of corrosive
liquids and is energy-intensive due to the large amount of energy required to heat and cool
aqueous amine solutions. Solid sorbent materials have also been studied for CO2 separations.4, 5,
9, 11

These materials can be utilized in a similar manner as amine adsorption to capture CO2

through a cyclic process of adsorption and regeneration. The advantages of solid-sorbent-based
separation processes are that they typically require less energy for regeneration than aqueous
amine adsorption processes and are non-corrosive. The relative disadvantages for this technology
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are that solid sorbents typically have lower CO2 loadings and that large amounts of sorbent are
typically required.
Studies have highlighted polymer membranes as being an economical solution for CO2
removal from flue gases.12-15 For this work, a membrane is defined as a material used to partition
two distinct gas volumes and can selectively transport certain gases. A general schematic of a
polymer membrane is depicted in Figure 1. Transport of a given gas species (i or j) across dense
polymeric membranes occurs via the solution-diffusion mechanism.7, 16 In this mechanism, gases
dissolve into the feed side of the membrane and diffuse through the material, driven by a
concentration gradient, before being desorbing at the permeate interface. In the solutiondiffusion mechanism, polymer membranes separate gases based on differences in molecular size
(related to the diffusivity of a gas through the membrane) and condensability (related to the
inherent solubility of a gas in the membrane).7, 16 Typically, more condensable gases have higher
solubility in polymer membranes, whereas, smaller gas molecules will defuse faster than larger
ones. Gas permeability (P) is defined as the thickness and pressure normalized gas flux for a
particular gas species (i or j in Figure 1). Gas permeability is equal to the product of gas
solubility and gas diffusivity in a dense polymer membrane (Equation 1.1). Selectivity (α) is
defined as the ratio of the faster gas permeability to the slower gas permeability.7, 16 Equation 1.2
shows that gas selectivity for a dense polymer membrane is obtained by having either differential
gas diffusivity or gas solubility values in a membrane. Ideally, a membrane will have positive
contributions for the selectivity of a gas pair through preferable gas diffusivity and solubility.
𝑃𝑖 = 𝑆𝑖 × 𝐷𝑖
𝛼𝑖/𝑗 =

(1.1)

𝑃𝑖 𝑆𝑖 × 𝐷𝑖
=
𝑃𝑗 𝑆𝑗 × 𝐷𝑗
2

(1.2)

Figure 1.1: Depiction of gas transport through a dense polymeric membrane by the solutiondiffusion mechanism. An enriched stream of gas i is obtained on the permeate side of the
membrane.

Membrane-based gas separations offer potential advantages for CO2 separation
applications such as lower operating and capital costs, ease of operation (due to no moving
parts), and modularity/size.7 Gas separation membranes are characterized by their gas permeance
and selectivity. Gas permeance is the pressure-normalized gas flux for a membrane and
selectivity is the ratio of fluxes for a specific gas pair (i.e., CO2/N2 or CO2/CH4).7 A major
challenge for membrane technology as applied to CO2 separations is that membranes must have
both high gas selectivity and permeance to be competitive with other separation technologies.13
Industrially, membranes are prepared as thin film composites; wherein a thin active layer (ca.
100 nm thick) is deposited on the surface of a porous support. Since gas permeability is defined
as the permeance of a membrane normalized to its thickness, permeability is a material property.7
Therefore, the permeance of a thin film composite membrane is dependent on the permeability
and thickness of the active layer. To improve membrane performance and advance membrane
technology, it is necessary to develop new active layer materials with higher CO2 permeability
and selectivity to compete with traditional CO2/light gas separation technologies.
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Ionic liquids (ILs) are defined as liquids composed entirely of ions that melt below 100
°C, and room-temperature ionic liquids (RTILs) are a subclass of ILs that are defined as organic
salts that exist as liquids at room temperature and pressure.17, 18 RTILs are often composed of
weakly coordinating cation and anion structures that prohibit efficient packing and
crystallization. The first report of an RTIL (ethylammonium nitrate) occurred in 1914 by
Walden, and little research with RTILs was performed until after 1998.19 Figure 2 depicts the
number of annual publications on “ionic liquids” from 1998-2014 as compiled from Scifinder®
search results. The interest in RTILs can be attributed to their unique physical properties (i.e.
negligible volatility, chemical tunability) compared to conventional solvents. 20 Applications for
RTILs include but are not limited to gas or liquid separations, ion conduction, lubrication,
biomass dissolution, and chemical separation media.21-25 The imidazolium cation is the most
studied RTIL cation due to its relative ease of chemical modification and ability to add
functional groups at two distinct points on the cation, allowing for a vast range of physical
properties. The ability to tune the imidazolium cation to be suitable for a particular application
allows for the targeted design of RTILs. Imidazolium-based RTILs inherently possess good
CO2/light gas solubility selectivity.26-29
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Figure 1.2: Number of annual publications on “Ionic Liquids” from 1998-2014. Results were
compiled from SciFinder® searches.

Polymerized RTILs or poly(RTIL)s are polyelectrolytes (i.e., charged polymers) either
synthesized from or chemically similar to small molecule RTILs. Poly(RTIL)s are considered
solid-state analogues of RTILs and have been studied for many of the same applications as
RTILs.30-32 The majority of poly(RTIL)s have been prepared through the chain-addition
polymerization of olefinic RTIL monomers or by post-polymerization modifications of nonionic
polymers. Poly(RTIL)-containing block copolymers have been prepared through controlled
radical polymerization techniques such as atom-transfer radical polymerization (ATRP), ringopening metathesis polymerization (ROMP), reversible addition-fragmentation chain-transfer
polymerization (RAFT), and nitroxide-mediated polymerization (NMP).33-36 Compared to their
RTIL counterparts, poly(RTIL)s are suitable in applications where solid materials are required.
However, a decrease in gas diffusivity or ion conduction is commonly observed when the liquid
RTIL is converted to a solid poly(RTIL).37, 38 To take advantage of the benefits of RTILs while
5

maintaining solid properties, many groups have formed composite materials consisting of both
solid poly(RTIL) and liquid RTIL.
In order to approach the desirable properties of neat RTILs, it is necessary to form
poly(RTIL) composite materials with high wt. % loadings of “free”, unbound RTIL. There are a
number of different RTIL-containing formulations in the literature capable of reaching RTIL
contents of >50 wt. % that include blends of RTILs with poly(vinylidene fluoride-cohexafluoropropylene) and other engineering polymers, physical gelators, RTIL containing block
copolymers, and the in-situ polymerization of RTIL monomer in free RTIL.39-49 Cross-linked ion
gels are comprised of a cross-linked poly(RTIL) matrix that physically entraps the free RTIL and
enables up to 80 wt. % RTIL entrainment.43, 47, 50 Distinct advantages for poly(RTIL)/RTIL ion
gels are that coulombic forces help stabilize the RTIL in the poly(RTIL) matrix and that the
negligible RTIL volatility prevents liquid evaporation. These materials exhibit both high
permeability and selectivity when prepared as gas separation membranes.43, 47, 50
There are very few examples of poly(RTIL)s or ion gels that have been prepared via stepgrowth (S-G) polymerizations. S-G polymerizations are distinctly different from chain-addition
polymerizations and enable the potential advantages of stoichiometric control of polymer
molecular weight and cross-linking.51,

52

Examples of S-G poly(RTIL)s include: linear

imidazolium-based poly(RTIL)s formed by the reaction of bis(imidazole)s with dihaloalkanes,
polyester-based

poly(RTIL)s,

polyimide-based

poly(RTIL)s,

and

polyurethane-based

poly(RTIL)s.53-60 Prior to the work described in this Ph.D. thesis, there were only very limited
examples reported in the literature of the industrially ubiquitous epoxy resin chemistry applied to
RTIL-based materials.
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Epoxy resins are used extensively in the paint and adhesive industries and have a number
of advantageous properties/benefits as a type of polymer material. Commonly used curing agents
for epoxies include amines, thiols, and anhydrides with amines being the most frequently utilized
and the most versatile.61, 62 The primary reactions that occur in epoxy-amine resins are depicted
by the reaction scheme in Figure 3. Reaction 1 is the reaction of a primary (1°) amine functional
group with an epoxide to form a secondary (2°) amine and alcohol. Reaction 2 depicts the
reaction of a 2° amine with an epoxide to form a tertiary (3°) amine and alcohol. Reaction 3 is
the etherification reaction which occurs between formed alcohol groups and an epoxide group.
Reaction 3 occurs very infrequently at low temperatures and when there are approximately equal
amounts of epoxide and amine functional groups.61, 62 The advantages of epoxide-amine curing
reactions, namely that they are unaffected by O2 and do not produce small molecule by-products,
are useful in the preparation of poly(RTIL)/RTIL ion-gels. Furthermore, the polymers produced
from this method will contain amine functionalities – which are well documented to react and
interact specifically with CO2.10
Reaction 1: R

NH2

O

R1

R

NH

OH
O

R

R2

R1

Reaction 3:

R

OH

R1

R1

R1

Reaction 2:

OH

H
N

R

N

R2

R1
O

OH

R2

R

O

R2

Figure 1.3: The general reactions of epoxy-amine resin chemistry.

Only recently have researchers explored epoxy resin chemistry as a means to prepare
RTIL-based materials.50, 61-65 For example, Endo and co-workers studied poly(RTIL) networks
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prepared from an ammonium-based, epoxide-containing RTIL monomer cured with amine
containing poly(ethylene glycol) cross-linkers to prepare new ion-conductive materials.66-69 The
major structural component of these materials is poly(ethylene glycol). Another study by the
same research group reports the confinement of RTIL within epoxy resins prepared from
commercially available, non-ionic monomers.66 In this RTIL confinement study, phase
separation occurs as RTIL loading increases above 40 wt. %. This result suggests that compatible
ionic monomers are necessary to obtain epoxy-amine composite materials with high RTIL
loadings. As discussed previously, high RTIL loadings are required to achieve desirable
properties. Before this thesis work, there was only one report in the literature of a bis(epoxide)functionalized imidazolium RTIL.65 The synthesis procedure reported in that work was repeated
multiple times in our labs but did not yield a pure monomer.
The goal of this Ph.D. thesis research is to explore and evaluate the application of epoxyamine resin chemistry to prepare new poly(RTIL)s and poly(RTIL)/RTIL ion gels for CO2
separation applications. This work demonstrates the ability to tune the CO2 affinity of an epoxyamine network or ion gel membrane by changing the pre-polymer stoichiometry. Further, this
work reports the first synthesis and examples of pure bis(epoxide)-functionalized RTILs.50, 64 In
order to demonstrate the utility of these new RTILs, a number of studies were conducted and are
summarized here. The first study (Chapter 2) describes the synthesis of an initial bis(epoxide)imidazolium RTIL and demonstrates the ability to form cross-linked epoxy resins and ion gel
membranes when reacted with a multifunctional amine monomer. These materials exhibit high
CO2 uptake and selectivities as neat sorbent materials and good CO2/light gas permeability
selectivity as ion gel membranes. Ion gel membranes containing up to 75 wt. % RTIL without
phase separation were prepared and reported. A unique case of inverse diffusivity selectivity was
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observed in these materials and was attributed to the presence of amines in the polymer matrix.
The diffusivity and solubility behavior were shown to be highly dependent upon the monomer
stoichiometry. The second study (Chapter 3) describes the synthesis of three additional
bis(epoxide)-functionalized RTILs, including an unprecedented pyrrolidinium bis(epoxide)
RTIL. The effect of using a 2°-amine-containing multifunctional monomer was compared to the
use of a 1°-amine-containing monomer. This allowed for the evaluation of the effect of changing
either epoxide or amine monomer structure on S-G poly(RTIL) network curing rate, CO2
solubility, and gas permeability. This study demonstrated that the CO2 separation properties
could be improved by making the proper structural change to either monomer. The third study
(Chapter 4) evaluates performance of the ion gel membranes described earlier in this thesis work
under more realistic operating conditions. Humidified mixed gases (CO2 and N2 mixtures) with
compositions similar to flue gas streams were tested. This study evaluated the effect of humidity
and CO2 partial pressure on membrane performance. Decreased CO2 partial pressure was found
to increase CO2 permeability and selectivity, and increasing humidity resulted in enhanced CO2
permeability and selectivity. This study represents a traditional case of fixed-site facilitated
transport and is one of the first demonstrations of this transport mechanism in RTIL-based
membranes. As a proof-of-concept for increasing the selectivity for these membranes, the use of
a more selective free RTIL component was incorporated into the ion gel membrane. A higher
selectivity value was observed, as expected. The performance of many of these systems with
humidity and low partial pressures of CO2 was above the 2008 Robeson upper bound.70
Collectively, the combination of RTILs and epoxy-amine resin chemistry represents a
new membrane materials platform for CO2/light gas separation applications. This thesis work
demonstrates the power of this platform for the formation of new RTIL-based CO2-selective gas
9

separation membranes. Further, the synthesis procedures reported herein represent a modular
synthesis method that enables the synthesis of a wide range of epoxide-containing RTILs which
could prove valuable in the preparation of functional polymer materials not limited to CO2
capture. The evaluation of humidity- and composition-dependent CO2 permeability and
selectivity is essential for guiding future research on similar materials and will provide new
insights for both industrial and academic research groups interested in RTIL-based membrane
materials for CO2/light gas separations.
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Chapter 2: Cross-linked Ionic Resins and Gels from
Epoxide-functionalized Imidazolium Ionic Liquid
Monomers

(Previously published as: McDanel, W. M.; Cowan, M. G.; Carlisle, T. K.; Swanson, A. K.;
Noble, R. D.; Gin, D. L. Cross-linked ionic resins and gels from epoxide-functionalized
imidazolium ionic liquid monomers. Polymer 2014, 55 (16), 3305-3313.)
Abstract:
A novel bis(epoxide)-functionalized ionic liquid (IL) monomer has been reacted with a
commercially available amine monomer to produce cross-linked, epoxy-amine-based poly(ionic
liquid) (PIL) resins and PIL/IL ion-gels via step-growth (S-G) polymerization. The degree of
chemical functionality was controlled by manipulating the S-G monomer stoichiometric ratios.
The resulting S-G PIL resins were investigated for CO2 sorption and have a relatively high
equilibrium loading of 1.0 mmol CO2/(g resin). PIL/IL ion-gel membranes were subsequently
prepared and tested for CO2/light gas permeation. These materials have CO2/N2 and CO2/CH4
permselectivity performance near the 2008 Robeson upper bound. Analysis of their gas
permeation data revealed that these materials exhibit a rare case of inverse CO2/CH4 diffusion
selectivity (DCO2/DCH4 < 1). This phenomenon was attributed to the interaction of CO2 with
residual and formed amine groups in the S-G PIL, resulting in a low CO2 diffusivity compared to
that of non-interacting CH4.
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2.1

Introduction
Ionic liquids (ILs) are typically defined as neat cation/anion pairs that melt below 100 °C.

A unique combination of physical properties (i.e., negligible volatility, high ionic conductivity,
and/or high CO2/light gas solubility selectivity) has led to extensive research and development of
ILs as new functional materials for many engineering applications.1, 2 The imidazolium cation is
the most commonly studied IL cation, in large part due to the relative ease with which it can be
structurally modified, allowing its physio-chemical properties to be tailored to those desired by
many scientific problems and potential industrial applications. The incorporation of
polymerizable groups on the imidazolium cation allows for the successive preparation of
polymerized ionic liquids (PILs), which can be considered solid-state analogues to ILs. This area
is a burgeoning field within IL-based materials research.3-5
PILs, prepared by the polymerization of IL monomers, are a relatively new class of
polyelectrolytes which possess a charged moiety on each repeat unit. PILs composed of a wide
variety of both cation and anion structures have been synthesized and studied in the literature.3-7
PILs have been explored for a number of applications including ion conduction, CO2/light gas
separations, and analytical chemical separations. Many PILs possess the cationic moiety in the
form of a pendant group, with the associated anions being of the fluorinated type (BF4-, PF62- and
Tf2N-). The majority of the linear PILs are synthesized by chain-addition polymerization of
imidazolium monomers containing an activated olefin group.8-12 Researchers have investigated
the use of controlled chain-addition polymerization techniques such as atom-transfer radical
polymerization (ATRP), reversible addition-fragmentation chain-transfer polymerization
(RAFT), nitroxide-mediated polymerization (NMP), and ring-opening metathesis polymerization
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(ROMP) to produce controlled molecular-weight PILs or block copolymers comprising one or
more PIL block.13-19
One application of PILs is their use in preparing solid-liquid composite structures or iongels, which comprise both a polymer matrix and a “free” or unbound IL. These materials exhibit
properties unattainable with either polymer or IL alone, and are studied for a variety of
applications, including gas separation membranes and ion-conductive materials.16,

20-25

A key

focus of these studies is optimizing the amount of IL that can be included, while maintaining
solid-like mechanical properties. Several methods have been reported for producing high IL
content ion-gels. These include combination of IL with non-ionic polymers such as
poly(vinylidene fluoride-co-hexafluoropropylene),23,

24

PIL block copolymers,16,

26

or cross-

linkable IL monomers to produce composite materials with solid-like properties while containing
up to 80, 85, and 75 wt. % of free IL, respectively.27-29 Of particular relevance to this work are
the systems involving cross-linkable IL monomers. In these systems the cross-linkable IL
monomers are photo-polymerized after mixing with ‘free’ IL to produce a dense cross-linked
network. The chemical cross-linking provides a matrix to stabilize the IL, while intrinsic charge
of the ionic network helps to entrap the charged free IL component by Coulombic attraction. To
our knowledge, the vast majority of studies exploring cross-linked PIL/IL ion-gels have been
prepared via free-radical chain-addition cross-linking.
Despite the relatively large amount of PIL literature, only a limited amount of work on
step-growth (S-G) polymerizations of imidazolium-based IL monomers has been reported.3-5, 30-37
The relative advantages of using S-G polymerizations over chain-addition polymerization
methods include stoichiometric control of molecular weight and degree of cross-linking, and the
ability to form a polymer with a small degree of functionality.38,
17

39

To date, reports of PILs

produced by S-G polymerizations are dominated by linear imidazolium-based PILs formed by
the reaction of bis(imidazole)s and dialkylhalides.31-33 Additional reports regarding PILs
prepared using S-G polymerizations include: polyester-based PILs via reaction of
bis(hydroxyalkyl)-functionalized imidazolium IL monomers with bis(acid chloride)s,30
polyimide-based PILs from the reaction of bis(aminopropyl)-functionalized imidazolium
monomers with commercially available bis(anhydrides),34 polyurethane PILs from an
oligo(isocyanate) with a di(hydroxyalkyl)-functionalized IL monomer.36 To our knowledge, only
one report exists regarding the formation of a cross-linked S-G PIL.35 In that work, a crosslinked polyester network was prepared from a Michael addition polymerization, however, that
material has not been investigated for the formation of ion-gels.
Industrially, epoxide-amine polymers are an important class of materials prepared by S-G
polymerization of epoxide oligomers with multifunctional amines.40 However, there have been
limited reports of using epoxide-amine chemistry to produce PILs or PIL/IL ion-gels.41-43 Endo
and co-workers have studied the formation of PIL networks from an ammonium-based, epoxidecontaining IL monomer cured with amine containing poly(ethylene glycol) cross-linkers as a
means of preparing new ion-conductive materials.42, 43 These structures are primarily composed
of poly(ethylene glycol) and one of these studies incorporated a small amount of free IL (10 wt.
%) in the network structure.43 However, a discussion on whether or not these materials can
accommodate high IL loadings is not discussed. A further study reports the confinement of IL
within epoxy resins prepared from commercially available, non-ionic monomers.41 In the IL
confinement study, phase separation occurs as IL loading increases so the IL content is limited to
40 wt. %.41 These studies do not quantify network conversion as neat polymers or ion-gels,
largely preventing the establishment of the underlying principles behind these results.
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We believe the advantages of epoxide S-G curing reactions, namely that they are
unaffected by O2 and do not produce small molecule by-products, would be useful in the
preparation of PIL/IL ion-gels.38, 39 To prepare epoxide-amine-based ion-gels with the higher IL
loadings needed to achieve high-performance gas separation membrane materials,16,

23, 28, 29

it

will be necessary to design IL-compatible monomers. Furthermore, the resins produced from this
method contain amine functionalities – which are well documented to react with CO2, offering
the promise of materials suitable as solid CO2 sorbents.44 To our knowledge, the formation of
ion-gel materials from imidazolium-based epoxide IL monomers is unprecedented, as is the
preparation of materials for CO2 capture applications utilizing epoxide-amine chemistry with
epoxide-functionalized ILs. Additionally, we have found no studies examining the
reaction/curing kinetics of epoxides with amines in ILs.
Herein, we demonstrate the synthesis and characterization of new S-G epoxide-amine
poly(imidazolium) networks using the compounds shown in Figure 2.1, the CO2 uptake of the
neat cross-linked PILs, their ability to form cross-linked PIL/IL ion-gels, and the CO2/light gas
separation performance of these ion-gel membranes. The reaction behavior of the new
imidazolium epoxide IL with a multifunctional amine was measured and analyzed to provide
information on gel point conversion and kinetics. Gas sorption testing was performed on neat
epoxide amine resins to evaluate the potential of these materials as solid sorbents. Ion-gels were
prepared by incorporation of IL into epoxy resins and examined for light gas permeability.
Furthermore, we describe how monomer stoichiometry allows for variations to the network
structure and the physical properties of both the neat PIL resin and cross-linked PIL/IL ion-gel.
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Figure 2.1: Epoxide-amine-free IL system studied herein. Compound A is a novel bis(epoxide)functionalized imidazolium IL monomer. TAEA is a commercially available amine, and
compound B is a commonly studied IL.
2.2

Experimental

2.2.1 Materials and instrumentation
4-Bromo-1-butene was purchased from TCI America (Portland, OR). Imidazole, tris(2aminoethyl)amine (TAEA), and 3-chloroperbenzoic acid (m-CPBA) (≤77% w/w, remainder
3-chlorobenzoic acid and water) were purchased from Sigma-Aldrich (Milwaukee, WI). Lithium
trifluoromethanesulfonimide (LiTf2N) was purchased from 3M (St. Paul, MN). All other
reagents and solvents were obtained in the highest purity available and used without additional
purification unless otherwise specified. Cylinders of CO2, CH4, and N2 gas were purchased from
Airgas (Randor, PA) with purities of at least 99.99%. Supor-200 (porous poly(ether sulfone))
membrane filters were purchased from Pall Corporation (Port Washington, NY). 1H and

13

C

NMR spectra were acquired with a Bruker Avance-III 300 (300 MHz for 1H, 75 MHz for 13C).
FT-IR spectra of the curing experiments and pre- and post-polymerized samples were obtained
with a Nicolet 6700 FT-IR in the attenuated total reflectance (ATR) mode. To characterize the
thermal properties of the cross-linked networks and ILs, differential scanning calorimetry (DSC)
was measured using a Mettler-Toledo DSC823e instrument. Membrane thickness was measured
with a digital micrometer.
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2.2.2 Synthesis of bis(epoxide) IL monomer A and IL B
The bis(epoxide) imidazolium IL monomer A was synthesized according to Figure 2.2.
The methods below detail the synthesis of S-G monomer A. The free IL B was synthesized
according to a known literature procedure, and its spectroscopic and purity data conformed to
that previously reported.45

2.2.2.1 Synthesis of 1,3-di(3-butenyl)imidazolium trifluoromethanesulfonimide (i)
The procedure to synthesize the bromide salt precursor to compound i was modified from
that described in a prior publication.46 Imidazole (15.0 g, 220 mmol) was dissolved in
acetonitrile (125 mL), and sodium bicarbonate (18.5 g, 220 mmol) was suspended in the
solution. A 2.1 molar excess of 4-bromo-1-butene (62.5 g (463 mmol)) was added to this
suspension and heated to reflux (82 °C) for 18 h. After cooling, the reaction suspension was
filtered and the reaction solvent removed by rotary evaporation. Dissolution of the crude product
in 100 mL of CH2Cl2 resulted in precipitation of sodium bicarbonate, anhydrous magnesium
sulfate was added to the suspension to dry the CH2Cl2 phase and promote salt precipitation. The
suspension was filtered, and the CH2Cl2 was removed in vacuo. The product was then dissolved
in 200 mL DI water and washed with EtOAc (3 x 75 mL), hexanes (75 mL) and Et2O (75 mL).
The aqueous solution was then used for the ion exchange with 66.4 g (231 mmol) of LiTf2N. A
dense, oily layer immediately formed, and the mixture was allowed to stir for 3 h. The aqueous
phase was then decanted and the product extracted into 500 mL of EtOAc and washed twice with
1 M aq. HCl solution (75 mL) followed by one DI water (75 mL) wash. The organic phase was
then washed twice with saturated sodium bicarbonate solution (75 mL) followed by washes with
DI water (75 mL) until addition of AgNO3 to an aliquot of the aqueous phase did not produce a
white precipitate (i.e., no detectible presence of halide). The organic phase was then collected,
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dried over anhydrous MgSO4 and stirred with activated charcoal for 3 hours before filtering
through a small plug of basic alumina. The solvent was removed and the product in the form of a
clear pale yellow viscous oil was dried in vacuo (20 mtorr) for 24 h at room temperature. (84.59
g, 84% (185 mmol). Compound i:

1

H NMR (300 MHz, DMSO-d6): δ 2.56 (qt, 4H), 4.25 (t,

4H), 5.03 (m, 4H), 5.73 (m, 2H), 7.73 (d, 2H), 9.13 (t, 1H); 13C NMR (75 MHz, DMSO-d6): δ
136.0, 133.3, 126.0 (q, CF3), 122.4, 121.7 (q, CF3), 118.4, 117.5 (q, CF3), 113.2 (q, CF3), 48.1,
33.6; IR (cm-1): 740, 763, 790, 840, 929, 1053, 1133, 1181, 1347, 1443, 1564, 1643, 3151;
HRMS (m/z): calculated as [A]+; 177.1386; found, 177.1392. No phase transitions were
observed via DSC between -40 °C to 100 °C

2.2.2.2 Synthesis of 1,3-bis(2-oxiranyl-ethyl)imidazolium trifluoromethanesulfonimide (A)
130 mL of CH3CN was added to 30 g of stirring i (66 mmol), in a 500-mL flask. A 4
times molar excess, 59.6 g (263 mmol), of m-CPBA (<77% w/w) was then added to the flask.
The m-CPBA dissolved completely after stirring for approximately 10 min. After 3 h, a white
precipitate was observed. The reaction suspension was allowed to stir for 37 h at room
temperature. At this point, the reaction was filtered, and the CH3CN removed via rotary
evaporation at room temperature. The flask was then quenched with Et2O and placed in a -4 °C
freezer for 12 h. After decanting, 3 x 200 mL Et2O was used to wash the oily precipitate.
Residual Et2O was removed via rotary evaporation followed by Schlenk line dynamic vacuum
for 24 h to afford A as slightly yellow, clear oil (25 g, 78% (51 mmol)). 1H NMR spectra of i and
A are included in the Supplementary Information (Section 2.7, Figure 2.8). Monomer A:

1

H

NMR (300 MHz, DMSO-d6): δ 1.90 (dd, 2H), 2.14 (dd, 2H), 2.44 (dd, 2H), 2.68 (dd, 2H), 2.97
(m, 2H), 4.34 (t, 4H), 7.80 (d, 2H), 9.24 (s, 1H); 13C NMR (75 MHz, DMSO-d6): δ 136.4, 125.9
(q, CF3), 122.6, 121.7 (q, CF3), 117.4 (q, CF3), 113.1 (q, CF3), 48.9, 46. 5, 45.6, 32.3; IR (cm-1):
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740, 762, 789, 841, 917, 1053, 1133, 1180, 1348, 1462, 1566, 3152; HRMS (m/z): calculated as
[A]+; 209.1290; found, 209.1294. No phase transitions were observed via DSC between -40 °C
to 100 °C

2.2.3 Epoxide curing experiments
A heated, horizontal ATR stage was utilized to conduct the curing experiments reported
herein. Using ATR-FT-IR spectroscopy, the disappearance of the C-O epoxide stretch (808-973
cm-1) from the epoxide functional groups was monitored in order to gauge the rate and degree of
S-G polymerization. Epoxide conversion was calculated from the ratio of the area under
reference peak (1029-1078 cm-1 an unambiguous imidazolium signal) to the area under the
epoxide peak (808-973 cm-1) at each time a scan was collected. Small-scale samples (~0.3 g)
were prepared, and a droplet of the mixture was placed directly on the ATR stage for testing. For
all testing, the ATR stage was heated to 50 °C and a FT-IR scan collected at 0, 5, 10, 20, 30, 40,
and 50 min. Classical gelation theories (Carothers and statistical) were used to compare the
experimentally determined gel point conversions to those predicted in theory (see Section
2.7.1).39

2.2.4 Carbon dioxide gas sorption measurements
CO2 solubility was determined using the gas sorption apparatus described in a previous
publication.47 N2 gas solubility was below the detection limit of the apparatus (<0.05 psi
adsorbed per 0.5 g, equivalent to <5.4 x 10-3 mmolN2/gsample). To test the samples, an evacuated
volume containing epoxy resin was exposed to a CO2 pressure of 1 bar and the pressure
monitored. As the samples uptake CO2, the pressure decreases and the amount of CO2 uptake can
be calculated using the Ideal Gas Law. After equilibrating, the experiment is considered
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complete, and the sample is regenerated at 75 °C under vacuum (see Section 2.7.3). The tests
were performed with an initial pressure of 1 bar at room temperature. The data represents the
average CO2 capacity measured over three sorption trials on a single resin sample.

2.2.5 Fabrication of cross-linked epoxy-amine PIL/IL ion-gel membranes
To a 5-mL glass vial, the desired amounts (based on wt. % free IL and monomer
stoichiometry) of monomer A and free IL B were added to give a total of ~0.9 g. TAEA was
then added to the mixture using a micropipette. The solution was placed on a vortexer until a
homogeneous solution was achieved (1 min). A 47-mm-diameter porous support (Pall Supor200) was placed on a hydrophobically-treated (RainX®) glass plate and the mixture was slowly
poured onto the center of the support to prevent bubble formation. A second, hydrophobicallytreated, glass plate was used to gently sandwich the membrane and spread the monomer/IL
mixture over the entirety of the membrane support. Four binder clips were used to clamp the
glass plates together, and the membrane was placed in an oven at 50 °C for at least 3 h to ensure
epoxide reaction with amine. After cooling, the glass plates were separated and any excess iongel was removed from the outer edges of the supported film with a clean razor blade.

2.2.6 Ideal single-gas permeability, diffusivity, and solubility measurements and theory
Single-gas permeabilities of the cross-linked epoxy-amine PIL/IL ion-gels were
determined using the time-lag method with an apparatus described previously.10,

32

All gases

were tested in triplicate for a single membrane. All experiments were performed at room
temperature with vacuum (less than 10 mtorr) on the permeate side initially. A feed pressure of 2
bar was used. Transport through the membranes was assumed to follow the solution-diffusion
mechanism for dense materials, where the transport of a gas species “i” depends on the kinetic
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transport (i.e., gas diffusivity, Di) and thermodynamic affinity (i.e., solubility, Si) of the gas
species in the membrane by Eq. 2.1.48
𝑃𝑖 ≡ 𝑆𝑖 × 𝐷𝑖

(2.1)

𝐽

where, 𝑃𝑖 = ∆𝑝𝑖 𝑙

(2.2)

𝑖

𝑎𝑛𝑑 𝑃[=]𝑏𝑎𝑟𝑟𝑒𝑟, 1 𝑏𝑎𝑟𝑟𝑒𝑟 = 10−10

𝑐𝑚3 (𝑆𝑇𝑃) ∙ 𝑐𝑚
𝑐𝑚2 ∙ 𝑠 ∙ 𝑐𝑚 𝐻𝑔

In Eq. 2.2, Ji is the steady-state volume flux (at STP) of species i, ∆pi is the average
transmembrane pressure drop in the steady-state region, and l is the membrane thickness. The
quantity Ji was determined from Eq. 2.3 where pi is the downstream pressure (psia), t is the
experiment time, V is the permeate volume, ε is the support porosity (0.8), Aeff is the effective
membrane surface area, and T is the absolute temperature.
𝑑𝑝

𝐽𝑖 = ( 𝑑𝑡𝑖 −

𝑑𝑝𝑖,𝑙𝑒𝑎𝑘
𝑑𝑡

) 𝜀𝐴

𝑉

𝑒𝑓𝑓

273.15𝐾

𝑐𝑚3 (𝑆𝑇𝑃)

∙
(
𝑇 14.696 𝑝𝑠𝑖

𝑐𝑚2 𝑠

)

(2.3)

The quantity (dpi/dt) in Eq. 2.3 is the slope of the linear (i.e. steady-state) portion of the pi
vs. t curve. The value (dpi, leak/dt) is the system leak rate, determined by the slope of the pressure
increase after vacuum evacuation overnight and then closing all valves (less than 5% of N2
permeability for all membranes). Eq. 2.4 displays the permeability selectivity for materials that
follow the solution diffusion mechanism:
𝑃

𝑆

𝐷

𝑃𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝛼𝑖⁄𝑗 ) = 𝑃 𝑖 = 𝑆 𝑖 × 𝐷 𝑖
𝑗

𝑗

𝑗

(2.4)

Selectivity is quantified as the ratio of the permeability of the more permeable species to
the permeability of the less permeable species. Permeability selectivity can be expressed as the
product of diffusivity and solubility selectivity, as shown in Eq. 2.4. The time-lag apparatus
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allows for single-gas diffusivity (Di) measurements according to Eq. 2.5, where l is the
membrane thickness and θ is the “time-lag”.49, 50
𝑙2

𝐷𝑖 = 6𝜃

(2.5)

The time-lag (θ) was determined by extrapolation of the linear, steady-state, portion of
the pi vs. t curve to the t-axis, where the intercept is equal to θ. Once Di and Pi were determined,
the single-gas solubility value (Si) was calculated from Eqs. 2.2 and 2.5.

2.3

Results and discussion

2.3.1 Discussion of monomer A synthesis
A prior study reports the synthesis of a bis(epoxide)-functionalized imidazolium IL from the
reaction of imidazole with epichlorohydrin.51 This procedure was repeated in our labs, but a pure
IL product could not be obtained. The synthesis of a chemically pure IL bis(epoxide) monomer is
essential in S-G linear and cross-linking polymerization reactions because the reaction is
dependent upon stoichiometry and the presence of impurities greatly impacts the degree of
conversion and cross-linking, as well as polymer molecular weight.38, 39

Figure 2.2: Synthesis scheme for bis(epoxide) imidazolium IL monomer A.
In order to prepare a pure bis(epoxide)-imidazolium monomer, a new target compound
and synthesis procedure was developed that utilized the attachment of 2 terminal olefin groups to
an imidazolium, followed by the epoxidation of the 2 peripheral “ene” units with m-CPBA
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(Figure 2.2). The epoxidation of alkenes with peroxyacids is a common method to prepare
epoxides, and m-CPBA is one of the most stable and safe epoxidation reagents. The versatility of
this synthetic method means that it could be developed to produce a series of bis(epoxide)containing ILs with different chain lengths between the imidazolium ring and epoxide unit. Such
monomers would be useful for tuning S-G reactivity and the physical properties of the resulting
polymers. Monomer A was chosen as a representative bis(epoxide)-functionalized imidazolium
S-G monomer for this work. Initial attempts to synthesize a bis(epoxide)-IL from bis(allyl)
imidazolium TF2N yielded low conversions (<70%) of “ene” groups to epoxides. This could be
due to steric hindrance between the imidazolium cation and/or Tf2N anion with m-CPBA,
preventing reaction completion. By increasing the carbon spacer length between the imidazolium
ring and the olefin group by 1, the “ene” conversion reached 98%. An added benefit of using 4bromo-1-butene in this synthesis is its relatively low price and abundance compared to longer
chain alkene halide starting materials. To our knowledge, this is the first reported epoxidefunctionalized IL preparation that is not based on the use of epichlorohydrin. It should be noted
that monomer A synthesized as shown in Figure 2.2 has been stable at room temperature in our
labs for over 2 years, showing no significant degradation by H1 NMR spectroscopy. This
demonstrates the compatibility between imidazolium and epoxide functional groups for long
periods of time.

2.3.2 Epoxy-amine PIL resin preparation
In order to confirm the ability of monomer A to form a solid cross-linked epoxide-amine
PIL resin, S-G polymerization studies were performed with bis(epoxide) monomer A and
commercially available TAEA, an organic small molecule containing three primary (1°) amine
functional groups. A solid material containing residual and formed amines should have favorable
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interactions with CO2 and could conceivably be utilized as a solid CO2 sorbent.44 PILs are known
to possess inherently high CO2/light gas solubility selectivity and should increase the selectivity
of the network through physical interactions.2, 13
The most common S-G reactions in epoxide-amine resins are illustrated in Figure 2.3.
Reaction 1 shows a 1° amine-epoxide addition reaction, with the formation of an alcohol and a
secondary (2°) amine as the reaction products. The second is the 2° amine-epoxide addition
reaction, resulting in the formation of a tertiary (3°) amine and an alcohol. The third, and least
likely reaction to occur in epoxy resins is an etherification reaction where a formed alcohol
reacts with an epoxide to form an ether and alcohol.40 Based on the literature, etherification plays
a negligible role in network formation when the epoxide group concentration is close to the
amine group concentration, and at low temperatures, as is the case for this work.40, 52, 53
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O
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Figure 2.3: Typical epoxide reactions in epoxy-amine resin formation.

Materials were prepared from two monomer stoichiometries, and are designated as ‘3:1’
and ‘3:2’, respectively. The 3:1 stoichiometry refers to a resin prepared by combining 3 moles of
compound A per 1 mole of TAEA in the pre-polymer mixture; whereas a 3:2 resin stoichiometry
refers to a resin prepared by mixing 3 moles of compound A per 2 moles of TAEA. A 3:1
stoichiometry resin assumes a TAEA functionality of 6 (i.e. three 1° amines and three formed 2°
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amines) and the 3:2 stoichiometry resin assumes a TAEA functionality of 3 (i.e. 3 1° amines).
This simplification is based on the qualitative reasoning that 1° amines are more reactive than 2°
amines.40,

52, 53

Under these assumptions, there is a theoretical balance of epoxide functional

groups to amine functional groups. Figure 2.4 displays a schematic of how an idealized, fully
cured (100% conversion), epoxy-amine resin would appear under 3:1 and 3:2 stoichiometries. In
real epoxy-amine resins, 100% functional group conversion is rarely reached due to diffusional
limitations since the system viscosity increases drastically upon reaching gel point conversion.
Neat epoxy-amine resins were prepared by mixing compound A with the calculated amount of
TAEA to prepare either a 3:1 or 3:2 resin.

Figure 2.4: Idealized representations of fully cured theoretical networks. These network
structures propagate indefinitely in three dimensions.

2.3.3 Curing of neat epoxy-amine PIL resins and PIL/IL ion-gels
The conversion rates of the epoxide-amine systems in the presence of IL were monitored
using IR to determine the gel point conversions. Epoxide curing experiments were performed at
“free” IL loadings of 0, 20, 40 and 60 wt. % using both 3:1 and 3:2 (monomer A:TAEA)
stoichiometries. Figure 2.5 shows the epoxide conversion vs. time plots for each of the trials as
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measured by FT-IR spectroscopy, with the gel point conversions for both classical S-G gelation
theories (Carothers and statistical) also displayed on each plot. For representative examples of
FT-IR spectra of pre- and post-cured epoxy resin samples used to produce these plots (see Figure
2.9 in Section 2.7.2). As can be seen in Figure 2.5, the epoxide conversion initially increases
rapidly as molecules can freely diffuse and react. As the system approaches the gel point, the
viscosity rapidly increases until the molecules can no longer diffuse and only react with
neighboring groups. This produces “pockets” of isolated, un-reacted functional groups in the
networks. In the 3:1 resin, the reaction rate slows more quickly as the reaction of secondary
amines leads to further cross-linking. The faster initial reaction rate for the 3:2 system is
consistent with the higher initial 1° amine concentration. The higher final conversion is also
reflective of the relatively low cross-linking density compared with the 3:1 case. The DSC
results shown in Table 2.1 agree with this, suggesting a higher cross-link density in the 3:1
material. This appears to be the result of more cross-linking reactions of the 2° amines. These
reactions result in a much shorter distance between cross-link points in the resulting polymer
network and thus a higher cross-link density. The ideal 3:1 and 3:2 resin network structures
shown in Figure 2.4 illustrate this statement. This information is of particular importance for the
analysis of gas permeability properties (Section 2.3.5), which are known to be affected by crosslink density.29, 54
Resins and ion-gels from each stoichiometry show gel point conversions close to or
between the values predicted by the Carothers and the statistical S-G gelation theories. This
observation is consistent with the general supposition that experimentally determined gel point
conversions usually fall between the values predicted by these two theories.39 This behavior
arises due to assumptions inherent to the gelation theories, such as the presence of intramolecular
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looping and unequal monomer reactivity. The effect of unequal monomer reactivity is of
particular importance, since 1° and 2° amines have different reactivity. We assume that the
etherification reaction plays a negligible role in network formation, since the epoxide
concentration is approximately equal to amine concentration, and a low curing temperature was
used. The agreement between experimentally determined conversions to gelation theory also
supports this reasoning. If significant etherification reactions were taking place, higher epoxide
conversions would be expected. Since the gel point conversions agree with the classical gelation
theories, we assume network formation is nearly ideal. A small degree of etherification reactions
could be the cause of the higher conversions observed for the curing cases with low free IL
loadings. The addition of free IL decreases the curing rate in all cases, as expected. At all
loadings of free IL, the resins prepared with a 3:1 stoichiometry take longer to react than those
with a 3:2 stoichiometry.
In contrast to other papers investigating general epoxy-amine resin preparation, a twostep curing process was not utilized in this epoxy-amine PIL resin study. Most studies investigate
epoxide-amine curing reactions at temperatures initially above 50 °C and then heat the semicured material to temperatures above 100 °C to promote further cross-linking.40,

41, 52, 53

This

process was not evaluated at higher temperatures because of TAEA contains three 1° aliphatic
amines and reacts faster than commonly studied aromatic 1° amine monomers. Aliphatic amines
are frequently chosen for low-temperature curing reactions.53 Another reason why a two-stage
curing approach was not used was to avoid membrane support degradation at elevated
temperatures. Higher temperatures could be used to increase reaction rate if desired but could
result in materials with different properties than reported here.
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Figure 2.5: Curing plots for 3:2 and 3:1 epoxy-amine resins and ion-gels. The gel point
predictions from both statistical and Carothers gelation theories are included.

2.3.4 Ideal carbon dioxide sorption testing
In this section, we discuss the measured CO2 solubility for neat 3:1 and 3:2 resins and
compare these systems to other amine containing organic materials. We observed that S-G PIL
resins prepared with a 3:1 (monomer A:TAEA) stoichiometry have a CO2 uptake of 0.14 ± 0.02
mmol/g, whereas resins formed using a 3:2 (monomer A:TAEA) stoichiometry have a CO2
uptake of 1.0 ± 0.1 mmol CO2/(g resin). Each molecule of TAEA contributes 4 potential binding
sites, 3 from the pendant 1° amines and 1 from the 3° amine core. This quantity represents the
total number of nitrogen binding sites in the epoxy resins, regardless of the degree of amine
substitution (1°, 2°, or 3°). The uptake results are therefore in agreement with the conversion
results reported above which suggest that the 3:1 resins will contain more substituted amines (i.e.
3°). In contrast, the 3:2 sample will have more less substituted amines (i.e., 1° and 2°), which are
able to strongly bind CO2. Unfortunately, attempts to definitively characterize the content and
types of formed and residual amine groups in the resulting PIL resins were unsuccessful (see
Section 2.7.4). Since the amine composition of these PIL resin samples could not be
experimentally determined, the CO2 absorption data was normalized to the amount of potential
amine binding sites in each epoxy-amine resin sample. For the 3:2 resin, 0.22 ± 0.2 moles of CO2
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is absorbed per mole of initial amine binding sites in the S-G polymerization. In dry conditions,
where carbamate formation limits CO2 uptake, the maximum uptake capacity is 0.5 moles CO2/
mole N.44 The lower capacity determined for 3:1 resins is likely due to the presence of more 3°
amines, which do not interact as strongly as 1° and 2° amines and need humid gases to proceed
through the carbonate and bicarbonate mechanism.44 It was observed that the 3:2 resin absorbed
over 4 times more CO2 per mole initial 1° amine compared to the 3:1 resin composition. It is
well documented in literature that lower-order, less-substituted (i.e., 1° or 2°) amines bind/react
with CO2 more strongly than higher-order, more substituted (i.e., 3°) amines.44 Due to the large
difference in these normalized CO2 sorption values, the origin of the differences in uptake are
due to the 3:2 epoxy-amine PIL resins containing a larger amount of lower-order (less
substituted) amines. The permeability of the neat epoxy-amine PIL resins was too low to be
determined using our permeation apparatus.
Table 2.1: Comparison of characterization data for neat epoxy-amine PIL resins prepared with
3:1 and 3:2 (monomer A:TAEA) stoichiometries: degree of epoxide conversion after 50 min of
curing at 50 °C, glass transition temperatures (Tg) of the resulting PIL resins by DSC, and CO2
sorption capacities at RT and 1 bar initial pressure. CO2 sorption capacity data for two aminecontaining polymer materials (PEI and urea-formaldehyde) are included.
3:1 epoxyamine PIL resin

3:2 epoxyamine PIL resin

Polyethylenimine
(PEI) on carbon55

Ureaformaldehyde
resin56

Degree
of
epoxide
conversion (%)

67

80

-

-

Tg (°C)

38

9

-

-

0.14 ± 0.02

1.0 ± 0.1

1.11

1.86

0.054 ± 0.01

0.22 ± 0.02

–

–

CO2 capacity (mmol CO2
absorbed/(g resin))
CO2 capacity (mols CO2
absorbed/mols amine
binding sites)

A comparison of the CO2 sorption capacities of our materials to those measured for
amine-containing polymers on solid organic supports revealed that the 3:2 resins have
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comparable CO2 capacities (0.97 mmol/g for the 3:2 epoxy resin versus 1.11 and 1.86 mmol/g
for other systems based-on organically supported amines).44, 55, 56 While the capacity of the resins
reported herein is similar, slow CO2 uptake could limit their utility. Several hours to a few days
were required for the epoxy-amine PIL resins to reach equilibrium with CO2. However, these
resins were only crudely prepared via mortar and pestle. Uptake kinetics could be improved by
increasing surface area. Another limiting factor is the high cost to synthesize monomer A
compared to materials such as PEI, urea-formaldehyde resin, and activated carbon.44, 55, 56 While
the new PIL materials prepared herein in their neat, solid forms have not been optimized for CO2
uptake performance yet, they show the potential of epoxide-amine-PILs as CO2 sorbents.
However, the stability, regenerability, and performance under humid gas conditions of these new
PIL materials are legitimate concerns and need to be further explored to determine the full
potential of these materials.

2.3.5 Ideal CO2/N2 and CO2/CH4 permeation testing of prepared ion-gel membranes
To increase the permeability of the neat resins, six ion cross-linked PIL/IL gel
membranes were prepared and tested for CO2/N2 and CO2/CH4 ideal gas separations. For the
capture of CO2 from coal-fired power plants, climate change issues have highlighted the
importance of CO2 separation from flue gas (i.e., CO2/N2 separation).57 The removal of CO2
from CH4 is essential in natural gas sweetening in order to purify natural gas to meet pipeline
specifications.58 These separations could be accomplished with high performance gas separation
membranes. Membranes were fabricated with free IL loadings of 50, 60, and 75 wt. % and
prepared with either a 3:1 or 3:2 (monomer A:TAEA) stoichiometry, respectively. Figure 2.6
displays two CO2/N2 Robeson Plots for the CO2/light gas separation performance of the
membranes studied and a comparison to other materials. The solid black line on these plots
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represents the empirical “upper bound” for each respective gas separation pair based on known
polymer membrane materials, and is the manifestation of the flux-selectivity trade-off for dense
materials.59, 60 The Robeson Plot and upper bound are helpful constructs for comparing the gas
separation performance (selectivity and permeability) of new membrane materials with
previously developed ones.

A

B

.

.

Figure 2.6: A) CO2/N2 Robeson plot displaying the data from the membranes tested in this
study. B) An expanded CO2/N2 Robeson plot including data from a variety of sources for
comparison.10, 12, 21, 23, 29, 59

As can be seen in Figure 2.6A, increasing the free IL loading in the epoxy-amine-based
cross-linked PIL/IL composites increases their gas permeability, while maintaining selectivity,
consistent with previous studies on other types of PIL/IL membranes.23, 24, 28, 29 When the free IL
loading is increased from 50 to 75 wt. %, the CO2 permeability increases from 100 ± 5 barrers to
510 ± 20 barrers while slightly increasing the CO2/N2 permeability selectivity. At each IL
loading, the 3:1 resin-based ion-gels exhibit higher permeability values than the corresponding
3:2 resin-based systems. One potential reason for this behavior is that 3:1 networks should have
less 1° and 2° amines present in the network to interact with CO2 and slow down CO2 diffusion.
In fact, the CO2 diffusivity of an ion-gel membrane based on the 3:1 resin containing 50 wt. % IL
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is 0.76 ± 0.04 x 107 cm2 s-1, and the CO2 diffusivity of a membrane based on the 3:2 resin
containing 50 wt. % IL is 0.22 ± 0.04 x 107 cm2 s-1. The decrease of over a factor of 4 in gas
diffusivity is offset by the increase in CO2 solubility, resulting in membranes with very similar
CO2/N2 gas selectivity. The ion-gel membrane solubility data is consistent with the CO2
solubility data collected for the neat (i.e., no added IL) epoxy-amine S-G resins (Section 2.3.4).
Another potential reason for the higher permeability of membranes based on the 3:1
stoichiometry is that the presence of fewer amine compounds increases the likelihood of
intramolecular looping (as opposed to interchain cross-linking), which decreases the overall
cross-link density and increases gas permeability.29,
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Figure 2.6B compares the CO2/N2

separation performance of the cross-linked epoxy-amine PIL/IL membranes with that of other
polymers and other IL-based materials from the literature. PIL/IL ion-gels have permeability and
selectivity values close to the upper bound for CO2/N2 separations.
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.

Figure 2.7: A) CO2/CH4 Robeson plot displaying the data from the membranes tested in this
study. B) An expanded CO2/ CH4 Robeson plot including data from a variety of sources for
comparison.10, 12, 21, 23, 29, 59

Figures 2.7A and 2.7B display the Robeson Plots for the CO2/CH4 ideal separation
performance of these epoxy-amine ion-gel membranes. The performance analysis of the
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materials for this separation proceeds very similarly to that of the CO2/N2 discussion. One
difference is that as RTIL loading is increased for PIL/IL ion-gels, the CO2/CH4 selectivity
decreases slightly, consistent with previous studies.24, 28, 29 To help understand the origin of the
gas permeability and selectivity of these materials the diffusivity and solubility of the
membranes will be discussed in the next section.

2.3.6 CO2/CH4 solubility and diffusivity selectivity
The N2 diffusivity values were difficult to quantify because the time-lags were very low
and are therefore not reported. To understand the encouraging permeation results obtained above,
the CO2 and CH4 diffusivity and solubility were calculated for the cross-linked epoxy-amine
PIL/IL ion-gel membranes. Monomer stoichiometry was the dominant variable affecting the
solubility and diffusivity selectivity for the epoxy-amine ion-gels. Unexpectedly, the diffusivity
of CH4 is higher than that of CO2 for each of the ion-gel membranes with a 3:2 stoichiometry
(i.e., D(CO2)/D(CH4) < 1) (Table 2.2). This observation is uncommon in polymeric membranes,
as CO2 has a smaller kinetic diameter and therefore typically diffuses more quickly than CH4.48
The reverse diffusion selectivity is likely due to strong CO2-amine interactions in the epoxyamine PIL resins, which slows CO2 diffusion. These same interactions are likely responsible for
the high CO2 solubility which is also observed. As free IL increased in the 3:2 systems, the
diffusivity selectivity (D(CO2)/D(CH4)) also increased from 0.32 to 0.65. This behavior is due to
the incorporation of free IL, which has a higher CO2 diffusivity than that of CH4. A diffusion
selectivity of greater than 1 was observed for the 3:1 resin-containing ion-gels, where less 1° and
2° amines should be present, and thus the resin should afford weaker CO2-amine interactions
overall. This observation is further supported by the CO2 solubility experiments of the neat
epoxy-amine resins where it was determined that the 3:2 resins bind CO2 much more readily than
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the 3:1 resins. The diffusivity and solubility selectivity for 3:1 resin systems exhibits less
dependence upon the free RTIL loading. This result could be due to a less functional network
structure and variations in cross-link density.
Table 2.2: CO2 permeability, CO2/CH4 solubility and diffusivity selectivities and epoxide
conversions for the PIL/IL ion-gel membranes in this study. The membrane labeling is defined
by the % free IL – (monomer stoichiometry) (e.g., 50 - (3:2) refers to a membrane with 50 wt. %
free IL and a monomer stoichiometry of 3 moles A : 2 moles TAEA).
Membrane

P(CO2)
(barrer)

S(CO2)
-3
-1
(cm (STP)cm atm )

S(CO2)/S(CH4)

D(CO2) x 10
2 -1
(cm s )

50 - (3:2)

100 ± 5

36 ± 5

50

50 - (3:1)

125 ± 5

12.8 ± 0.8

60 - (3:2)

210 ± 5

60 - (3:1)

7

D(CO2)/D(CH4)

Conversion
(%)

0.22 ± 0.04

0.32

74

13

0.76 ± 0.04

1.4

68

24 ± 4

30

0.7 ± 0.1

0.55

70

230 ± 5

11.5 ± 0.4

15

1.5 ± 0.07

1.3

67

75 - (3:2)

410 ±10

23 ± 6

27

1.4 ± 0.4

0.65

68

75 - (3:1)

510 ± 20

9.5 ± 0.5

11

4.1 ± 0.2

1.6

61

3

In terms of CO2/light gas separation, the principal difference between the cross-linked
PIL/IL ion-gels prepared in this study and those previously reported is the mechanism of CO2
transport. Since residual (i.e., unreacted) 1° amines and formed amines (2° and 3°) are in the
network structure of the epoxy-amine-based ion-gels, the solubility selectivity of CO2 is higher
than for PIL/IL systems previously reported (see Table 2.3 in Section 2.7.5). Despite having CO2
solubility values higher than previously reported, their overall CO2/light gas permeability
selectivity values are very similar to those of previously reported PIL/IL materials because the
CO2 diffusivity is lower. By changing the amine loading in the polymer matrix, CO2 diffusivity
increased and was higher than CH4 diffusion. This effect resulted in a material that behaved very
similarly to previously reported ion-gels. Ultimately, this system could be superior to other
monomer-based systems if the incorporated residual or formed amines in the epoxy-amine PIL
resin matrices can be utilized for facilitated CO2 transport.
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2.4

Summary
New cross-linked PILs and cross-linked PIL/IL composite materials were prepared via

the S-G polymerization of a novel bis(epoxide)-functionalized imidazolium IL monomer with a
commercially available multifunctional amine. The resulting S-G epoxy-amine PIL networks
have formed and residual amine groups. Our results indicate that the relative distribution of this
functionality within the resin can be controlled using stoichiometry. The extents of conversion
observed for these networks agree with classical S-G gelation theories, and their reaction
behavior has been characterized. We have shown that control and manipulation of the reaction
stoichiometry, and therefore the composition of the system, has a profound effect on the CO2
adsorption capacity of these materials. Furthermore, the permeation testing of IL gel composites
has revealed an unusual example of CO2/CH4 reverse diffusivity. This phenomenon was
attributed to the higher loading of less substituted amines, which slows the permeation of CO2
through the membrane. We also observed that this diffusivity selectivity is balanced by an
increase in CO2 solubility. Incorporation of a high loading of IL into these epoxy-amine based
systems results in both high CO2 permeability and selectivity. Future work will aim to synthesize
other amine and epoxide monomer structures to prepare epoxy resins and ion-gels with improved
light gas separation properties. The relationship between mechanical and materials properties
will to be further studied (e.g., via DMA studies) to optimize performance and stability.
Furthermore, we will examine the gas separation performance of these materials under more
realistic operating conditions, including examining whether the inverse diffusion selectivity is
maintained using humidified gas streams – where facilitated transport could come into effect.
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i

A

Figure 2.8: 1H NMR spectra of synthesized and purified compound i and bis(epoxide) IL monomer A.

As seen in Figure 2.8 above, there are several distinct proton signals that change upon
conversion of diolefin compound i to bis(epoxide) monomer A . It is clear that the alkene peaks
around 6.0 and 5.0 ppm in compound i disappear completely upon reaction with m-CBPA to
form A. Furthermore, there is a distinct shift in the C2-proton of the imidazolium ring (9.13 to
9.24 ppm). Finally, there are four distinct signals that appear corresponding to protons in the
epoxide groups (between 1.5-3.0 ppm).

2.7.1 Calculated gel point conversion values (pc) using statistical theory and Carothers
gelation theory for S-G polymerizations
The equations used to calculate the gel point conversions (pc) are shown in equations 2.6
and 2.7, where pc = gel point conversion value; fav = average monomer functionality; f =
functionality of the most functional monomer. fav was calculated using the formula displayed in
Equation 2.8, where NA and NTAEA = number of moles of epoxide A and amine TAEA,
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respectively; fA and fTAEA = the functionality of epoxide A and amine TAEA, respectively.
Equation 2.6 is derived from Carothers gelation theory, and Equation 2.7 is derived from the
statistical gelation theory. The equations have been adapted from a well-known polymer
chemistry textbook and assume a stoichiometric balance of complementary reactive groups in the
S-G polymerization.39

𝑝𝑐 =
𝑝𝑐 =
𝑓𝑎𝑣 =

2
(2.6)
𝑓𝑎𝑣
1

√(𝑓 − 1)

(2.7)

𝑁𝐴 ∗𝑓𝐴 +𝑁𝑇𝐴𝐸𝐴 ∗𝑓𝑇𝐴𝐸𝐴
𝑁𝐴 +𝑁𝑇𝐴𝐸𝐴

(2.8)

FT-IR spectroscopy was used to track the disappearance of the asymmetrical ring
stretching epoxide peak (808–973 cm-1) during cross-linking.61 The degree of epoxide group
conversion was calculated by taking the ratio of the area under the epoxide peak (A epox) (808–
973 cm-1) to the area under an internal reference peak (Aref) (1029–1078 cm-1) as follows:
[𝐴𝑒𝑝𝑜𝑥 ]𝑡
(
)
[𝐴𝑟𝑒𝑓 ]𝑡
% 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 = 1 −
∗ 100
[𝐴𝑒𝑝𝑜𝑥 ]𝑖𝑛𝑖𝑡𝑖𝑎𝑙
(
)
[𝐴𝑟𝑒𝑓 ]𝑖𝑛𝑖𝑡𝑖𝑎𝑙 )
(
Where, the subscripts t and initial denote the peak areas at a time t after the monomers
are mixed and at time zero upon initial mixing, respectively.
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2.7.2 Example FT-IR spectra of pre- and post-cured epoxy resins

Pre-cure
Post-cure

Pre-cure
Post-cure

Figure 2.9: A) FT-IR spectra of a 3:1 resin with 0 wt. % IL before and after curing at 50 °C for 1 h. B)
FT-IR spectra of 3:2 resin with 0 wt. % IL before and after curing at 50°C for 1 h.

2.7.3 Carbon dioxide solubility measurements and method

Figure 2.10: Schematic of typical data obtained during a carbon dioxide solubility (uptake)
measurement
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𝑛𝑔𝑎𝑠 =

𝛥𝑃 ∗ 𝑉𝑐𝑒𝑙𝑙
𝑅∗𝑇

(2.9)

The method for CO2 solubility measurements is discussed in a previous publication.47
The amount of gas adsorbed on the sample was measured for single component pure gas. The
sample was loaded into the sample cell and covered with a steel mesh to prevent material
displacement upon introduction to pressure and vacuum. The entire system was placed under
vacuum overnight. A known pressure and volume of gas was then introduced to the sample cell
and sealed quickly. As the sample adsorbed the introduced gas, the pressure drops until
equilibrium is reached. Figure 2.10 displays a typical plot of data from a CO2 solubility
measurement experiment for a material that adsorbs CO2. The pressure drop (ΔP) was measured
and recorded from a pressure sensor attached to the sample volume. The molar amount of gas
adsorbed was determined from the total change in pressure and the ideal gas equation as shown
in Equation 2.9.
Initially, when this procedure was attempted the CO2 loading decreased significantly after
the first sorption trial. This decreased loading was observed for the resin until the samples were
heated to 75 °C under vacuum (Trial 6). This allowed the sample to obtain close to the initial
CO2 loading. Figure 2.11 displays the CO2 loading/update results for 6 different trials for a single
3:2 stoichiometry S-G epoxy-amine resin. Our procedure was modified after this initial finding
to include a vacuum regeneration step at 75 °C under vacuum for at least 6 hours between CO 2
sorption trials
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Figure 2.11: Results of multiple CO2 uptake trials on a single 3:2 S-G epoxy-amine PIL resin sample
showing decreased capacity until regeneration at 75 °C (Trial 6)

2.7.4 Attempts to characterize composition of the amine groups present in the formed SG epoxy-amine PIL networks
Several attempts were made to characterize the identity and composition of the residual
and formed amine groups in the S-G epoxy-amine PIL resins. The first method explored was FTIR spectroscopy to characterize the amounts of 1°, 2°, and 3° amines present in the formed
networks. Unfortunately, this technique is very difficult to use because the substituted aromatic
nitrogen atoms on the imidazolium ring convolute the signals in the aliphatic amine regime. This
results in broad overlapping signals that appear in the same region as the residual 1° and formed
2°, and 3° amines in the resin. These other FT-IR amine signals were either not strong enough to
resolve clearly or were also convoluted by other signals. Therefore, it was not possible to
determine the amine type via FT-IR because of the overlap between the functional groups. Other
distinct FTIR signals from the amine compounds could not be identified.
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The second method was an acid-base titration of all the accessible amine groups in the
solid-state epoxy-amine PIL resin using a stock, aqueous strong acid solution (0.1 M aq. HCl). In
this procedure, 0.5 g of the epoxy-amine resin was suspended in 40 mL DI H2O. For both the 3:1
and 3:2 resins, the aqueous solution pH increased upon epoxy-amine resin addition. A
micropipette was used to slowly add the acid solution and at least 5 minutes of stirring were
allowed prior to pH measurement. However, this was not a successful endeavor, likely because
the resin is inherently hydrophobic, which limits water and acid solution diffusivity into the
network. Figure 2.12 displays the data obtained for this attempted acid-base titration experiment.
As can be seen in Figure 2.12 there is no clear breakthrough point, which prevents the
determination of amine content. The majority of the neutralization reactions likely occurred on
the surface of the amine-containing resin particles.
To our knowledge, these are the most common methods of determining amine
composition in solid materials. Unfortunately, neither of these methods is currently suitable to
determine amine the composition of the materials prepared in this study.
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Figure 2.12: pH Titration curve for attempted titration of all amine groups in the S-G epoxy-amine PIL
resins with a stock, aq. HCl solution.

2.7.5 Comparison with previous PIL/IL ion gel systems
This section compares the permselectivity data of the membranes presented in this work
with those reported elsewhere in the literature (Table 2.3). In all cases the ionic liquid is
[EMIM][Tf2N] and the IL content of the membranes is 75 wt. %.
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Table 2.3: Comparison between diffusivity and solubility data for membranes in this study and
previous studies29
Membrane
3

100-75
(literature
material)
3
80-2b-75
(literature
material)
3
60-2b-75
(literature
material)

D(CO2)
2 -1
(cm s )

D(CH4)
2 -1
(cm s )

9.0 ± 0.6

4.3 ± 0.3

S(CO2)
3
(cm (STP)
-3
-1
cm atm )
4.4 ± 0.3

D(CO2)/D(CH4)

S(CH4)
3
(cm (STP)
-3
-1
cm atm )
0.45 ± 0.05

2.1
8.6 ± 0.8

9.8

3.5 ± 0.4

3.9 ± 0.3

0.51 ± 0.05

2.5
7.5 ± 0.7

S(CO2)/S(CH4)

7.6

3.3 ± 0.3

4.2 ± 0.4

0.53 ± 0.05

2.3

7.9

13 ± 1

4.5 ± 0.4

2.9

6.6 ± 0.4

1.2 ± 0.1

5.7

75 – (3:2)

1.4 ± 0.4

2.2 ± 0.3

0.64

23 ± 6

0.9 ± 0.1

26

75 – (3:1)

4.1 ± 0.2

2.5 ± 0.2

1.6

9.5 ± 0.5

0.86 ± 0.03

11

29

Neat IL B

It is observed that our new S-G epoxy-amine resin-based PIL/IL ion gel membranes
exhibit lower diffusivity selectivity than previously reported PIL/IL composite materials. The
highest CO2 diffusion coefficient reported in this study is a factor of two lower than reported for
a similar composition. As these compositions all contain 75 wt. % free IL, the differences can be
attributed to the nature of the polymer matrix. It should be noted that the methane solubility in
the epoxy resin networks is higher than in comparable systems. However, the increase in CO2
solubility overcomes this increase to retain selectivity for these materials. In conclusion, the S-G
epoxy-amine-based PIL/IL ion gel membranes presented here are selective for CO2 due to high
solubility specificity as a result of the amine groups present in the formed epoxy-amine resin
matrix, but they have lower diffusion coefficients than similar materials with identical free IL
loading.
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2.7.6 Comprehensive transport data for the ion gel membranes reported herein
Table 2.4 contains the CO2 permeability, CO2 solubility, CO2/CH4 solubility selectivity,
CO2 diffusion coefficient, CO2/CH4 diffusivity selectivity, CO2/N2 permeability selectivity and
CO2/CH4 permeability selectivity for the six ion gel membranes reported herein.
Table 2.4: Tabulated transport data for the ion gel membranes in this study
Membrane

P(CO2)
(barrer)

S(CO2)
(cm3(STP)
cm-3atm-1)

S(CO2)/S(CH4)

D(CO2) x
107 (cm2s-1)

D(CO2)/D(CH4)

P(CO2)/P(N2)

P(CO2)/P(CH4)

50 - (3:2)

100 ± 5

36 ± 6

50

0.22 ± 0.04

0.32

28

16

50 - (3:1)

125 ± 5

12.8 ± 0.8

13

0.76 ± 0.04

1.4

28

18

60 - (3:2)

210 ± 5

24 ± 4

30

0.7 ± 0.1

0.55

31

16

60 - (3:1)

230 ± 5

11.5 ± 0.4

15

1.5 ± 0.1

1.3

36

19

75 - (3:2)

410 ±10

23 ± 6

26

1.4 ± 0.4

0.65

29

18

75 - (3:1)

510 ± 20

9.5 ± 0.5

11

4.1 ± 0.2

1.6

34

17
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Chapter 3: Effect of Monomer Structure on Curing
Behavior, CO2 Solubility, and Gas Permeability of Ionic
Liquid-based Epoxy-amine Resins and Ion-gels

(Previously published as: McDanel, W. M.; Cowan, M. G.; Barton, J. A.; Gin, D. L.; Noble, R.
D. Effect of Monomer Structure on Curing Behavior, CO2 Solubility, and Gas Permeability of
Ionic Liquid-based Epoxy-Amine Resins and Ion-gels. Ind. Eng. Chem. Res. 2014, Article ASAP
(published on-line November 17, 2014; DOI: 10.1021/ie5035122).)

Abstract:
New imidazolium- and pyrrolidinium-based bis(epoxide)-functionalized ionic liquid (IL)
monomers were synthesized and reacted with multifunctional amine monomers to produce crosslinked, epoxy-amine poly(ionic liquid) (PIL) resins and PIL/IL ion-gel membranes. The length
and chemical nature (i.e., alkyl vs. ether) between the imidazolium group and epoxide groups
were studied to determine their effects on CO2 affinity. The CO2 uptake (mmol/g) of the epoxyamine resins (between 0.1-1 mmol/g) depends predominately on the epoxide-to-amine ratio and
the bis(epoxide) IL molecular weight. The effect of using a primary vs. a secondary aminecontaining multifunctional monomer was also assessed for the resin synthesis. Secondary amines
can increase CO2 permeability but also increases the time required for bis(epoxide) conversion.
By changing either epoxide or amine monomer structure, the CO2 solubility and permeability of
the resulting PIL resins and ion-gel membranes can be tuned.
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3.1

Introduction
The economical removal of CO2 from other light gases at large scale is a current

challenge in chemical engineering separations.1-6 The identification of economical methods to
capture CO2 from flue gas streams (i.e., CO2/N2) is becoming increasingly important to help
mitigate climate change concerns.1-6 Natural gas sweetening (i.e., CO2/CH4) is another important
light gas separation for the energy sector.7, 8 In order to meet pipeline specifications in the U.S.,
CO2 content must be below 2%, making CO2 removal essential for some gas wells. Membranes
have been shown to effectively separate CO2 from these gas mixtures; however, membranes with
both higher selectivity and flux are desired for higher separation efficiency and throughput.7-9 In
order to achieve these desirable characteristics, the identification and development of new
materials with high CO2 permeability and selectivity is necessary.
Ionic liquids ((ILs), i.e., neat salts that are liquids at temperatures ≤ 100 °C) have been
examined as potential CO2 sorbent materials but are not currently an economical solution in their
neat forms due to their high cost and relatively low CO2 uptake.6, 10, 11 Polymerized ionic liquids
(PILs) are frequently prepared by the polymerization of IL-based monomers and are an emerging
area within IL materials research. Recent reviews have discussed the progression of the PIL
field.12-14 By definition, PILs are polyelectrolytes with charged repeat units based on or
structurally similar to small-molecule ILs. PILs have been studied for applications including but
not limited to gas separation membranes, ion conductors, and analytical chemical separation
media.12-14 Many studies have reported the use of PILs as gas separation membranes or CO2
sorbents largely owing to specific CO2 solubility selectivity of imidazolium-based ILs and
PILs.11, 15, 16
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Another application for PILs is in the preparation of solid-liquid composite materials
containing “free” or unbound IL as an integrated fluid component.17-23 The physical properties of
these hybrid materials are unattainable with either PIL or IL alone and have been studied for
applications such as gas separation membranes or ion-conductive materials.18, 20, 24 Studies have
focused on the ability to form materials which contain high wt. % loading of IL, while
maintaining the mechanical properties of a solid. Methods reported to prepare high IL content
materials include mixtures of IL with traditional polymers such as poly(vinylidene fluoride-cohexafluoropropylene),25-27 PIL block copolymers,20 or cross-linkable IL monomers to produce
materials with solid-like properties and high IL loadings.19, 21-23 With respect to this work, the
utilization of cross-linkable IL monomers polymerized in the presence of free IL to form ion-gels
is the most relevant.
Despite the fairly extensive amount of literature on PILs, there are far fewer examples of
PILs prepared through the step-growth (S-G) polymerization of IL monomers.23, 28-35 Potential
advantages of S-G polymerizations include stoichiometric control of molecular weight and crosslinking and the ability to form a material with residual functionality relative to typical chain
addition polymerizations.36, 37 The first S-G PILs reported were linear imidazolium-based PILs
formed by the reaction of bis(imidazole)s with dihaloalkanes.28-30 Additional reports on
imidazolium-based PILs prepared by S-G polymerizations include: polyester-based PILs,31,

32

polyimide-based PILs,33 and polyurethane-based PILs.34, 35 To our knowledge, the only example
of epoxy resin PILs is our recent study on the formation of PIL/IL ion-gel materials via S-G
polymerization of an imidazolium bis(epoxide) monomer.23
Epoxy resins represent an industrially pertinent class of materials that are used
ubiquitously in the adhesive and coatings industries.38 Until recently, no reports on imidazolium
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IL-based epoxy-amine resin preparation were available in the literature.23 Since epoxide-amine
S-G reactions are not affected by O2 (unlike radical chain-addition polymerizations) and produce
no small molecule by-products, this chemistry could prove useful in the preparation of PIL/IL
ion-gels.36, 37 We have shown that epoxy-amine resin chemistry can prepare ion-gel membranes
that afforded good CO2/N2 and CO2/CH4 selectivities.23 However, in some cases the high CO2
affinity caused the diffusion of CO2 to be slower than that of CH4.
Herein, we report the synthesis of three new bis(epoxide) ILs and use them to explore the
effect of bis(epoxide) monomer structure on curing rate, CO2 sorption, and gas permeation of ILbased resins and ion-gels. By modifying the epoxide monomer structure, the network
morphology and functionality change which increases the materials chemistry options for these
systems. We also investigated the effect of primary (1˚) vs. secondary (2˚) multifunctional amine
monomers on CO2 uptake and gas permeability of the resulting resins and ion-gels to evaluate
the effect of changing either the epoxide or amine monomer.

3.2

Experimental

3.2.1 Materials and instrumentation
4-Bromo-1-butene and p-toluenesulfonyl chloride were purchased from TCI America
(Portland, OR). Imidazole, 2-allyloxyethanol, tetra(ethylene glycol), tris(2-aminoethyl)amine
(TAEA), tris[2-(methylamino)ethyl]amine (TMAEA), pyrrolidine, sodium hydroxide, sodium
hydride (60% with mineral oil), and 3-chloroperbenzoic acid (m-CPBA) (≤77% w/w) were
purchased from Sigma-Aldrich (Milwaukee, WI). Lithium trifluoromethanesulfonimide (LiTf2N)
was purchased from the 3M Company (St. Paul, MN). All other reagents and solvents were
purchased with the highest purity available and used as received. CO2, CH4, and N2 gas cylinders
were purchased from Airgas (Randor, PA) with purities of ≥ 99.99%. Supor-200 (porous
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poly(ether sulfone)) membrane filters were purchased from Pall Corporation (Port Washington,
NY). 1H and

13

C NMR spectra were acquired using a Bruker Avance-III 300 spectrometer. FT-

IR spectra were obtained using a Nicolet 6700 FT-IR spectrometer in attenuated total reflectance
(ATR) mode. To characterize the thermal properties of the cross-linked networks and ILs,
differential scanning calorimetry (DSC) was measured using a Mettler-Toledo DSC823e
instrument. Membrane thicknesses were measured with a digital micrometer.
3.2.2 Synthesis of bis(epoxide) IL monomers A–D
3.2.2.1 Synthesis of 1,3-bis(2-oxiranyl-ethyl)imidazolium trifluoromethanesulfonimide (A)
The synthesis of compound A was described in a previous publication and replicated
herein.23 Its 1H NMR, 13C NMR, and purity data were consistent with those reported in the
literature.23

3.2.2.2 Synthesis of 1,3-bis-(2-oxiranylmethoxy-ethyl)-imidazolium
trifluoromethanesulfonimide (B)

Figure 3.1: Synthesis of bis(epoxide) imidazolium monomer B.
3.2.2.2.1 Synthesis of ethylene glycol allyl ether p-tosylate (i)
The synthesis scheme for bis(epoxide) imidazolium monomer B is depicted in Figure 3.1.
Synthesis of compound i was modified from a previously reported procedure.39 2Allyloxyethanol (35.0 g, 343 mmol) was dissolved in THF (140 mL) and mixed with a solution
of NaOH (24 g, 600 mmol) dissolved in DI H2O (125 mL). The mixture was stirred in an ice
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bath for 30 min. A solution of p-toluenesulfonyl chloride (72.1 g, 378 mmol) in THF (170 mL)
was added drop-wise for 3 h while the reaction mixture was cooled in the ice bath. After
complete addition of the p-toluenesulfonyl chloride, the resulting solution was allowed to warm
to room temperature and stirred for an additional 18 h. 1.2 M Aq. HCl (500 mL) was then used to
quench the reaction, and the product (clear oil) was extracted into CH2Cl2 (300 mL) and washed
successively with DI H2O (3 x 300 mL), saturated NaHCO3 (3 x 300 mL), and DI H2O (3 x 300
mL). The CH2Cl2 solution was then dried with anhydrous MgSO4, and the solvent removed in
vacuo. The final product i was obtained as clear oil. 1H NMR data for the obtained compound i
conformed to previously reported (80.0 g, 91% yield). 1H NMR (300 MHz, DMSO-d6): δ 2.42
(s, 3H), 3.54 (m, 2H), 3.87 (dt, 2H), 4.13 (m, 2H), 5.15 (m, 2H), 5.79 (ddt, 1H), 7.48 (m, 2H),
7.79 (m, 2H).
3.2.2.2.2 Synthesis of 1-(2-allyloxy-ethyl)-imidazole (ii)
Imidazole (8.0 g, 118 mmol) was dissolved in dry THF (ca. 125 mL) in a three-neck 250mL round-bottom flask and heated to 40 °C under argon. NaH suspension (5.9 g, 148 mmol
NaH) was added to this solution slowly while maintained at 40 °C. H2 gas generation (caution:
extremely flammable) was visually observed. After 1 h of stirring, compound i (25 g, 98 mmol)
was added, and the suspension was heated with stirring to 65 °C for 48 h. After cooling, the
resulting suspension was filtered over sand and the THF removed by rotary evaporation. The
product was dissolved in CH3CN (100 mL) and washed with hexanes (4 x 75 mL). After the
CH3CN was removed in vacuo, the product was re-dissolved in CH2Cl2 and stirred with activated
charcoal and anhydrous MgSO4 for 5 h at ambient temperature. This solution was then filtered
over a small plug of basic alumina, and the CH2Cl2 removed in vacuo. The product (ii) was
obtained as a liquid (10.8 g, 73% yield). 1H NMR (300 MHz, DMSO-d6): δ 3.63 (dd, 2H), 3.93
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(dt, 2H), 4.13 (d, 2H), 5.15 (m, 2H), 5.83 (ddt, 1H), 6.88 (t, 1H), 7.15 (t, 1H), 7.6 (t, 1H);

13

C

NMR (75 MHz, DMSO-d6): δ 137.5, 134.8, 128.1, 119.6, 70.8, 69.0, 46.0.
3.2.2.2.3 Synthesis of 1,3-bis-(2-allyloxy-ethyl)-imidazolium trifluoromethanesulfonimide
(iii)
Compound ii (10.8 g, 70.9 mmol) was dissolved in CH3CN (70 mL) in a 250-mL roundbottom flask. Compound i (19.0 g, 74.1 mmol) was then added and the resulting mixture was
heated and stirred at reflux for 72 h. After cooling to room temperature, the product was
precipitated into Et2O (500 mL) and placed in a -20 °C freezer overnight. The Et2O was then
decanted, and the residual Et2O was removed in vacuo.
The resulting solid was dissolved in acetone (80 mL) and then NaI (11.7 g, 78.1 mmol) was
added and stirred for 24 h. The resulting precipitate was removed by filtration and washed with
acetone, followed by solvent removal by rotary evaporation. The product was dissolved in
CH2Cl2 (150 mL) to precipitate additional NaI. The suspension was then filtered, and the CH2Cl2
was removed by rotary evaporation. The resulting crude iodide salt (1,3-bis-(2-allyloxy-ethyl)imidazolium iodide) was dissolved in DI H2O (175 mL) and washed with EtOAc (3 x 75 mL).
LiTf2N (21.3 g, 74.2 mmol) was then added to the aqueous 1,3-bis-(2-allyloxy-ethyl)imidazolium iodide solution and stirred at room temperature. A slightly yellow oil precipitate
was immediately observed. After 3 h of stirring at ambient temperature, EtOAc (400 mL) was
added and the organic layer washed with DI H2O (7 x 75 mL). The EtOAc phase was then stirred
with anhydrous MgSO4 and activated charcoal for 24 h at room temperature. The resulting
suspension was filtered through a small plug of basic alumina and the EtOAc removed in vacuo
to afford the final product iii as clear oil (28.3 g, 77% yield). 1H NMR (300 MHz, DMSO-d6): δ
3.74 (m, 4H), 3.96 (dt, 4H), 4.40 (dd, 4H), 5.16 (m, 4H), 5.82 (ddt, 2H), 7.74 (d, 2H), 9.15 (t,
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1H);

13

C NMR (75 MHz, DMSO-d6): δ 136.8, 134.5, 125.9 (q, CF3), 122.6, 121.7 (q, CF3),

117.4 (q, CF3), 116.7, 113.1 (q, CF3), 70.9, 67.3, 49.0.
3.2.2.2.4 Synthesis of 1,3-bis-(2-oxiranylmethoxy-ethyl)-imidazolium
trifluoromethanesulfonimide (B)
Compound B was prepared from iii using previously established epoxidation
conditions.23 Compound iii (17.8 g, 34.4 mmol) was dissolved in CH3CN (70 mL) in a 250-mL
round-bottom flask and m-CPBA (31.2 g, 139 mmol) was added to this solution and stirred for
30 h at room temperature. The reaction suspension was filtered, and the CH3CN removed by
rotary evaporation at room temperature. Et2O (400 mL) was added precipitate the product as an
oil, and was placed in a -20 °C freezer for 24 h. The Et2O was decanted, and the product washed
with Et2O (3 x 100 mL). Following drying in vacuo for 8 h, the pure product B was obtained
(14.8 g, 78% yield). 1H NMR (300 MHz, DMSO-d6): δ 2.50 (dd, 2H), 2.70 (dd, 2H), 3.06 (ddt,
2H), 3.26 (dd, 2H), 3.78 (m, 6H), 4.38 (m, 4H), 7.74 (d, 2H), 9.12 (t, 1H); 13C NMR (75 MHz,
DMSO-d6): δ 136.8, 125.9 (q, CF3), 122.6, 121.7 (q, CF3), 117.4 (q, CF3), 113.2 (q, CF3), 71.2,
68.4, 50.2, 49.0, 43.3; IR (cm-1): 740, 762, 789, 856, 911, 1052, 1133, 1181, 1348, 1565, 3152;
HRMS (m/z): calculated as [A]+; 269.1501; found, 269.1507. See the Supplementary
Information (Section 3.7) for the 1H and

13

C NMR spectra of monomer B (Figures 3.11 and

3.12).

3.2.2.3 Synthesis of 1,1-[oxybis(2,1-ethanediyloxy-2,1-ethanediyl]bis[2-oxiranylethyl]imidazolium trifluoromethanesulfonimide (C)
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Figure 3.2: Synthesis of bis(epoxide) imidazolium monomer C.

3.2.2.3.1 Synthesis of 1,1-[oxybis(2,1-ethanediyloxy-2,1-ethanediyl)]bisimidazole (iv)
Figure 3.2 displays the synthetic schematic to obtain imidazolium bis(epoxide) monomer
C. Sodium imidazolate and the tris(ethylene glycol) ditosylate compounds were synthesized as
described previously.40,

41

Sodium imidazolate (10.8 g, 120 mmol) and tris(ethylene glycol)

ditosylate (24.1 g, 48.0 mmol) were dissolved in THF (60 mL) in a 250-mL round-bottom flask.
The reaction mixture was then heated in a 65 °C oil bath for 24 h. The resulting suspension was
filtered, and the THF was removed by rotary evaporation. The residue was re-dissolved in
CH2Cl2 (70 mL) and dried over anhydrous MgSO4. The crude product was then extracted into 1
M HCl (250 mL) and washed with CH2Cl2 (3 x 75 mL). The aqueous phase was then neutralized
and slightly basified (pH ~ 10) with NaOH pellets. The final product iv phase separated as
orange oil, which was dissolved in CH2Cl2 and dried with anhydrous MgSO4 prior to solvent
removal in vacuo (7.25 g, 51% yield). The 1H NMR data for the obtained compound iv
conformed to previously reported data.40, 41
3.2.2.3.2 Synthesis of 1,1-[oxybis(2,1-ethanediyloxy-2,1-ethanediyl]bis[3butenyl]imidazolium trifluoromethanesulfonimide (v)
Compound iv (3.5 g, 12 mmol) was dissolved in CH3CN (8 mL) in a 50-mL roundbottom flask, and 4-bromo-1-butene (3.65 g, 27.0 mmol) was added. Then the resulting reaction
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mixture was heated and stirred at reflux for 48 h. After cooling to room temperature, the product
was precipitated into Et2O (100 mL). After decanting the Et2O, the product was dissolved in DI
H2O (60 mL) and washed with EtOAc (2 x 50 mL), Et2O (50 mL), then hexanes (50 mL).
Subsequently, LiTf2N (7.1 g, 25 mmol) was added to the aq. layer, and v precipitated from the
solution as viscous oil. The mixture was then stirred for 3 h at room temperature to ensure
complete anion exchange. The oil was dissolved in EtOAc (75 mL) and washed with DI H2O (5
x 50 mL) to remove any additional halide salt. The EtOAc phase was then dried over anhydrous
MgSO4 and stirred with activated charcoal for 3 h prior to filtration and solvent removal in
vacuo. The product v was obtained as clear oil (9.91 g, 91% yield). 1H NMR (300 MHz, DMSOd6): δ 2.56 (qt, 4H), 3.49 (m, 8H), 3.75 (m, 4H), 4.30 (m, 8H), 5.04 (m, 4H), 5.75 (ddt, 2H), 7.72
(t, 2H), 7.77 (t, 2H), 9.10 (t, 2H).
3.2.2.3.3 Synthesis of 1,1-[oxybis(2,1-ethanediyloxy-2,1-ethanediyl]bis[2-oxiranylethyl]imidazolium trifluoromethanesulfonimide (C)
Compound v (3.0 g, 3.1 mmol) was dissolved in CH3CN (6 mL), and m-CPBA (2.8 g, 12
mmol) was added and stirred for 30 h at room temperature. The solution was poured into Et 2O
(50 mL) and placed in a -20 °C freezer. The Et2O was decanted, and the product washed with
Et2O (3 x 50 mL). Following solvent removal in vacuo, the pure product C was obtained as clear
oil (2.5 g, 80% yield). 1H NMR (300 MHz, DMSO-d6): δ 1.91 (dq, 2H), 2.16 (dtd, 2H), 2.42
(dd, 2H), 2.68 (dd, 2H), 2.96 (dtd, 2H), 3.51 (m, 8H), 3.77 (m, 4H), 4.35 (td, 8H), 7.73 (t, 2H),
7.79 (t, 2H), 9.15 (t, 2H); 13C NMR (75 MHz, DMSO-d6): δ 136.5, 125.9 (q, CF3), 122.8, 122.4,
121.7 (q, CF3), 117.4 (q, CF3), 113.1 (q, CF3), 69.5, 68.1, 48.9, 46.4, 45.5, 32.3; IR (cm-1): 740,
762, 789, 838, 917, 1052, 1132, 1179, 1330, 1348, 1566, 3152; HRMS (m/z): calculated as [A]+;
716.1859; found, 716.1868. See the Supplementary Information for the 1H and 13C NMR spectra
of monomer C (Figures 3.13 and 3.14).
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3.2.2.4 Synthesis of 1,1-bis-(2-oxiranyl-ethyl)-pyrrolidinium trifluoromethanesulfonimide
(D)

Figure 3.3: Synthetic scheme for bis(epoxide) pyrrolidinium monomer D.

3.2.2.4.1 Synthesis of 1-but-3-enyl-pyrrolidine
Figure 3.3 shows the synthetic scheme used to obtain bis(epoxide) pyrrolidinium
monomer D. DMF (180 mL), DI H2O (40 mL), and NaOH (30.6 g, 76.5 mmol) were first mixed
in a 500-mL Erlenmeyer flask and allowed to cool to room temperature. Then, pyrrolidine (20.0
mL, 244 mmol) was added to this solution prior to the drop-wise addition of 4-bromo-1-butene
(42.0 g, 311 mmol). An additional DI H2O (180 mL) was added to solubilize the remainder of
the NaOH. The product was extracted into Et2O (120 mL) and washed with DI H2O (4 x 100
mL) prior to drying over anhydrous MgSO4 and removing the solvent in vacuo (13.1 g, 43%
yield). 1H NMR (300 MHz, CDCl3): δ 1.70 (m, 4H), 2.20 (m, 2H), 2.43 (m, 6H), 4.95 (m, 2H),
5.75 (ddt, 1H).
3.2.2.4.2 Synthesis of 1,1-di-but-3-enyl-pyrrolidinium trifluoromethanesulfonimide (vi)
1-But-3-enyl-pyrrolidine (6.5 g, 52 mmol) and 4-bromo-1-butene (9.1 g, 67 mmol) were
mixed with CH3CN (35 mL) and heated and stirred at reflux for 48 h. After cooling to room
temperature, the solution was poured into Et2O (300 mL) and placed in a -20 °C freezer for 8 h.
The Et2O was then decanted and the bromide salt was dissolved in DI H2O (20 mL) and washed
with EtOAC (3 x 10 mL). Additional DI H2O (10 mL) was added after the washes. LiTf2N (16.3
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g, 57.7 mmol) was then added to the aqueous solution, and an oil precipitate was immediately
observed. After 3 h of stirring at room temperature, the precipitate was dissolved in CH2Cl2 (20
mL) and washed with DI H2O (7 x 25 mL) to remove halide salt impurities. The CH2Cl2 solution
was stirred with activated charcoal and anhydrous MgSO4 for 24 h prior to filtration. The CH2Cl2
was removed in vacuo to afford the product (vi) as a solid with a melting point slightly above
room temperature (18.8 g, 79% yield). (It should be noted that when we added two equivalents
of 4-bromo-1-butene to pyrrolidine to attempt to form the pyrrolidinium salt, we were unable to
obtain a pure product). 1H NMR (300 MHz, CDCl3): δ 1.94 (m, 2H), 2.07 (td, 3H), 2.46 (m,
4H), 3.32 (m, 4H), 3.52 (m, 3H), 5.19 (m, 4H), 5.78 (ddtd, 2H).
3.2.2.4.3 Synthesis of 1,1-bis-(2-oxiranyl-ethyl)-pyrrolidinium trifluoromethanesulfonimide
(D) from (vi)
The epoxidation of compound vi (12 g, 26 mmol) with m-CPBA was conducted as
described previously for the imidazolium-based bis(epoxide) monomers to give monomer D as a
slightly yellow oil (10.3 g, 80%).

1

H NMR (300 MHz, DMSO-d6): δ 1.83 (m, 2H), 2.08 (m,

6H), 2.59 (dd, 2H), 2.75 (dd, 2H), 3.00 (m, 2H), 3.39 (m, 4H), 3.52 (m, 4H); 13C NMR (75 MHz,
DMSO-d6): δ 125.9 (q, CF3), 121.7 (q, CF3), 117.4 (q, CF3), 113.2 (q, CF3), 62.5, 55.8, 48.8,
46.0, 26.0, 21.4; IR (cm-1): 740, 762, 789, 859, 914, 1051, 1132, 1178, 1329, 1348, 1465; HRMS
(m/z): calculated as [A]+; 212.1651; found, 212.1662. See the Supplementary Information for the
1

H and 13C NMR spectra of monomer D (Figures 3.15 and 3.16).

3.2.3 Epoxy-amine resin curing experiments
Epoxy-amine resin curing experiments were performed on a heated FT-IR ATR stage at
50 °C, with scans collected at 0, 5, 10, 20, 30, 40, and 50 min. Samples (ca. 0.3 g) were mixed,
and a scan immediately collected for the zero min measurement. The disappearance of the
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epoxide C–O stretching band (808–973 cm-1) was integrated with reference to an imidazolium
bis(trifluoromethane)sulfonimide peak (1029-1078 cm-1) and used to calculate the epoxide
conversion. Classical non-linear S-G gelation theories (statistical and Carothers) were used to
compare theoretical gel point conversions to the experimentally determined conversions.36, 37 A
detailed example of the technique and calculations are included in a previous publication. 23
Typically, experimentally measured conversions and gel point conversions fall between the
classical gelation theories due to assumptions inherent in these theories. Confirmation that the
gel point conversion values fall between those predicted suggests that the S-G polymerizations
are complete.
3.2.4 CO2 gas solubility measurements
CO2 solubility measurements were performed using a volumetric technique described in
previous publications.23,

42

Other relevant gas solubility values (N2 and CH4) were below the

detection limit of the sorption apparatus (<0.05 psi adsorbed per 0.5 g sample, equivalent to <5.4
x 10–3 mmol/gsample). A known sorption volume containing the resin of interest was evacuated
overnight prior to introduction of CO2. A pressure decrease was measured for the constant
volume and used to calculate the CO2 uptake using the Ideal Gas Law.23,

42

The sorption

experiments were performed with an initial pressure of 1 bar at room temperature. After
equilibration, the test samples were degassed at 75 °C in vacuo for 5 h and cooled to room
temperature prior to additional sorption experiments.
3.2.5 Fabrication of epoxy-amine ion-gel membranes
The desired amounts of epoxide monomer and free IL were combined in a small vial. The
calculated amount of amine monomer (TAEA or TMAEA) was then added via a micropipette
and vortexed for 1 min. The vial was allowed to sit while bubbles escaped from the solution and
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then poured onto a 47-mm-diameter Supor-200 support and placed between two Rain-X treated
glass plates. The plates were then clamped together using binder clips and placed in a 50 °C oven
for at least 3 h to ensure complete S-G polymerization. After cooling, the glass plates were
separated and the excess material was carefully removed from the edges of the membrane with a
razor blade. FT-IR analysis of the cured films revealed between 60-75% epoxide conversions.
3.2.6 Ideal single-gas permeability, diffusivity, and solubility measurements and theory
The ideal single-gas permeability values of the cross-linked epoxy-amine PIL/IL ion-gel
membranes were determined using a previously described time-lag method and apparatus.15, 29
All gases (CO2, N2, CH4) were tested in triplicate with a feed pressure of 2 bar at room
temperature with vacuum on the permeate side. Gas transport was assumed to follow the
solution-diffusion mechanism for dense materials, where the permeability (Pi) of a gas species
“i” depends on the gas diffusivity (Di) and gas solubility (Si) by Eq. 3.1.9, 43
𝑃𝑖 ≡ 𝑆𝑖 × 𝐷𝑖

(3.1)

𝐽

where, 𝑃𝑖 = ∆𝑝𝑖 𝑙

(3.2)

𝑖

𝑎𝑛𝑑 𝑃[=]𝑏𝑎𝑟𝑟𝑒𝑟, 1 𝑏𝑎𝑟𝑟𝑒𝑟 = 10−10

𝑐𝑚3 (𝑆𝑇𝑃) ∙ 𝑐𝑚
𝑐𝑚2 ∙ 𝑠 ∙ 𝑐𝑚 𝐻𝑔

In Eq. 3.2, Ji is the flux of gas i; ∆pi is the average transmembrane pressure drop during the
steady-state permeation region; and l is the membrane thickness. Ji was calculated from Eq. 3.3,
where pi and pi,leak are the permeate pressures (psia), t is the experiment time, V is the permeate
volume, ε is the support porosity, Aeff is the membrane area, and T is the absolute temperature.
𝑑𝑝

𝐽𝑖 = ( 𝑑𝑡𝑖 −

𝑑𝑝𝑖,𝑙𝑒𝑎𝑘
𝑑𝑡

) 𝜀𝐴

𝑉

𝑒𝑓𝑓

273.15𝐾

𝑐𝑚3 (𝑆𝑇𝑃)

∙
(
𝑇 14.696 𝑝𝑠𝑖

𝑐𝑚2 𝑠

)

(3.3)

The quantity (dpi/dt) in Eq. 3.3 is the steady-state slope of the pi vs. t curve. The value
(dpi,

leak/dt)

is the permeate leak rate, determined by measuring the pressure increase after
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vacuum evacuation and closing all valves. Selectivity, by definition, is the ratio of the
permeability of the more permeable species (i) to the permeability of the less permeable species
(j). Eq. 3.4 represents the permeability selectivity (for gas species i and j) for materials that
follow the solution diffusion transport mechanism.
𝑃

𝑆

𝐷

𝑃𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝛼𝑖⁄𝑗 ) = 𝑃 𝑖 = 𝑆𝑖 × 𝐷 𝑖
𝑗

𝑗

𝑗

(3.4)

Permeability selectivity can be expressed as the product of diffusivity and solubility
selectivity, as shown in Eq. 3.4. The time-lag apparatus allows for single-gas diffusivity (Di)
measurements according to Eq. 3.5, where l is the membrane thickness and θ is the “time-lag”.44,
45

𝑙2

𝐷𝑖 = 6𝜃

(3.5)

The time-lag (θ) was determined by extrapolation of the linear, steady-state, portion of the pi
vs. t curve to the t-axis, where the intercept is equal to θ. Once Di and Pi were determined, the
single-gas solubility value (Si) was calculated from Eqs. 3.2 and 3.5.

3.3

Results and discussion

3.3.1 Rationale for monomer selection
Figure 3.4 displays the bis(epoxide) monomers (A–D), multifunctional amine monomers
(TAEA and TMAEA), and the free IL (EMIM Tf2N) utilized in this study. Monomers A–D
were synthesized to illustrate the versatility of our synthetic method and the potential structural
scope of bis(epoxide) functionalized ILs. This work uses these monomers to investigate the
reaction rate and CO2 sorption properties of IL-based epoxy-amine resins when there is increased
distance between the imidazolium and epoxide functionalities (A vs. B), the effect of using
gemini rather than single imidazoliums (A and B vs. C), and the effect of imidazolium vs.
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pyrrolidinium cation (A vs. D). Lastly, multifunctional amine monomers (TAEA and TMAEA)
were studied to determine the effect of using a 1° vs. 2° amine monomer. Obviously, there are
numerous bis(epoxide) IL monomer structures that can be synthesized and this paper aims to
demonstrate that without attempting to be synthetically comprehensive.

Figure 3.4: Compounds utilized in this study: Compounds A–D are bis(epoxide)-functionalized
IL monomers. TAEA and TMAEA are commercially available multifunctional amine
monomers. EMIM Tf2N is the free IL used to prepare the ion-gel membranes.

3.3.2 Effect of bis(epoxide) IL monomer on curing rate and CO2 affinity of ionic epoxyamine resins and ion-gels
In order, this section describes how changes in the bis(epoxide) monomer structure were
found to affect the curing speed, CO2 solubility, and gas permeability of ionic epoxy-amine
resins and/or ion-gels formed with TAEA. Materials in this section were prepared with TAEA to
allow a direct comparison to monomer A and to evaluate the effect of changing the bis(epoxide)
monomer.23
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3.3.2.1 Curing of epoxy-amine resins and ion-gels
Figure 3.5 displays the epoxide conversion versus time for the imidazolium bis(epoxide)
monomers (A–C) at both 3:2 and 3:1 monomer ratios with no free IL reacted with the
multifunctional amine TAEA. The epoxide conversions approach the conversions predicted by
the Carother’s and statistical gelation theories which suggests there is nearly ideal cross-linked
network formation. Monomers A and B react faster than monomer C for both 3:1 and 3:2
stoichiometry resins. The curing rates follow the trend of bis(epoxide) monomer molecular
weight (489, 549, and 997 g/mol, for A, B, and C, respectively). This is likely due to the
different steric hindrance and diffusion limitations of the three monomers with respect to their
reaction rates with the same amine monomer, as paralleled by increasing viscosities for neat A,
B, and C, respectively. The neat curing data is consistent with previously reported epoxy-amine
curing reactions that assumed an auto-catalyzed reaction mechanism (i.e. formed alcohols
accelerate the curing rate).46

Figure 3.5: Epoxide conversion vs. time plots for bis(epoxide) imidazolium monomers A–C
cured with TAEA at either 3:1 or 3:2 monomer stoichiometry.

Figure 3.6 displays epoxide conversion vs. time data for a mixture of monomer B and
TAEA with EMIM Tf2N loadings of 0, 20, 40, and 60 wt. %. These curing studies were
performed because B was used to form the ion-gel membranes discussed in Section 3.2.3. The
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curing rates of these systems are dependent on the molar concentration of functional groups in
the mixture; the 3:2 stoichiometry is faster than the 3:1 and the reaction rate decreases as the free
IL content increases. Dilution is likely the cause of the observed decreased curing rate with
increasing IL loading, whereas the faster curing rate for the 3:2 systems is likely due to the
higher functional group concentration relative to the 3:1 systems. At weight loadings above 60
wt. % (3:1) and 50 wt. % (3:2) EMIM Tf2N, the resulting ion gels were not capable of forming
films with mechanical properties suitable for our gas permeation testing method. Therefore, 60
wt. % and 50 wt. % were the “maximum” free IL loadings selected to prepare the (3:1) and (3:2)
ion-gel membranes reported in Section 3.2.3.

Figure 3.6: Epoxide conversion vs. time plots of bis(epoxide) imidazolium monomer B cured
with TAEA at either 3:2 or 3:1 stoichiometry and 0, 20, 40, and 60 wt. % free IL.

3.3.2.2 CO2 sorption of epoxy-amine resins
Figure 3.7 displays the CO2 uptake and the CO2 uptake normalized to the number of
amine binding sites for the epoxy-amine resins with bis(epoxide)s A–D at both 3:2 and 3:1
stoichiometric ratios with TAEA. For each of the bis(epoxide) monomers, the 3:2 stoichiometry
resins exhibit higher CO2 uptake than the corresponding 3:1 resins. On a mmolCO2 /gresin basis,
CO2 uptake increases with the amount of initial TAEA for each sample and the molecular weight
of the bis(epoxide) monomer. Although bis(epoxide) molecular weight dominates the
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mmolCO2 /gresin uptake, other chemical and material factors affect the molCO2 /molamine uptake.
The 3:1 and 3:2 resins produced with monomer C have lower glass transition temperatures (Tg)
(–18, –27 vs. –5 to 38 °C for A and B (see the Supplementary Information, Table 3.5) and lower
epoxide conversions (54, 64 vs. 70-80 %), which leaves more lower order amines free to interact
with CO2 and thus the highest normalized CO2 uptake.3 Poly(ethylene glycol) is known to
interact specifically through physical interactions with CO2 which could contribute to the higher
normalized CO2 affinity of systems with monomer C.47 The normalized CO2 uptake capacities of
A and B resins are equal (within error), suggesting that the single ether linkage plays a relatively
negligible role in the uptake of CO2. This is also suggestive that the presence of the ethylene
glycol linkage has neither a steric (chain length difference) or electronic (alkyl vs. glycol) effect
on CO2 binding by the amines. However, we do observe that the addition of the ether linkages
suppresses the Tg values of all the studied resins. From comparison to previous work, this is a
result of the higher molecular weight of B which increases the molecular weight between crosslinks and thus decreases the cross-link density.37 Since the epoxide conversions and CO2 uptake
values are very similar for A and B resins, it is likely that the networks have similar functional
groups.

Figure 3.7: Bar graphs displaying the CO2 capacity for epoxy resins prepared with monomers
A–D with TAEA at 3:1 and 3:2 monomer stoichiometries. The left plot displays CO2 capacity in
mmolCO2/gresin while the graph on the right displays the data in units of molCO2/molamine binding sites.
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Figure 3.7 also displays the comparative data for 3:1 and 3:2 epoxy-amine resins
prepared from monomers A and D. The molecular weights of A (489 g/mol, imidazolium) and D
(492 g/mol, pyrrolidinium) are very similar (see the Supplementary Information, Table 3.5), and
this is reflected in the comparable mmol/g uptakes of CO2 (1.0 and 0.14 (mmol CO2/g) vs 0.9
and 0.10 (mmol CO2/g) for their 3:2 and 3:1 stoichiometry resins, respectively. The normalized
CO2 uptakes are within error for the 3:2 stoichiometries and similar for the 3:1 resins. Therefore,
the cation plays a small role in observed CO2 uptake. The Tg values for epoxy-amine resins with
D are lower than those observed with A (Supplementary Information, Table 3.5). This is
potentially due to the slightly lower epoxide conversions observed for these materials but could
also be in part due to hydrogen bonding and pi stacking forces of the imidazolium ring that are
not present in the pyrrolidinium system. Since membranes with pyrrolidinium ILs and ion-gels
typically exhibit lower CO2 permeability than their imidazolium counterparts with very similar
selectivity,22 we did not prepare ion-gel membranes with monomer D.

3.3.2.3 Gas permeability, solubility, and diffusivity of ion-gels with monomer B
Figure 3.8 displays the CO2/N2 and CO2/CH4 Robeson plots for membranes containing
50 or 60 wt. % IL prepared with imidazolium-based bis(epoxide) monomers A or B.48, 49 Only
the 3:1 membrane was tested for monomer B at 60 wt. % because the corresponding 60 wt. %
3:2 stoichiometry membrane did not have adequate physical properties for membrane testing
(likely due to insufficient cross-linking). Both stoichiometries formed suitable membranes at 50
wt. % free IL loading. In comparison to membranes with A, ion-gel membranes prepared with
monomer B have higher CO2 permeabilities and retain similar CO2/N2 and CO2/CH4 selectivity
values. These results likely arise from a lower cross-link density and enhanced CO2 interactions
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with the ether linkages in B.21, 50 Due to the chemically similarity of A and B, it is not surprising
that the membranes have comparable CO2 gas permeability and selectivity values. These results
agree with previous studies where the amount of free IL is the dominant factor in determining the
CO2 permeability of ion-gels.21-23, 25, 26 Since these materials have higher selectivities for CO2 vs.
N2 compared to CO2 vs. CH4, we anticipate these materials will be better suited for CO2/N2
separations. Figures 3.17 and 3.18 in the Supplementary Information display the CO2/CH4 and
CO2/N2 Robeson plots for these new polymer materials and compare their performance data to
those of other membrane materials in the literature. To investigate the origin of the gas
permeability and selectivity for these systems, we calculated the diffusivity and solubility of CO2
and CH4 for these membranes.

Figure 3.8: CO2/N2 and CO2/CH4 Robeson plots for epoxy ion-gel membranes with either 50 or
60 wt. % free IL and EMIM Tf2N. The data points for ion-gel membranes prepared with
monomer A are displayed in blue, and the data points for ion-gel membranes prepared with
monomer B are in red. Membranes with 3:1 stoichiometries are depicted with squares, and
membranes with 3:2 stoichiometries are displayed as circles.

The data for membranes with monomer B have been bolded in Table 3.1 for emphasis.
For the 3:2 stoichiometry membrane prepared with monomer B, the diffusivity selectivity for
CO2/CH4 is less than one. This finding is analogous to a previous report with membranes
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prepared with TAEA and monomer A.23 A detailed discussion on the origin of this behavior can
be found in that work. Here, we will simply note that the inverse CO2/CH4 diffusivity selectivity
observed is rare for polymer membranes and membranes with high wt. % loadings of free IL due
the favorable diffusion of smaller gas molecules. Membranes with monomer B exhibit slightly
higher permeability values at lower free IL loadings but do not accommodate as much free IL as
networks produced with monomer A (60 vs. 75 wt. %).23 Fabrication of ion-gel membranes was
attempted with monomer C but solid materials were not formed at 50 wt. % free IL and therefore
membranes were not tested. Future studies will quantify performance of imidazolium-based
PIL/IL membranes with <50 wt. % free IL.
Table 3.1: CO2 permeability, CO2/CH4 solubility selectivity, and CO2/CH4 diffusivity selectivity
for ion-gel membranes with 50 and 60 wt. % free IL and monomers A and B. The labeling is
defined by wt. % free IL-(monomer stoichiometry)-epoxide monomer (e.g., 50 – 3:1 - A refers to
a membrane with 50 wt. % free IL made with a monomer stoichiometry of 3 mol A:1 mol TAEA
whereas 50 – 3:1 – B is a membrane with 50 wt. % free IL and made with a 3 mol monomer B:1
mol TAEA ratio).
Membrane
50 - 3:1 - A
50 - 3:1 - B
50 - 3:2 - A
50 - 3:2 - B
60 - 3:1 - A
60 - 3:1 - B
60 - 3:2 - A

P(CO2) (barrer) S(CO2)/S(CH4)D(CO2)/D(CH4) P(CO2)/P(CH4)
125 ± 5
12.9
1.41
18.1
150 ± 10
14.9
1.37
19
100 ± 5
49.5
0.32
15.8
100 ± 5
57.8
0.27
15.6
230 ± 5
14.5
1.29
19
260 ± 10
9.7
1.91
18.6
210 ± 5
29.9
0.55
16.4

3.3.3 Effect of amine monomer (TAEA vs. TMAEA) on curing rate, CO2 solubility, and
gas permeability of epoxy-amine resins and ion-gels
3.3.3.1 Curing rate of epoxy-amine resins with TAEA vs. TMAEA
Previous work has shown that etherification, the reaction of a formed alcohol with an
epoxide, plays a negligible role when the curing reactions are performed at low temperatures and
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1° or 2° amines are present in equal concentration (or greater) as the epoxides.23, 38, 51 Therefore,
we have omitted etherification as a factor in our analysis, and note that this implies that a 3:1
stoichiometry TMAEA resin would not produce cross-linked materials.38, 51 Figure 3.9 displays
hypothetical 100% converted network structures of 3:2 epoxy-amine resins with TAEA and
TMAEA. TAEA-based resins should have lower order amines at comparable epoxide
conversions and thus exhibit higher CO2 affinity than resins with TMAEA.3

Figure 3.9: Idealized, 100%-converted network structures for 3:2 epoxide:amine monomer
stoichiometries with either TAEA or TMAEA.23 As indicated, these hypothetical structures
propagate indefinitely in three dimensions. Partially reproduced from reference 23 with
permission. Copyright Elsevier, 2014.

FT-IR curing studies were conducted with bis(epoxide) monomer A reacted with TAEA or
TMAEA and a 3:2 bis(epoxide) monomer-to-amine monomer ratio, respectively. Figure 3.10
displays the epoxide conversion vs. time for these experiments and the predicted gel point
conversions from the Carothers and statistical S-G gelation theories.36, 37 The epoxy-amine resin
prepared with TMAEA reacts slower than the resin with TAEA and only reaches 40% epoxide
conversion after 50 min of curing at 50 °C due to the higher reactivity of 1° amines compared to
2° amines.52, 53 Contrary to a report on a neutral epoxide cured with TAEA and TMAEA in an
alcohol solvent, we observed that TAEA systems react faster at 50 °C in the neat state.54 The
presence of alcohol or water in these systems could increase the observed reaction rates. Similar
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to the curing data shown in section 3.2.1, the shape of the epoxide conversion vs. time plot
follows that of an auto-catalyzed reaction mechanism.46 Comparable epoxide conversions can be
reached after 3 h of curing with TMAEA (vs. 50 min with TAEA). Therefore in order to obtain
comparable results, we prepared epoxy-amine resins using TMAEA by curing a 3:2
stoichiometry resin at 50 °C for 5 h to ensure complete epoxide conversion was reached.

Figure 3.10: Epoxide conversion vs. time plot for 3:2 stoichiometry resins containing either
TAEA or TMAEA.

3.3.3.2 CO2 uptake capacities and resin properties for TAEA vs TMAEA resins
Table 3.2 displays the Tg values, CO2 uptake capacities, and epoxide conversions of three
different IL-based epoxy-amine resins (X–Z).23 Of particular interest is the comparison between
resins with 3:2 epoxide:amine stoichiometries Y (TAEA, 1° amines) and Z (TMAEA, 2°
amines). From the similar Tg values (17 °C vs. 9 °C) and epoxide conversions (82 % vs. 80 %),
we can infer that the resins have similar structures and network properties. This allows us to
attribute the 5 times higher CO2 uptake of resin Y compared to resin Z (1.0 mmol/g vs. 0.21
mmol/g) to the use of 1° vs. 2° multifunctional amine monomers and shows the benefit of using
1° amines to obtain epoxy-amine resins with high CO2 uptakes. Resin Z was found to have a
higher CO2 capacity than resin X. Since resin X has half the moles of amine monomer compared
to resin Z, it is likely that TAEA has an effect on the CO2 capacity because the capacity of Z is
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only 1.5 times higher than X. When the CO2 capacity is normalized to the number of amine
binding sites in the resins, resin X displays a slightly higher capacity than resin Z (0.054 ± 0.01
mmolCO2/molamine

sites

vs. 0.050 ± 0.01 mmolCO2/molamine

sites).

This suggests that X has lower-

order amines with stronger interactions with CO2 compared resin Z. Comparison of the Tg values
(38 °C vs. 9 °C and 17 °C) shows that X is likely a more densely cross-linked material, which
could hinder CO2 access to the amine binding sites. Clearly, there is an effect on the properties of
epoxy-amine resins when the multifunctional amine monomer is changed from TAEA to
TMAEA.
Table 3.2: Comparison of collected data for epoxy-amine resins X–Z: glass transition
temperature (Tg), CO2 capacity (mmolCO2/gresin).
Resin
Amine Monomer
Stoichiometry
T g (°C)
CO2 capacity (mmol CO2/g resin)

X
TAEA
3:1
38
0.1 ± 0.02

Y
TAEA
3:2
9
1 ± 0.1

Z
TMAEA
3:2
17
0.2 ± 0.02

3.3.3.3 Gas permeability, diffusivity, and solubility selectivity for TMAEA containing iongel membranes
Previously, we reported the properties of 3:1 and 3:2 ion-gel membranes with monomer
A and loadings of 50 or 60 wt. % of the same free IL.23 Table 3.3 compiles the CO2 permeability,
the CO2/CH4 solubility and diffusivity selectivities, and the CO2/CH4 and CO2/N2 permeability
selectivity of those membranes and compares them to the 3:2 analogues with TMAEA and
EMIM Tf2N.21,

23, 55

The permeability of the TMAEA membranes is comparable to the 3:1

TAEA systems and higher than the 3:2 TAEA membranes. At a 3:2 stoichiometry and equal IL
loadings, TMAEA outperforms TAEA by 30 barrers. As expected, the TMAEA-based ion-gel
membranes have a lower CO2/CH4 solubility selectivity and a higher CO2/CH4 diffusivity
selectivity due to the presence of higher-order amines with weaker CO2 interactions. The
77

solubility and diffusivity selectivity ratios for the TMAEA membranes are relatively unaffected
by free the IL loading, suggesting that the networks have similar CO2 affinities. This is
reinforced by the solubility and diffusivity selectivity being nearer to those of EMIM Tf2N than
TAEA-based membranes. This finding indicates that the choice of amine monomer can have
significant effects on membrane properties (at moderate IL loadings). Although the less reactive
TMAEA monomers increase CO2 permeability and diffusion, these systems have slower curing
rates than the TAEA systems. Therefore, the choice of amine component is trade-off between
these properties
Table 3.3: CO2 permeability, CO2/CH4 solubility and diffusivity selectivities, and CO2/N2 and
CO2/CH4 permeability selectivity values for the ion-gel membranes in this study and EMIM
Tf2N.21, 29 The labeling is defined by wt. % free IL – (monomer stoichiometry) monomer (e.g.,
50 – (3:2) TAEA refers to a membrane with 50 wt. % free IL and made with a stoichiometry of 3
mol monomer A:2 mol TAEA).
Membrane

3.4

P(CO2 ) (barrer) S(CO2 )/S(CH4 ) D(CO2 )/D(CH4 ) P(CO2 )/P(N 2 ) P(CO2 )/P(CH4 )

50 - (3:1) - TAEA

125 ± 5

12.9

1.41

28

18

50 - (3:2) - TAEA

100 ± 5

49.5

0.32

28

16

50 - (3:2) - TMAEA

130 ± 5

9.6

1.67

28

16

60 - (3:1) - TAEA

230 ± 5

14.5

1.29

36

19

60 - (3:2) - TAEA

210 ± 5

29.9

0.55

31

16

60 - (3:2) - TMAEA

240 ± 5

10.1

1.4

33

17

EMIM TF2 N

1000 ± 100

5.7

2.6

31

16

Summary
The synthesis of three new bis(epoxide)-functionalized IL S-G monomers is reported.

These monomers were cured with commercially available multifunctional 1° and/or 2° amines to
form ionic epoxy-amine resins or ion-gels. This allowed for the comparison of amine type,
bis(epoxide) monomer structure, chemical functionality, and cation nature of the bis(epoxide)
monomer on the CO2 uptake, epoxide curing rates, and glass transition temperatures of the
materials. We determined that favorable CO2 diffusion selectivity can be obtained by using 2°
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amine cross-linking monomers compared to 1° amine monomers. However, the curing rate for
resin systems with 2° amine monomers is slower than those with 1° amines. The trade-off
between curing rate and CO2 affinity exists and should be evaluated in future work. Additionally,
the mechanical properties (i.e., stability) of these materials should be explored in future work.
The CO2 uptake of ionic epoxy-amine resins does not appear to be dependent on the IL cation
type (pyrrolidinium vs. imidazolium). We determined that by changing the imidazolium
bis(epoxide) monomer or the multifunctional amine monomer, the CO2 permeability and/or
diffusivity can be enhanced.
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Figure 3.11: 1H NMR spectrum of bis(epoxide) IL monomer B (1,3-bis-(2-oxiranylmethoxyethyl)-imidazolium trifluoromethanesulfonimide) in DMSO-d6. Note: The H2O peak is from
residual water in the DMSO and the CH3CN was removed with high vacuum after NMR was
collected and prior to HRMS analysis and use.

Figure 3.12: 13C NMR spectrum of bis(epoxide) IL monomer B (1,3-bis-(2-oxiranylmethoxyethyl)-imidazolium trifluoromethanesulfonimide) in DMSO-d6.
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Figure 3.13: 1H NMR spectrum of bis(epoxide) IL monomer C in DMSO-d6. Note: The H2O
peak is from residual water in the DMSO.

Figure 3.14: 13C NMR spectrum of bis(epoxide) IL monomer C in DMSO-d6.
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Figure 3.15: 1H NMR spectrum of bis(epoxide) IL monomer D in DMSO-d6.

Figure 3.16: 13C NMR spectrum of bis(epoxide) IL monomer D in DMSO-d6.
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Figure 3.17: CO2/CH4 Robeson plot showing the performance of the epoxide:amine ion gels in
relation to a large data set of materials from literature.

Figure 3.18: CO2/N2 Robeson plot showing the CO2/N2 separation performance of the
epoxide:amine ion gels in this study relative to the CO2/N2 separation performances of other
polymers and materials from literature.
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Table 3.4: Data for the epoxy-amine ion gel membranes in Chapter 3.
Membrane

P(CO2)
(barrer)

S(CO2)/S(CH4)

D(CO2)/D(CH4)

P(CO2)/P(N2)

P(CO2)/P(CH4)

50 - (3:1) - TAEA

125 ± 5

12.9

1.41

28

50 - (3:2) - TAEA

100 ± 5

49.5

0.32

28

18
16

50 - (3:2) - TMAEA

130 ± 5

9.6

1.67

28

60 - (3:1) - TAEA

230 ± 5

14.5

1.29

36

16
19

60 - (3:2) - TAEA

210 ± 5

29.9

0.55

31

16

60 - (3:2) - TMAEA

240 ± 5

10.1

1.4

33

17

50 - 3:1 - B - TAEA

14.9

1.37

31.8

19

50 - 3:2 - B -TAEA

150 ± 10
100 ± 5

57.8

0.27

24.9

15.6

60 - 3:1 - B -TAEA
EMIM TF2N

260 ± 10

9.7
5.7

1.91
2.6

32.5

18.6

1000 ± 100

31

16

Table 3.5: Data for six epoxy-amine resin samples made with monomers A–D: bis(epoxide)
monomer molecular weight, CO2 capacity in mmolCO2/gresin and molsCO2/molamine binding sites, glass
transition temperatures, and degree of epoxide conversion.
Monomer A
489
3:1
3:2

Bis(epoxide) formula weight (g/mol)
Stoichiometry

Monomer B
549
3:1
3:2

Monomer C
997
3:1
3:2

Monomer D
492
3:1
3:2

CO2 capacity (mmol/g)

0.14 ± 0.02

CO2 capacity (mols CO2/mols binding sites)

0.054 ± 0.01 0.22 ± 0.02 0.07 ± 0.01 0.21 ± 0.03 0.08 ± 0.003 0.28 ± 0.01 0.039 ± 0.01 0.20 ± 0.02

Glass Transition Temperature, Tg (°C)
Epoxide Conversion

1.0 ± 0.1 0.15 ± 0.01 0.88 ± 0.13 0.099 ± 0.003 0.68 ± 0.03 0.10 ± 0.01 0.9 ± 0.05

38
70

9
80

12
71

-5
78

-18
54

-27
64

20
63

3
77

Table 3.6: Comparison of collected data for epoxy-amine resins X–Z: glass transition
temperature (Tg), CO2 capacity (mmolCO2/gresin), and epoxide conversion (after 5 h of curing at 50
°C for resin Z and 50 min of curing at 50 °C for resins X and Y).
Resin
Amine Monomer
Stoichiometry
Tg (°C)

X
TAEA
3:1
38

Y
TAEA
3:2
9

Z
TMAEA
3:2
17

CO2 capacity (mmol CO2/g resin)

0.14 ± 0.02

1.0 ± 0.1

0.21 ± 0.02

CO2 capacity (mmol CO2/mol amine sites) 0.054 ± 0.01 0.22 ± 0.02 0.050 ± 0.01
Epoxide Conversion(%)
67
80
82
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Chapter 4: Fixed-site-carrier Facilitated Transport of
Carbon Dioxide Through Ionic-liquid-based Epoxy-amine
Ion Gel Membranes

(Submitted for publication as: McDanel, W. M.; Cowan, M. G.; Chisholm, N. O.; Gin, D. L.;*
Noble, R. D.* “Fixed-site-carrier Facilitated Transport of Carbon Dioxide through Ionic-liquidbased Epoxy-amine Ion Gel Membranes,” J. Membr. Sci. 2015, submitted.)
Abstract:
The amine functional groups in room-temperature ionic liquid (RTIL)-based epoxyamine ion gel membranes allow for the fixed-site-carrier facilitated transport of CO2. These
membranes were tested under humidified mixed-gas (CO2/N2) feeds in order to evaluate the
effects of relative humidity, CO2 partial pressure, and hydrophobicity of the added free RTIL on
CO2/N2 separation performance. Changes in relative humidity were found to have little effect on
CO2/N2 separation performance at constant CO2 partial pressure. However, comparison to drygas measurements showed that the presence of water vapor is necessary to observe facilitated
CO2 transport in these systems. Increased CO2 permeability and CO2/N2 selectivity were
observed for these epoxy-amine ion gel membranes with decreasing CO2 partial pressure, as
expected for materials operating via the fixed-site-carrier facilitated transport mechanism. The
hydrophilicity of the free RTIL was found to influence CO2 transport, with a more hydrophilic
RTIL able to facilitate CO2 transport at lower relative humidity. Facilitated transport enhances
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the CO2/N2 separation performance of these epoxy-amine ion gel membranes and enables them
to exceed the 2008 Robeson Plot upper bound.

4.1

Introduction
Carbon dioxide (CO2) gas accounts for roughly 80% of anthropogenic greenhouse gas

emissions and has been associated with both global climate change and ocean acidification.1 To
mitigate the unavoidable environmental consequences related to these phenomena, it is desirable
to prevent or limit atmospheric CO2 emissions from large point sources, such as coal and natural
gas-fired power plants. This can be achieved by post-combustion carbon capture and
sequestration (CCS). CCS involves the capture, and purification of CO2, followed by
sequestration and/or utilization of the captured CO2.2
The first step in post-combustion CCS technology requires an inexpensive, large-scale
method of separating CO2 from the other light gases present in flue gas (primarily N2).2,

3

Conventional technologies to separate CO2 from flue gas streams include amine adsorption,
cryogenic separations, pressure swing adsorption, and membrane separations.4 Polymeric gas
separation membranes offer the relative advantages of low operating and capital costs, ease of
operation, and modularity, due to their smaller size.5,

6

For these reasons, there has been

considerable scientific and industrial effort to design and develop polymeric membrane materials
for post-combustion CCS.
Gas transport in dense polymer membranes proceeds via the solution-diffusion transport
mechanism. Gas molecules transport across a partial pressure gradient by dissolving at the
upstream (feed) interface, diffusing through the membrane and desorbing at the downstream
(permeate) interface.7, 8 All polymers have an inherent gas permeability and selectivity. Gas
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permeability is defined as the gas flux, normalized to the membrane thickness and
transmembrane pressure difference. Gas selectivity is the ratio of the permeability of the faster
gas species through the membrane to that of the slower gas penetrant.7
For polymer membranes, a permeability-selectivity trade-off is typically observed, (i.e.,
as polymers become more permeable they also become less selective). This trade-off is
represented by the empirically-derived Robeson upper bound, which has been explained by
Freeman.8-10 In general, a membrane material with permeability-selectivity behavior close to or
above the CO2/N2 upper bound has excellent separation potential for post-combustion CCS. A
major challenge for membrane-based CO2 separation is to produce membranes with both high
CO2 permeance and high CO2/N2 selectivity in order to compete with traditional separation
technologies.5
Room-temperature ionic liquid (RTIL)-based materials have been explored for CO2/N2
separations because of their negligible vapor pressure, inherently good CO2/light gas solubility
selectivity, and high CO2 diffusivity compared to most polymer membranes.11, 12 RTIL-based ion
gels are defined as solid-liquid composite materials that utilize cross-linked, polymerized roomtemperature ionic liquids (poly(RTIL)s) to physically entrap added free RTIL.13-16 Many groups
have investigated the formation RTIL-based ion gels because the free, “unbound” RTIL provides
advantageous gas diffusivity while maintaining the mechanical properties of a solid material.13-15,
17-19

Many RTIL-based membranes have permeability-selectivity performance for CO2/N2

separation that lies near or above the 2008 Robeson upper bound.13-17,

20

Therefore, these

materials are promising candidates for preparing high-performance membranes for CCS.21
Facilitated transport refers to a transport mechanism that can occur in conjunction with
the solution-diffusion mechanism.22 Facilitated transport operates by either “mobile” or “fixed90

site” carriers, which are chemical functional groups capable of a reversible chemical interaction
(chemical or physical) with a specific gas molecule (e.g., the reversible reaction of amines with
CO2). Relevant to this work are fixed-site-carrier facilitated transport membranes, in which the
interactive/reactive carrier groups are fixed (i.e., covalently bonded) to the membrane.23-25
Fixed-site-carrier facilitated transport of CO2 has been reported for many different
membrane compositions.26-30 Amine-containing polymers and small molecules are the most
common CO2 carriers. Humidified, mixed-gas permeation tests are generally required to
effectively evaluate whether or not facilitated transport occurs in these membranes. The role of
humidification (i.e., presence of water vapor) for the amine-facilitated transport of CO2 is
depicted in Figure 4.1.31, 32 Reactions 1–4 in Figure 4.1 make up the zwitterion mechanism in
which water acts as a co-reagent with primary (1°) or secondary (2°) amines to react with CO2.33
CO2 first reacts with either a 1° or 2° amine to form a zwitterion intermediate (reaction 1). The
zwitterion is then deprotonated by another amine or H2O to form a carbamate salt (reactions 2
and 3). Lastly, the carbamate ion can react with H2O to form bicarbonate, (HCO3–). CO2
transport can be facilitated in the form of bound carbamate and HCO3–. Lastly, the presence of
tertiary (3°) amines can facilitate the transport of CO2 via reaction 5, wherein CO2 and H2O react
with a 3° amine to form ammonium and HCO3–.
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Figure 4.1: The typical reactions that occur between amines (Am) with CO2. CO2 transport can
be facilitated by either the bound carbamate or bicarbonate ion.
Facilitated transport operates when the carrier concentration in the membrane is similar to
the solute concentration in the gas feed. At higher solute concentrations, the carrier sites become
saturated, and the solution-diffusion mechanism dominates. At low solute concentrations,
facilitated transport can occur and results in enhanced transport behavior. This non-linear
transport behavior with solute concentration is an identifying feature of facilitated transport.22
Since the CO2 content in post-combustion flue gases is low (4–10% for natural gas-fired, and
~13% for coal-fired power plants, respectively) and contains water vapor, the facilitated
transport mechanism has great potential for this separation.
Our group recently reported the use of epoxy-amine chemistry to prepare ion gel
membranes containing up to 75 wt. % free RTIL (Figures 4.2 and 4.3).

15, 16

These materials

possess amine functional groups in the poly(RTIL) matrix and have high CO2 solubility under
ideal (dry, single gas) conditions. These amine functional groups should also allow for fixed-site
facilitated transport of CO2 to occur.26-30, 34 Compared to conventional materials used for fixedsite-carrier facilitated transport, epoxy-amine ion gel membranes have higher ideal CO2
permeability. 15, 16, 27, 34-36
To our knowledge, there have been no previous literature reports of fixed-site-carrier
facilitated transport in RTIL-based ion gel membranes. In this study, we report the observation of
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facilitated transport in epoxy-amine ion gel membranes. Humidified, mixed-gas feed streams
were used to evaluate the key parameters of relative humidity (RH), CO2 partial pressure, and the
relative hydrophobicity of the added free RTIL on the CO2/N2 separation performance. Herein,
we show that water vapor is necessary to observe facilitated transport in RTIL-based epoxyamine ion gel membranes; that the CO2 permeability and CO2/N2 selectivity of some epoxyamine ion gel membranes increases with decreasing CO2 partial pressure, indicative of facilitated
transport; that a more hydrophilic free RTIL results in larger enhancements in CO2/N2 separation
performance; and that higher amounts water vapor and higher amine loading are necessary to
observe facilitated transport when a hydrophobic RTIL is used. The CO2/N2 separation
performance of these systems falls near or above the 2008 Robeson upper bound.
4.2

Experimental

4.2.1 Materials and Instrumentation
Helium, CO2, and N2 gas cylinders were purchased from Airgas (Randor, PA) with gas
purities of ≥99.99%. Omnipore™ (porous poly(tetrafluoroethylene) (PTFE), average pore size
0.2 μm, and 80% porosity) membrane filters were purchased from EMD Millipore. Hydrophobic
PTFE membrane filters were purchased from Advantec (cat. no. T020A047A, average pore size
0.2 μm, and 74% porosity). 1H and

13

C NMR spectra were acquired using a Bruker Avance-III

300 spectrometer. Membrane thicknesses were measured with a digital micrometer. FT-IR
spectra were obtained using a Nicolet 6700 FT-IR spectrometer in attenuated total reflectance
(ATR) mode. A Hewlett Packard 5890 gas chromatography instrument equipped with a HayeSep
D column and a thermal conductivity detector was used to analyze the feed and sweep stream
compositions for the mixed-gas permeation studies. The membrane materials displayed in Figure
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4.2 were synthesized as previously described in the literature, and their characterization and
purity data agree with those reported.12, 14, 15, 37
4.2.2 Mixed-gas permeation tests
Figure 4.11 in the Supplementary Information displays a schematic of the mixed-gas
permeation system used in this study. A membrane area of 11 cm2 was used for the permeation
tests. The active membranes were placed on top of a hydrophobic PTFE filter to provide
additional support and prevent RTIL contamination in the system.20 The feed flow rate was held
at either 50 or 100 cm3 (STP)/min, and the sweep flow rate was held at 7 cm3 (STP)/min. All
measurements were collected at room temperature with a feed pressure of 102 kPa and a
sweep/permeate pressure of 85 kPa. The membranes were allowed to equilibrate for at least 3 h
after changing any experimental parameter to ensure data was collected under steady-state. The
feed flow rate was much higher than the permeate flow rate ensuring that the stage cut was <1 %.
Gas chromatography samples were collected every 6 min over 2 h and used to calculate the gas
permeability of component i using Eq. 4.1:
𝑝

𝑥𝑖 𝑆 𝑙

𝑃𝑖 = 𝑥 𝑝

ℎ𝑒 𝐴 ∅ ∆𝑝𝑖

(Eq. 4.1)

where 𝑃𝑖 is the permeability of component i, 𝑥𝑖𝑝 is the mole fraction of component i in the sweep
𝑝
stream, 𝑆 is the helium sweep flow rate, 𝑙 is the membrane thickness, 𝑥ℎ𝑒
is the mole fraction of

helium in the sweep stream, 𝐴 is the area of the film, ∅ is the porosity of the membrane support,
and ∆𝑝𝑖 is the partial pressure difference across the membrane for component i.38
4.2.3 Fabrication of epoxy-amine ion-gel membranes
The components used to prepare the ion gel membranes in this study are shown in Figure 4.2. To
prepare the ion gel membranes, the bis(epoxide) RTIL monomer was first massed in a small
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glass vial and then free RTIL was added at a ratio to achieve 75 wt. % free RTIL. Amine
monomer was then added to the vial via a micropipette, and the homogenous mixture was
vortexed for 1 min. The vial was allowed to sit until the air bubbles escaped from the solution.
The liquid mixture was then poured onto a 47-mm-diameter Omnipore™ support and clamped
between two Rain-X-treated glass plates with binder clips. The plates were placed in a 50 °C
oven for at least 3 h to ensure complete monomer conversion. After cooling to room temperature,
the glass plates were separated and the excess material was removed from the edges of the
membrane with a razor blade. This method produced supported membranes with thicknesses that
ranged between 45–55 μm.

Figure 4.2: The RTIL components used to form the epoxy-amine ion gel membranes in this
study.
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Membranes were prepared with either a 3:2 or 3:1 bis(epoxide) monomer-to-amine
monomer mole ratio (hypothetical structures are displayed in Figure 4.3). Epoxy-amine resins
with 3:2 stoichiometries have more lower order (i.e., 1° and 2°) amine functionality present in
the formed poly(RTIL) matrix and interact more strongly with CO2.15, 16 FT-IR analysis of the
ion gel membranes showed epoxide group conversions between 65–75%.

Figure 4.3: Idealized representations of the repeat units in fully cured (i.e., 100% conversion)
networks produced using 3:1 and 3:2 mole ratios of the bis(epoxide) RTIL monomer and
multifunctional amine monomer shown in Figure 4.2 (no added free RTIL shown). These
network structures propagate indefinitely in three dimensions. Reproduced from reference 15
with permission. Copyright, Elsevier 2014.

4.3

Results and Discussion

4.3.1 Selection and preparation of epoxy-amine ion gels
The RTIL-based membrane materials in this study are displayed in Figure 4.2. The
bis(epoxide) monomer and amine monomers were chosen because they can form ion gel
membranes with up to 75 wt. % free RTIL and have the highest CO2 permeability of the
previously reported epoxy-amine ion gel membranes.15, 16
The free RTIL 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([EMIM]
[Tf2N]) was selected for this study because it is the most commonly used RTIL in ion gels.14-16,
18, 19

Additionally, 1-ethyl-3-methylimidazolium dicyanamide ([EMIM] [DCA]) was chosen

because this RTIL is miscible with water and has excellent ideal CO2/N2 separation
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performance.20 Comparison of [EMIM] [Tf2N] and [EMIM] [DCA] in the ion gel membranes
allows for the evaluation of the effect of the added free RTIL hydrophobicity on CO2/N2
separation performance. In all cases, the bis(epoxide) RTIL monomer shown in Figure 4.2 (with
a [Tf2N] anion) was used, so only the hydrophilicity of the free RTIL component was varied.
The 3:1 and 3:2 epoxide:amine monomer ratios were chosen because they allow
comparison of materials comprised of largely 2° amines (3:2 epoxide:amine monomer ratio) vs.
3° amines (3:1 epoxide:amine monomer ratio) on the facilitated transport of CO2 (Figure 4.3).15,
16

Further, 3:2 membranes have twice the number of amine sites and therefore, since carrier

concentration is an important parameter for facilitated transport, this comparison will provide
useful information regarding the facilitated transport potential of these materials.22-25
The primary mixed-gas permeation experiments of this study involve the testing of 4
different membrane compositions. Two membranes contained [EMIM] [Tf2N] as the free RTIL
with either a 3:2 or 3:1 monomer stoichiometry, and the other two membranes contained
[EMIM] [DCA] with either 3:2 or 3:1 monomer stoichiometry. “Control” ion gel membranes
were prepared with [EMIM] [DCA] and [EMIM] [Tf2N] and a poly(RTIL) matrix that does not
contain amines (Figure 4.13 in Section 4.7.1).14
4.3.2 Mixed-gas permeation results
4.3.2.1 Effect of % RH on CO2/N2 permeability and selectivity
The RH was varied from 40–95% to determine its effect on CO2/N2 separation
performance at a constant CO2 partial pressure of 20 kPa. Figure 4.4A displays the measured
CO2 permeability values and Figure 4.4B displays the CO2/N2 permeability selectivity values
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Figure 4.4: Effect of RH on: A) the CO2 permeability and B) the CO2/N2 permeability
selectivity for the epoxy-amine ion gel membranes studied. 1 barrer = 10-10 ((cm3 (STP)
cm)/(cm2 s cmHg)).

As shown, ion gel membranes prepared with [EMIM] [DCA] have higher CO2
permeability and CO2/N2 selectivity compared to the [EMIM] [Tf2N]-containing ion gel
membranes over the RH range studied (Figures 4.4A and 4.4B). Similar to dry gas
measurements, [EMIM] [DCA]-containing ion gels have higher CO2/N2 selectivity. In contrast to
dry-gas measurements (where [EMIM] [DCA] has a lower permeability than [EMIM] [Tf 2N]),
the hydrophilic [EMIM] [DCA]-containing ion gels display higher CO2 permeability than the
hydrophobic [EMIM] [Tf2N].20 Previous studies suggest that this is due to greater swelling and
water absorption in the [EMIM] [DCA]-based ion gel.26
The 3:1 and 3:2 membranes containing [EMIM] [DCA] have CO2 permeabilities (410—
450 barrer) that are very similar and change little over the RH range studied. The CO2
permeability of the 3:1 [EMIM] [Tf2N] membrane (335—350 barrer) remains relatively constant,
while the CO2 permeability of the 3:2 [EMIM] [Tf2N] membrane increases by a factor of 1.36
(from 165—225 barrer) over the RH range studied. The higher permeability for 3:1 [EMIM]
[Tf2N] membranes, compared to the 3:2 [EMIM] [Tf2N] membrane, is consistent with previously
reported data on these materials under ideal conditions.15 3:1 [EMIM] [Tf2N] membranes are
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more permeable than 3:2 materials due to less cross-linking and the presence of higher-order
(i.e., 3°) amines that interact less strongly with CO2, thus improving CO2 diffusivity.

Figure 4.5: Effect of RH on A) the relative CO2 permeability and B) the relative CO2/N2
permeability selectivity for the epoxy-amine ion gel membranes studied. The permeability and
selectivity values are normalized to their values at RH = 40% to evaluate the effect of increasing
humidity on performance.
Figures 4.5A and 4.5B show the CO2 permeability and CO2/N2 selectivity data for the
epoxy-amine ion gel membranes normalized to the values for each membrane at 40% RH. This
allows for the evaluation of the dimensionless facilitation factor with increasing RH. As
evidenced in Figures 4.5A and 4.5B, the 3:2 membrane with [EMIM] [Tf2N] is most affected by
changes in RH. The CO2 permeability and CO2/N2 selectivity values of this membrane are
increased by factors of 1.36 and 1.37 at 95% RH. The constant facilitation factor for the 3:2
[EMIM] [Tf2N] membrane until 95% RH suggests that a threshold RH value is reached that
allows facilitated transport to occur. This observation can be attributed to the hydrophobic nature
of [EMIM] [Tf2N], which limits the amount of absorbed water in the membrane. In contrast, the
hydrophilic [EMIM] [DCA] promotes water absorption, enabling facilitated transport at lower
RH.
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4.3.2.2 Effect of CO2 partial pressure at either 40% or 95% RH
4.3.2.2.1 Permeation studies at 40% RH
The effect of CO2 partial pressure was evaluated at either 40% or 95% RH by varying the
CO2 partial pressure from 2.5 to 50 kPa. Figure 4.6A displays the CO2 permeability vs. CO2
partial pressure and Figure 4.6B displays the CO2/N2 selectivity vs. CO2 partial pressure at 40%
RH.

Figure 4.6: Effect of CO2 partial pressure at 40% RH on A) the CO2 permeability and B) the
CO2/N2 permeability selectivity of the epoxy-amine ion gel membranes studied.
[EMIM] [DCA]-containing membranes show enhanced CO2 permeability and CO2/N2
selectivity with decreasing CO2 partial pressure while [EMIM] [Tf2N]-containing membranes do
not. This demonstrates that ion gels incorporating the hydrophilic [EMIM] [DCA] are capable of
facilitated transport at 40% RH, whereas the hydrophobic [EMIM] [Tf2N]-containing ion gels
are not. Therefore, this suggests that hydrophilic free RTILs are better candidates for obtaining
facilitated transport at low RH. The 2–3 times higher CO2/N2 selectivity of the [EMIM] [DCA]containing membranes at 40% RH is explained in Section 4.3.2.1.
At higher CO2 feed partial pressures, the amine carrier sites on the poly(RTIL) matrix
become saturated, and facilitated transport contributes less than solution-diffusion to the
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observed permeability. This phenomenon is demonstrated by the CO2 permeability of the ion gel
membranes containing [EMIM] [DCA] decreasing from 600 to ca. 350 barrer over the range of
2.5 to 50 kPa of CO2 partial pressure. At high CO2 partial pressures in the feed, the permeability
of the 3:1 [EMIM] [Tf2N] membrane is comparable to that of the membranes prepared with
[EMIM] [DCA] (ca. 350 barrer), where facilitated transport plays a minor role.

Figure 4.7: Effect of CO2 partial pressure in the feed on A) the relative CO2 permeability and B)
the relative CO2/N2 permeability selectivity at 40% RH for the epoxy-amine ion gel membranes
studied. The permeability and selectivity values are normalized to their values at 50 kPa CO2
partial pressure.
Figures 4.7A and 4.7B show the permeation data for each membrane at 40% RH
normalized to the CO2 permeability and CO2/N2 selectivity at 50 kPa CO2 partial pressure. The
largest enhancements in CO2/N2 separation behavior were observed for the 3:2 [EMIM] [DCA]
system, where the CO2 permeability and the CO2/N2 selectivity increased by factors of 1.87 and
1.45 with decreasing partial pressure, respectively. Significant increases are also seen for the 3:1
[EMIM] [DCA] membrane (i.e., enhancements of 1.63 and 1.49 for CO2 permeability and
CO2/N2 selectivity, respectively). These trends are consistent with and suggest that the transport
of CO2 is being facilitated at low CO2 partial pressure. In contrast, the 3:1 membrane with
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[EMIM] [Tf2N] (factors of 1.00 and 0.96, respectively) and the 3:2 membrane with [EMIM]
[Tf2N] (factors of 1.04 and 0.96, respectively) show small changes in CO2/N2 separation
performance with decreasing partial pressure. The absence of facilitated transport for the
[EMIM] [Tf2N]-containing membranes at 40% RH is likely due to the relative hydrophobicity of
these systems compared to the relatively hydrophilic [EMIM] [DCA] membranes, which limits
the water content in the membranes.
4.3.2.2.2 Permeation studies at 95% RH
At 95% RH, CO2 permeability and CO2/N2 selectivity measurements show that both the
[EMIM] [DCA] (3:1 and 3:2 membranes) and the 3:2 membrane with [EMIM] [Tf2N] display
facilitated transport of CO2 (Figures 4.8A and 4.8B).Whereas at 40% RH (Figures 4.6 and 4.7),
the hydrophobic 3:2 membrane with [EMIM] [Tf2N] showed no increase in permeability with
decreasing CO2 partial pressure. The trend for 95% RH suggests that a threshold RH is required
to achieve facilitated CO2 transport in that membrane composition.
The 3:1 membrane with [EMIM] [Tf2N] did not display facilitated transport, even at 95%
RH. The 3:1 systems have higher order amines in the poly(RTIL) structure (i.e., more 3° amines)
than the 3:2 systems, that require water to react with and facilitate CO2 transport (Figure 4.1).33,
34

Since the 3:1 [EMIM] [Tf2N]-containing membrane is hydrophobic, we assume that the water

content in this membrane is below that required to activate this reaction pathway for facilitated
CO2 transport.
The benefit of facilitated transport is clear when comparing [EMIM] [Tf2N]-based
membranes (Figures 4.7A and 4.7B). At low CO2 partial pressures, the 3:2 [Tf2N] membrane,
which exhibits facilitated transport, has CO2/N2 selectivity double (74 vs. 37) that of the 3:1
membrane—which does not display facilitated transport, while achieving comparable CO2
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permeabilities (~380 barrer).
The benefit of facilitated transport is clear when analyzing the membranes prepared with
[EMIM] [Tf2N] (Figures 4.8A and 4.8B). At low CO2 partial pressures, the 3:2 [EMIM] [Tf2N]
membrane (which exhibits facilitated transport), has a CO2/N2 selectivity that is double (74 vs.
37) that of the 3:1 [EMIM] [Tf2N] membrane—which does not display facilitated transport—
while achieving comparable CO2 permeabilities (approximately 380 barrer).
Both [EMIM] [DCA]-containing membranes show increased CO2 permeability and
CO2/N2 selectivity with decreasing CO2 partial pressure. The 3:2 membrane with [EMIM]
[DCA] outperforms the 3:1 [EMIM] [DCA] membrane at low CO2 partial pressures in the feed,
with CO2 permeability and CO2/N2 selectivity values of 900 barrer and 140, compared to 800
barrer and 120, respectively, for the 3:1 [EMIM] [DCA]-containing membrane.

Figure 4.8: Effect of CO2 partial pressure at 95% RH on A) the CO2 permeability and B) the
CO2/N2 permeability selectivity of the epoxy-amine ion gel membranes studied.

Figures 4.9A and 4.9B display the permeation data for the epoxy-amine ion gel
membranes at 95% RH, normalized to the CO2 permeability and CO2/N2 selectivity at 50 kPa
CO2 partial pressure. The facilitation factors for these membranes at 2.5 kPa and 95% RH are
included in Table 4.1 (see Section 4.3.3). The CO2 permeability and the CO2/N2 selectivity of the
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3:2 [EMIM] [Tf2N] membrane are facilitated by factors of 1.87 and 1.75, respectively. Similarly,
the 3:2 [EMIM] [DCA] membrane exhibits facilitation factors of 2.41 and 1.95. The larger
facilitation factors for the membranes prepared with [EMIM] [DCA] suggests that even at high
RH, more hydrophilic RTILs are better for the facilitated transport of CO2 through epoxy-amine
ion gel membranes.

Figure 4.9: Effect of CO2 partial pressure on A) the relative CO2 permeability and B) the
relative CO2/N2 permeability selectivity at 95% RH for the epoxy-amine ion gel membranes
studied. The permeability and selectivity values are normalized to their values at 50 kPa CO2
partial pressure in the feed.
The onset of CO2 facilitated transport occurs at higher CO2 partial pressures for the
[EMIM] [DCA]-containing membranes compared to the 3:2 [EMIM] [Tf2N] membrane (20 kPa
vs. ~10 kPa). These concentrations are within the typical range for post-combustion flue gas
streams. Therefore, assuming these systems are stable to the contaminants in flue gas, we can
expect the performance of these membranes in flue gas to be comparable or better than observed
under dry single-gas testing conditions.
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4.3.2.2.3 Effect of CO2 partial pressure on dry mixed-gas permeation studies
It was suggested in Sections 4.3.2.2.1 and 4.3.2.2.2 that a threshold amount of RH is
required to facilitate CO2 transport in the 3:2 [EMIM] [Tf2N] membranes. We anticipated that a
similar threshold is necessary for 3:2 [EMIM] [DCA] membranes. To test this hypothesis, a 3:2
[EMIM] [DCA]-containing membrane was tested over the same feed CO2 partial pressure range
without water vapor (Figures 4.10A and 4.10B). Under dry conditions, the [EMIM] [DCA]containing membrane does not display evidence of the facilitated transport of CO2. Therefore, it
is clear that water vapor is necessary to observe facilitate transport with either [EMIM] [DCA] or
[EMIM] [Tf2N]-containing epoxy-amine ion gel membranes.

Figure 4.10: Effect of CO2 partial pressure on A) the CO2 permeability and B) the CO2/N2
selectivity for 3:2 [EMIM] [DCA]-containing membranes with dry, mixed-gas CO2/N2 feeds
compared to values at 40% and 95% RH.

4.3.3 Discussion of the effect of free RTIL on permeation data
The results in Section 4.3.2 demonstrate that the free RTIL component has a significant
effect on the CO2 permeability and CO2/N2 separation performance of the facilitated transport
membranes. Table 4.1 compiles the facilitation factors for both CO2 permeability and CO2/N2
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selectivity for the epoxy-amine ion gel membranes. We observed that membranes containing the
hydrophilic [EMIM] [DCA] show facilitated transport of CO2 at both 40% and 95% RH whereas
the more hydrophobic [EMIM] [Tf2N] does not. We attribute this to higher water content in the
[EMIM] [DCA] membranes, allowing the reactions between amine and CO2 to occur and
resulting in the facilitated transport of CO2. This result suggests that hydrophilic RTILs will be
useful for enhancing facilitated transport to separations in which the feed stream has relatively
low RH.

Table 4.1: Tabulated facilitation factors for CO2 permeability and CO2/N2 selectivity for the 4
epoxy-amine ion gel membranes at 95% RH and 2.5 kPa CO2 partial pressure.

3:1 [EMIM] [Tf2N]

CO2 Permeability
Facilitation Factor
1.06

CO2/N2 Selectivity
Facilitation Factor
1.03

3:2 [EMIM] [Tf2N]

1.87

1.75

3:1 [EMIM] [DCA]
3:2 [EMIM] [DCA]

2.20
2.41

1.80
1.95

Membrane

Control ion gel membranes were prepared and tested with either 75 wt. % [EMIM]
[Tf2N] or [EMIM] [DCA] with a poly(RTIL) network that does not contain amine functional
groups (see Figure 4.13 in Section 4.7.1).14 The transport data for these membranes tested at 95%
RH are displayed in Figures 4.14 and 4.15 in Section 4.7.1. The CO2 permeability of the control
membrane no amines containing [EMIM] [DCA] increased by a factor of 1.3 with decreasing
CO2 partial pressure. However, the CO2/N2 selectivity of this membrane remained constant. This
result suggests that water swells the membrane and acts as an equally selective CO2 plasticizer.
Therefore, we can attribute the CO2/N2 selectivity increases for the epoxy-amine ion gel
membranes to the presence of amines in these networks, while CO2 permeability is affected by
both polymer network and free RTIL contributions..
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4.3.4 Discussion of the effect of epoxy-amine stoichiometry
The epoxy-amine monomer ratio determines the nature of amines present in the
membrane and is affects the facilitated transport through these systems. The 3:2 [EMIM] [DCA]containing membrane has higher facilitation factors than the 3:1 [EMIM] [DCA] membrane at
95% RH (i.e., 2.41 vs. 2.20 for CO2 permeability and 1.95 vs. 1.80 for CO2/N2 selectivity). This
result suggests that lower-order amines in the membrane are better at the facilitating transport of
CO2 under the conditions tested.
A more significant difference was seen for the [EMIM] [Tf2N]-containing membranes.
No evidence of facilitated transport was observed at 40% RH. However, at 95% RH, the 3:2
[EMIM] [Tf2N] membrane displays transport behavior consistent with the facilitated transport of
CO2. This resulted the enhancement of CO2 permeability by a factor of 1.87 (i.e., 200 to 380
barrer) with decreasing CO2 partial pressure (from 50 to 2.5 kPa). Concurrently, the CO2/N2
selectivity of this membrane increased from 42 to 74, a factor of 1.75. In contrast, the CO2
permeability and CO2/N2 selectivity values of the 3:1 [EMIM] [Tf2N] membrane varied less than
10 % over the same CO2 partial pressure range. Combined with the result from the [EMIM]
[DCA] membranes, the gas transport data suggest that lower-order amines in the epoxy-amine
ion gels are better at enhancing CO2 transport under the conditions studied.
4.3.5 Comparison to ideal data and Robeson plot
In order to visualize and compare the data presented in this study to data previously
reported for epoxy-amine membranes,15 a Robeson plot has been prepared and is included as
Figure 4.11. The CO2/N2 separation data of membranes containing 50, 60, and 75 wt. % [EMIM]
[Tf2N] under ideal conditions are displayed as triangles.15 The data from the humidified mixedgas permeation tests conducted in this work are included on the Robeson plot as squares. All of
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the epoxy-amine membranes have performance near or above the 2008 CO2/N2 Robeson upper
bound.
As seen in Figure 4.11, as the partial pressure of CO2 decreases and RH increases, the
data progresses toward the upper right corner of the CO2/N2 Robeson plot, as both CO2
permeability and selectivity increase due to facilitated CO2 transport. Therefore, facilitated
transport is an effective mechanism for “overcoming” the limitations of the permeabilityselectivity trade-off for polymer membranes represented by the Robeson upper-bound
relationship.

Figure 4.11: CO2/N2 Robeson plot with data for epoxy-amine ion gels tested in this study with
humidified mixed-gas feeds ( ) compared to previously reported single gas data ( ).15 It
should be noted that Robeson plots are typically used to compare materials tested under ideal
(i.e., single-gas) conditions.
4.4

Conclusions
The fixed-site-carrier facilitated transport of CO2 is possible with RTIL-based step-

growth epoxy-amine ion gel membranes. When added to these ion gel membranes, the
hydrophilic RTIL, [EMIM] [DCA], was found to require a lower RH to facilitate CO2 transport
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than the hydrophobic RTIL, [EMIM] [Tf2N]. Permeation behavior consistent with facilitated
transport was observed over the same CO2 partial pressure range for both [EMIM] [DCA] and
[EMIM] [Tf2N]-containing membranes. This work demonstrates that RTIL-based epoxy-amine
ion gel membranes are capable of facilitated CO2 transport at feed CO2 partial pressures less than
20 kPa. The membranes reported herein achieved permeability selectivity above the 2008
Robeson upper bound and are attractive candidates as CO2/N2 separation materials, especially
where the target gas streams contain water vapor and low CO2 concentrations. To further
develop this work, future studies will focus on investigating the effect of temperature on the
facilitated transport of CO2 through these materials and the ability to process these materials into
thin films.
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4.7

Supplementary information

Figure 4.12: Schematic of mixed-gas permeation apparatus

As shown in Figure 4.12, the mixed-gas permeation apparatus allowed for the controlled
flows of feed gases CO2 and N2 and sweep gas He. The glass bubblers were maintained at a
constant set temperature with a Neslab RTE-220 chiller that enabled relative humidity (RH)
control. From the gas chromatography measurements, feed and sweep pressures, sweep/permeate
gas flow rate, and membrane thickness, the permeability and selectivity of CO2 and N2 were
determined.
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4.7.1 Control ion gel membranes
Two 75 wt. % free RTIL-containing ([EMIM] [TF2N] or [EMIM] [DCA]) ion gel
membranes were prepared with the oligo(ethylene glycol) (OEG) bis(vinylimidazolium)
monomer shown in Figure 4.13. The monomer synthesis and membrane fabrication were
conducted as previously described, with the exception of the Omnipore™ membrane filter being
used in place of the Supor-200® membrane filter.14

Figure 4.13: Structure of the cross-linking RTIL monomer used to form the 75 wt. % [EMIM]
[Tf2N]- or [EMIM] [DCA]-containing control membranes.

Figure 4.14: A) CO2 permeability and B) CO2/N2 selectivity for the control ion gel membranes
at 95 % relative humidity.
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Figure 4.15: Relative A) CO2 permeability and B) CO2/N2 selectivity for the control ion gel
membranes at 95 % RH.
The data in Figures 4.14 and 4.15 demonstrate that the OEG membranes have essentially
constant CO2/N2 selectivity with changing CO2 partial pressure. The control membrane
containing [EMIM] [DCA] exhibits increased CO2 permeability with decreasing CO2 partial
pressure. Therefore, this contribution must be considered with respect to the CO2 permeability
data collected for the epoxy-amine ion gel membranes with [EMIM] [DCA]. However, even at
40% RH, the epoxy-amine [EMIM] [DCA]-containing ion gel membranes have CO2
permeability values that are enhanced by factors of 1.87 and 1.63, higher than the enhancements
observed for the control membrane (1.31), suggesting that the epoxy-amine network plays an
important role for transport rate. The importance of the epoxy-amine network is even clearer
when comparing the CO2/N2 selectivity data, where [EMIM] [DCA]-containing epoxy-amine
membranes showed increased selectivity with decreasing CO2 partial pressure, whereas the
control membrane did not.
4.7.2 Brief discussion regarding differences in observed CO2 permeability for the mixedgas permeation measurements to the ideal measurements
Differences in the measured CO2 permeability for the same membrane composition were
observed in this study relative to our previous work.15 We attribute these differences to the
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different membrane supports in these studies. For the 3:2 [EMIM] [Tf2N]-containing membrane,
we previously reported a CO2 permeability of 400 barrer. In this study, we report a CO2
permeability of ca. 200 at the most comparable conditions. Some studies in the literature suggest
using a tortuosity factor for the calculation of CO2 permeability in supported ionic liquid
membranes.20 We do not use a tortuosity factor in our calculations and believe that differences in
support tortuosity are the primary reason behind the differences in the measured values. Our
group is currently conducting a study on how to properly account for the support influence on the
performance of supported membrane materials.
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Chapter 5: Conclusion and Recommendations

5.1

Summary of thesis work
Room-temperature ionic liquid (RTIL)-based epoxy-amine ion gel membranes represent

a promising class of materials for the separation of CO2 from other light gases. Prior to this thesis
work, there were no reports of RTIL-based epoxy-amine ion gel membranes for use as gas
separation membranes. The amines inherent in the poly(RTIL) matrix in these materials can be
utilized for highly permeable and selective separation of CO2. This chapter serves to briefly
summarize the work described in Chapters 2-4 and to provide recommendations for future work
on these materials.
Chapter 2 demonstrated the first synthesis of a pure bis(epoxide) imidazolium monomer
and the use of this monomer to form epoxy-amine resins and ion gel membranes via reaction of a
multifunctional amine monomer. This work represents one of the first reports of a step-growth
polymerization with a RTIL monomer and the first demonstration of a step-growth RTIL
epoxide monomer for CO2/light gas separations. The epoxide-amine monomer ratio was shown
to have a distinct effect on the CO2 affinity of the epoxy-amine resins as well as other material
properties. We attributed the differing CO2 affinities to the distributions of the different types of
amine functional groups in the resins (i.e., resins with higher CO2 uptake values contain a larger
amount of more reactive, lower-order amines). Ion gel membranes containing between 50–75 wt.
% added free RTIL were shown to exhibit excellent CO2/N2 and CO2/CH4 ideal (i.e., single-gas)
separation performance. Some of these membranes displayed a rare case of inverse CO 2/CH4
diffusivity selectivity, which was attributed to the presence of lower-order amines that interact
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strongly with CO2 compared to CH4. This study also provided epoxide-amine curing data and
conversions. This data compared to classical gelation theories revealed nearly ideal network
formation. This initial study also demonstrated the utility of these networks and ion gel materials
and provided the groundwork for the work described in Chapters 3 and 4.
Chapter 3 expanded upon the work in Chapter 2 by synthesizing three new bis(epoxide)
RTIL monomers and exploring the effect of changing either the bis(epoxide) monomer or the
multifunctional amine monomer on curing behavior, CO2 solubility, and gas permeability of
RTIL-based epoxy-amine resins and ion gel membranes. A secondary-amine-containing
monomer reacted much slower than a primary-amine-containing monomer with the same
structural features and the resulting polymer resins and ion gels made from the former also had
lower CO2 uptake capacity. However, when prepared as a membrane, the systems made from the
secondary amine monomer systems exhibited higher CO2 permeability with comparable
selectivity to the materials made from the primary amine monomer. The effect of changing the
structure of the imidazolium RTIL bis(epoxide) monomer on curing behavior was much less
pronounced. However, the molecular weight of the bis(epoxide) monomer was found to have a
significant effect on the CO2 uptake of the resulting resin, as higher molecular weight materials
showed much lower CO2 uptakes on a volume per sample mass basis. When values were
normalized to moles CO2 uptake per moles of amine group, there were little differences in
behavior at the same stoichiometry. The imidazolium bis(epoxide) monomer used was also
found to have an effect on how much free RTIL each membrane could effectively contain, with
shorter monomers capable of entrapping higher amounts of free RTIL. A pyrrolidinium-based
RTIL bis(epoxide) monomer was synthesized and shown to have similar CO2 uptake to the
imidazolium analog, showing that the cation structure has minimal effect on CO2 uptake. This

117

study demonstrated that the structure of either the RTIL bis(epoxide) monomer or
multifunctional amine monomer can be changed to optimize ion gel properties for a desired
application.
Chapter 4 demonstrated the utility of the amine functional groups in the formed epoxyamine ion gel membranes for the fixed-site facilitated transport of CO2. This study represents the
first study of fixed-site-carrier facilitated transport in RTIL-based materials. In this work, four
epoxy-amine ion gel membrane compositions were prepared with different amine functionalities
and different free RTILs. The two free RTILs chosen allowed the effect of hydrophobicity to be
evaluated. It was demonstrated that threshold water vapor content is needed to achieve facilitated
transport in epoxy-amine ion gel membranes and that the amount of water vapor needed is
dependent on the hydrophobicity of the free RTIL. The amine functionality was found to have a
larger effect on the CO2 transport properties of membranes prepared with the more hydrophobic
RTIL, presumably due to the lower water content in the membranes needed for the amine-based
reactions with CO2. These materials were tested to determine the effects of relative humidity and
CO2 partial pressure on CO2/N2 separation performance. It was shown that membrane
performance improved with decreasing CO2 partial pressure. The performance of these materials
falls near or above the 2008 CO2/N2 Robeson upper bound, suggesting that these membranes
have great potential as CO2/light gas separation materials.
5.2

Recommendations

5.2.1 Thin-film membrane formation
In order to fabricate membranes of industrial significance, it is necessary to develop thinfilm composite (TFC) membranes with the aforementioned RTIL-based epoxy-amine ion gels.
Future work should evaluate different methods of forming supported thin films with these
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materials. The performance of many of these systems would represent state-of-the-art membrane
permeance and selectivity if prepared as 0.1-μm-thick, defect-free films. There are significant
difficulties with forming free-standing films of materials from monomeric RTILs. Future work
should focus on methods that can help prevent pore penetration and other processing issues with
small molecules.1
One potential method to form thin films with these materials would be to utilize an
interfacial polymerization method. This method has been used to form step-growthpolymerization-based reverse osmosis TFC membranes and is a well-established membrane
fabrication method.2 Two immiscible solvents are required to contain the two reactive stepgrowth monomers (each monomer in separate phase). Water could be used as one of the phases,
since the RTIL bis(epoxide) monomer is immiscible in water. There is a large amount of
literature available to guide this research and should be properly investigated. After formation of
the epoxy-amine layer, it may be possible to “re-wet” the film with free RTIL to get enhanced
permeability.1, 3
5.2.2 RTIL-based epoxide-containing reactive polymers
Reactive polymers are a very useful class of material for a number of different
applications. To improve the reactivity/require fewer reactions to form a cross-linked material,
future work should investigate the synthesis of epoxide-functionalized poly(RTIL)s. Two
potential

polymer

backbones

are

immediately

identified,

poly(styrene)

and

poly(vinylimidazolium). The epoxide functional groups would need to be formed by postpolymerization modification of either poly(chloromethylstyrene) or poly(imidazole). These
polymers would then be reacted with either butenyl imidazole or 4-bromobutene, respectively,
and then ion-exchanged to include the desired RTIL anion. Then, the butene groups could be
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epoxidized as described in Chapters 2 and 3. These proposed polymers should enable more facile
processing compared to small-molecule bis(epoxide) monomers and advance thin-film
processing of these materials.
5.2.3 The dependence of permeability and selectivity with increasing temperature
The effect of temperature on the permeability and selectivity of epoxy-amine ion gel
membranes is very important, particularly for flue gas separations. The temperature of these gas
streams are often > 50 °C and if membranes remain permeable, selective, and stable at these
elevated temperatures, there are considerable advantages to performing CO2 separations at these
temperatures. Further, water vapor content will be higher in the elevated temperature gas
streams, which could promote fixed-site facilitated CO2 transport more in the hydrophobic
RTIL-containing ion gel membranes.
The reverse reactions of carbamate and bicarbonate formation could also be favored at
elevated temperatures, leading to enhanced active transport. With increasing temperature, the
solubility selectivity of the free RTIL component will decrease.4 Therefore, the observed
selectivity will have a trade-off between the facilitation effect and the inherent selectivity of the
material. To favor facilitated transport at elevated temperatures, it may be necessary to use less
free RTIL in order to increase the amount of amine carrier in the membranes. It may also be
possible to dope the poly(RTIL) resin with additional amine, since there are unreacted epoxide
groups in the membrane. These proposed modifications should enable favorable CO2/N2
separation performance at elevated temperatures. The long-term stability of the ion gel
membranes at these temperatures should also be evaluated to determine whether or not they will
make good candidates for membrane-based CO2/N2 separations with industrial flue gas.
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Appendix A: Vinyl-functionalized Poly(imidazolium)s: A
Curable Polymer Platform for Cross-linked Ionic Liquid Gel
Synthesis

(Previously published as: 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.)
Abstract:
The synthesis and characterization of the first examples of curable polymerized roomtemperature ionic liquids (poly(RTIL)s) are presented. These reactive, imidazolium-based
polymers contain radically cross-linkable N-vinylimidazolium pendant groups and allow
preparation of cross-linked poly(RTIL)/RTIL composite gels with high RTIL loadings via two
methods: direct cross-linking in RTIL, or cross-linking of an initial polymer film followed by
RTIL infusion. The curable poly(RTIL)s also exhibit faster gelling rates and less solution
penetration into porous supports compared to cross-linkable RTIL monomer systems, which are
distinct advantages for supported thin-film processing.
A.1

Introduction
Cross-linked room-temperature ionic liquid (RTIL) polymer gels are a new class of

functional materials comprised of a liquid RTIL intercalated within a cross-linked polymer
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matrix.1-6 RTILs possess many useful properties (e.g., broad liquid range, high ion conductivity,
excellent gas diffusivity and selectivity, low vapor pressures)7, 8 but their liquid state is a problem
for many applications. Researchers have been able to take advantage of RTILs in a versatile,
solid configuration by stabilizing large quantities of RTIL (50–90 wt. %) in cross-linked polymer
networks.1-6 The resulting cross-linked polymer/RTIL composites, which have both solid- and
liquid-like properties, can be used as functional materials ranging from solid electrolytes to gas
separation membranes.1-6
Several schemes to fabricate physically cross-linked RTIL polymer gels have been
investigated using poly(ethylene oxide) or block copolymer systems as the polymer matrix.5, 6
For example, ABA triblock copolymer systems have been developed that physically gel up to
90 wt. % RTIL.2,

4

Also, P(VDF-co-HFP) can form gels with ca. 80 wt. % RTIL via the

crystalline domains in the fluorinated copolymer serving as physical cross-links.5, 6
There are fewer reports of chemically (i.e., covalently) cross-linked RTIL polymer gels.
Several groups have synthesized RTIL polymer gels by radically photopolymerizing mixtures of
multifunctional monomers in the presence of a RTIL.9-11 A related method uses RTIL-based
cross-linking monomers to generate gels with a cross-linked poly(RTIL) matrix. These
poly(RTIL)/RTIL gel films contain 50–90 wt. % RTIL while retaining excellent materials
properties.1, 3
However, chemically cross-linked poly(RTIL)/RTIL gels have some disadvantages in
terms of thin film processing using conventional casting methods. For example, it is not possible
to dissolve the formed RTIL polymer gel because of the covalent cross-links. Furthermore, when
casting thin films from soluble monomer/RTIL mixtures (neat or from solution), it is difficult to
prevent substantial penetration of these mixtures into porous supports - due to their low
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viscosities and low molecular weights (MWs) prior to cross-linking. For high-throughput gas
separation applications, it is desirable to cast a thin, defect-free, poly(RTIL)/RTIL gel film atop a
porous polymer substrate to form a thin-film composite (TFC) membrane.12
A.2

Approach
An alternative to the monomer/RTIL approach is to start with a curable poly(RTIL) rather

than a low-MW, cross-linkable monomer. By redesigning the cross-linking component to be an
intrinsic part of a fully formed ionic polymer (i.e., a curable poly(RTIL) with polymerizable
pendant groups). The resulting reactive polymer/RTIL mixture can be solvent-processed using
conventional methods and then cross-linked post-processing. In addition to having higher
solution viscosities (at the same loading level of curable groups) that will reduce pore
penetration, the use of a curable polymer should also afford faster curing/gel point times because
part of the polymer matrix is already pre-formed and only requires a small amount of interchain
cross-links to ‘set’.13
A number of commercial photo-curable polymers and oligomers are used in the
microelectronics field.14, 15 A limited number of curable polymers with radically-curable pendant
groups also exist in the literature.16-18 However, radically curable poly(RTIL)s and the use of a
curable poly(RTIL) as an RTIL gelling agent are both unprecedented.
Herein, we present the synthesis and characterization of the first examples of
reactive/curable poly(RTIL)s that contain radically cross-linkable N-vinylimidazolium
sidegroups. Cross-linked poly(RTIL)/RTIL gels can be formed using these curable poly(RTIL)s
via two different routes: (i) cross-linking a curable poly(RTIL)/RTIL blend, and (ii) cross-linking
a neat curable poly(RTIL) and then swelling the resulting network with RTIL. It was found that
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cross-linked gels containing high RTIL loadings can be prepared from both approaches, and that
the CO2/light gas separation performance of these composites is comparable to those formed by
prior methods. However, the curable poly(RTIL) systems show distinct advantages in terms of
curing/gelation rate and film processing on porous supports over cross-linkable RTIL monomerbased systems.
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Figure A.1: N-vinylimidazolium-functionalized curable poly(RTIL) synthesis (m = mole
fraction of repeat units).

The synthesis of two examples of these new curable poly(RTIL)s is shown in Figure A.1.
Poly(chloro-methylstryene) (1) was first reacted with varying amounts of N-methylimidazole and
N-vinylimidazole to give the (random-sequence) partially or fully vinyl-sidegroupfunctionalized, chloride intermediate polymers 2 and 3. Exchange of the Cl– anions on 2 and 3
with bis(trifluoromethyl)sulfonamide (Tf2N-) afforded the final curable poly(RTIL)s 4 and 5, that
were subsequently used for gelation and performance studies. The degree of chloromethyl-group
conversion for 4 and 5 was found to be >98% by 1H NMR spectroscopy, and their residual
chloride content was measured to be 0.24 and 0.11 wt. %, respectively. From GPC analysis of
polymer 1, the number-average MW (Mn) values of derived 4 and 5 were calculated to be 80 kDa
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and 60 kDa (vs. polystyrene MW standards), respectively, assuming 100% reaction of the
chloromethyl groups on 1 with the specified ratios of N-vinylimidazole and N-methylimidazole.
(The unusual solubility of 4 and 5 and their relatively high MWs precluded direct MW
determination by GPC or NMR endgroup analysis.) 1H NMR analysis confirmed > 99% Nvinylimidazolium functionalization (m = 1) for 4, and an N-methylimidazolium to Nvinylimidazolium pendant group ratio of 0.89 to 0.11 (i.e., m = 0.11) for 5. Complete details on
the synthesis and characterization of 4 and 5 can be found in the Supplementary Information
(Section A.3–5).
Two methods were investigated for fabricating cross-linked poly(RTIL)/RTIL gels using
curable polymers 4 and 5, with a focus on preparing supported films for CO2/light gas membrane
applications. In the first and more conventional approach, 79.5 wt. % RTIL (i.e., 1-ethyl-3methylimidazolium bis(trifluoromethyl)sulfonamide (emim Tf2N)) and 19.5 wt. % curable
poly(RTIL) were blended with 1 wt. % radical photo-initiator and then irradiated with UV light
(365 nm) for 1 h to ensure cross-linked gel formation. In situ ATR-FTIR spectroscopy revealed
that the maximum degree of vinyl group conversion (30–40%) was achieved within 30 min in
these systems. The gel made with 5 and emim Tf2N had mechanical properties suitable for
formation of supported films on porous supports. However, the gel made via this method using 4
was non-pliable and repeatedly broke during testing as a supported film. We suspect that the
higher concentration of vinyl sidegroups on 4 leads to generation of more intrachain loops upon
curing compared to 5 (i.e., fewer interchain network-forming connections),19 resulting in a highly
heterogeneous structure with loosely interconnected network domains (a micro-gel). This
observation is consistent with other polyfunctional monomer systems that exhibit 1o and 2o
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looping and micro-gel formation.19 The gel made using 4 was optically transparent, indicating
that any heterogeneous domains in the micro-gel are smaller than visible light wavelengths.
In the second approach, cross-linked films of 4 and 5 were formed first and then swollen
with added RTIL. This approach was investigated as a novel, alternative method for forming
poly(RTIL)/RTIL composites in a 2-step process that enables a less pore-penetrating layer of the
neat cross-linked polymer film to be established first. In this approach, films of neat curable
poly(RTIL) containing radical photo-initiator were cast from acetonitrile, dried, and then
irradiated with 365 nm light for 5 min. Vinyl group conversion on the poly(RTIL) films was
measured using ATR-FTIR spectroscopy to be 9.8% and 31% for 4 and 5, respectively. We
suspect that the lower degree of conversion measured for 4 (even though it has a higher fraction
of vinyl-sidegroup functionalization) is due to a greater prevalence of radical termination (i.e.,
chain-ending) events occurring during the radical cross-linking.13 The small differences in glass
transition temperature (Tg) between the linear/pre-cross-linked and cross-linked versions of the
polymers (10.7 °C vs. 8.9 °C for 4, 10.2 °C vs. 12.2 °C for 5) suggest that the resulting networks
are only very lightly cross-linked.13 The cross-linked polymer films were then placed in an
excess of RTIL (emim Tf2N) and allowed to swell at RT for 72 h, at which point the mass of the
gel ceased to increase. Cross-linked 5 was found to reach an equilibrium emimTf2N loading of
88 wt. %, while cross-linked 4 swelled up to only 54 wt. % emimTf2N. Figure A.2 shows images
of the pre- and post-swollen bulk gel formed by cross-linked 5. Given that 4 and 5 are chemically
similar, the measured differences in equilibrium RTIL loading are likely due to differences in
cross-link density, rather than differences in RTIL-polymer interactions. The smaller amount of
RTIL taken up by cross-linked 4 suggests that its cross-link density is higher compared to crosslinked 5. This result is consistent when the total number of cross-links formed per unit mass of
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the two polymers is considered (i.e., degree of vinyl group conversion times the % vinylsidegroup substitution for each sample). Preliminary studies using this method for preparing TFC
membranes have shown that it is possible to first form a defect-free film of cross-linked 5 on
ultraporous polymer supports and then swell the initial film into a gel composite layer by
subsequent addition of emim Tf2N. However, curable polymer film thickness and the rate and
total amount of RTIL infusion into the polymer layer have not yet been optimized to yield
membranes that show good gas permeation performance.

Figure A.2: Images of cross-linked 5: (a) neat polymer and (b) swollen with 88 wt. % emim
Tf2N.

To do a preliminary evaluation of the gas separation performance of cross-linked
poly(RTIL)/RTIL gels formed using a curable poly(RTIL), three supported 79.5 wt. % RTIL gel
membranes made from the in situ cross-linking of 5 in the presence of emimTf2N (method 1)
were tested for CO2 and N2 separation (RT, 12–20 psia feed pressure). Complete details on the
gas permeation testing apparatus and methods are provided in the Section A.6.10. The ideal CO2
permeability for these membranes was found to be 500 ± 60 barrer, with a CO2/N2 permeability
selectivity of 24 ± 4. These values are comparable (i.e., within a factor of 1–3) to reported data
for cross-linked poly(RTIL)/RTIL and polymer/RTIL gel membranes prepared by prior
methods.2, 3, 20
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The use of curable poly(RTIL)s for cross-linked polymer/RTIL gel preparation was found
to give several film processing advantages over using curable, low-MW RTIL monomers. For
example, it was observed that 59.5/39.5 (w/w) mixtures of emim Tf2N/4 or of emim Tf2N/5
gelled with 1 wt. % radical photo-initiator into non-flowable samples within 15 s of UV
irradiation whereas a 59.5/39.5 (w/w) mixture of emim Tf2N and a known divinyl-RTIL
monomer3 still flowed (i.e., did not gel) under the same reaction conditions (Section A.6.13). In
addition, it was found that the higher relative viscosity of curable RTIL polymer vs. monomer
solutions (at the same loading level) is beneficial for reducing the amount of solution penetration
into porous substrates. Preliminary SEM studies showed that a 50 wt. % solution of 5 in CH3CN
only penetrates about 100–200 nm into the pores of a polymer ultrafiltration membrane. This is a
small fraction of the level that a 50 wt. % solution of divinyl-RTIL monomer in CH3CN
penetrates (>10 μm) under the same film casting conditions (Section A.6.14 Figs. A.10-14).
More systematic studies on these phenomena and processing advantages are in progress.
A.3

Summary
In summary, curable poly(RTIL)s represent a new platform for preparing cross-linked

poly(RTIL)/RTIL composite gels containing high RTIL loadings. They allow formation of crosslinked RTIL gels via two different methods: direct cross-linking in the presence of added RTIL,
or cross-linking of a neat polymer film followed by RTIL infusion. These curable poly(RTIL)s
also exhibit faster gelling rates and less solution penetration into porous supports compared to
cross-linkable RTIL monomer systems - distinct advantages for preparing TFC membranes.
As bulk materials, these cross-linked poly(RTIL)/RTIL gels have shown good stability
with respect to RTIL phase separation and reduced leaching into porous supports. However, it is
not known how stable these materials will behave as thin (i.e., <1-µm-thick) films. For practical
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TFC membrane applications, the properties of these gels will need to be optimized, or a modified
membrane configuration will be investigated (e.g., use of a gutter layer between the support and
gel layer), in order to reduce or eliminate RTIL leaching into the support pores and obtain
maximum gas throughput. Both of these approaches are the topics of our future studies.
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A.6

Supplementary information

A.6.1 Materials
N-Vinylimidazole, N-methylimidazole, and 4-chloromethylstyrene were purchased from
TCI

America

(Portland,

OR).

Azobis(isobutryonitrile)

(AIBN)

and

2-hydroxy-2-

methylpropiophenone (radical photo-initiators) were purchased Sigma-Aldrich (Milwaukee, WI).
Lithium trifluoromethanesulfonimide (LiTf2N) was purchased from 3M (St. Paul, MN). All
reagents and solvents were obtained in the highest purity available and used without additional
purification unless otherwise specified. Cylinders of Ar, CO2, CH4, N2, and H2 gas were
purchased from Airgas (Randor, PA) and were of at least 99.99% purity. Woven polyester fabric
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(Hollytex 3256) was generously donated by Ahlstrom Filtration, LLC. 1-Ethyl-3methylimidazolium trifluoromethanesulfonimide (emim Tf2N) was synthesized according to
known literature procedures and conformed to the chemical and structural purity previously
reported.3

A.6.2 Instrumentation
1

H NMR spectra were acquired using a Bruker Avance-III 300 (300 MHz for 1H) NMR

spectrometer. Differential scanning calorimetry (DSC) was performed using a Mettler-Toledo
Mettler DSC823e. Thermogravimetric analysis (TGA) was performed using a Mettler-Toledo
TGA/DSC Star 1 System, and the results were analyzed using MettlerToledo ‘StarE Software’
(Version 9.30). Scanning electron microscope (SEM) images were obtained with a JOEL JSM6480LV scanning electron microscope operated in high vacuum mode. Attenuated total
reflectance Fourier-transform infrared (ATR-FTIR) spectra were obtained using a Thermo
Scientific Nicolet 6700 FT-IR spectrometer equipped with a Pike MIRacle™ single reflection
horizontal ATR accessory and a liquid nitrogen-cooled MCT detector. A Spectroline UV lamp
365 nm was used for photo-polymerization and photo-cross-linking. Gel permeation
chromatography (GPC) polymer molecular-weight analysis was performed with a Viscotek
GPCmax™ VE2001 system equipped with a Viscotek Model 3580 Differential Refractive Index
(RI) Detector and using THF (1.0 ml/min flow rate) as the eluent. The measured molecular
weight values obtained were relative to monodisperse poly(styrene) molecular weight standards.
Chlorine content was determined by Galbraith Laboratories via ion chromatography.
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A.6.3 Synthesis of poly(chloromethylstyrene) (1)
4-Chloromethylstyrene (5.00 g, 32.8 mmol) was dissolved in DMF (5.00 g) and added to
a 25-mL Schlenk flask equipped with a magnetic stir bar. Thermal radical initiator, AIBN
(0.50 wt. %, dispensed from a previously prepared stock solution of 20 wt. % AIBN in DMF),
was then added to the flask. The reactants were then gently mixed, avoiding any splashing that
would result in part of the solution on the upper walls of the flask. The Schlenk flask was then
sealed, and the contents were flash-frozen using liquid nitrogen in a small Dewar flask. While
the contents were freezing, the tube connecting the vacuum/inert gas manifold to the Schlenk
flask was evacuated and purged 5 times with argon (this step was performed only before the first
freeze-pump-thaw cycle).

After the pre-polymer solution had frozen, the flask was evacuated until the vacuum
pressure had stabilized. This step was performed while the flask was still submerged in liquid
nitrogen. The flask was then sealed and placed in a room-temperature water bath to thaw the
contents. Bubbles of gas were observed immediately. Once completely thawed, the flask
exterior was dried with a paper towel and the contents were flash -frozen again in liquid
nitrogen. Three to four more freeze-pump-thaw cycles were performed until the pressure rise
upon evacuation was negligible. These steps were taken to minimize the presence of oxygen gas
during the free radical polymerization.

Once the contents were thawed on the final cycle, the flask was opened to argon purge
gas and placed in an oil bath set to a temperature of 70 ºC. The contents were stirred vigorously.
Within 3 h, many small bubbles were observed (nitrogen gas) and the reaction had become
visibly more viscous. The reaction was allowed to proceed for 18 h. After cooling, the polymer
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solution was added drop-wise to a 250-mL Erlenmeyer flask containing 200 mL of MeOH. The
system was then stirred vigorously to promote rapid precipitation of the polymer product. The
precipitated polymer was solid but somewhat tacky/gummy. The MeOH was decanted, and the
polymer product was dissolved in ca. 8-10 mL of CH2Cl2 and added drop wise to a fresh 200 mL
of MeOH, as performed previously. The polymer was then isolated via filtration and dissolved
in ca. 8-10 mL CH2Cl2. This precipitation process was repeated 3 to 4 more times. The polymer
was then dried in vacuo (<20 mtorr) for 24 h at room temperature to afford
poly(chloromethylstyrene) (1) as a fine, white powder (3.99 g, 79.8% yield). 1H NMR (300
MHz, CDCl3): 0.70 – 2.55 (br m, 3H) 4.15 – 4.80 (br s, 2H) 6.02 – 6.88 (br m, 2H) 6.97 – 7.40
(br m, 2H) (see Figure A.3). The number-average molecular weight (Mn) and polydispersity
index (PDI) of the prepared polymer 1 was measured by GPC (vs. polystyrene MW standards) to
be 25 kDa (i.e., 2.5 x 104 g/mol) and 2.1, respectively.
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Figure A.3: 1H NMR spectrum (300 MHz, CDCl3) of prepared polymer 1 that was derivatized
to form curable poly(RTIL)s 4 and 5
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A.6.4 Synthesis of 100% N-vinylimidazolium-functionalized curable poly(RTIL) 4
N-Vinylimidazole (0.925 g, 9.82 mmol) was measured into a 15-mL, single-neck roundbottom flask equipped with a magnetic stir bar and a reflux condenser. Polymer 1 (prepared as
described in Section III) (1.00 g, 6.55 mmol repeat units) was dissolved in 4 mL of DMF and
added to the flask. The reaction was then stirred and heated at 70 ºC with slight reflux for 24 h.
Within 2 h, a tacky precipitate was observed, and 1 mL of MeOH was added to the reaction to
re-solubilize the reaction contents. After cooling the reaction, an additional 5 mL of MeOH was
used to dilute the reaction contents. The polymer solution was then added dropwise to a 250-mL
Erlenmeyer flask containing 200 mL of ethyl ether. The system was stirred vigorously, and the
polymer precipitated as an off-white solid. The solids were then filtered, and the polymer was
re-dissolved in ca. 10 mL of MeOH and added drop-wise to a 500-mL Erlenmeyer flask
containing 250 mL of ethyl ether in order to precipitate the polymer product. The solids were
again filtered and the precipitation was performed once more. The polymer product was then
dried in vacuo (< 20 mtorr) for 2 days at 45 °C to afford the 100% N-vinylimidazoliumsidegroup-functionalized intermediate chloride poly(RTIL) 2 as a fine white powder. A 1H
NMR spectrum of polymer 2 revealed that >99% of the pendant chloromethylaryl groups had
been converted to vinylimidazolium-substituted methylaryl pendant groups.

Polymer 2 (0.823 g, ca. 3.34 mmol repeat units) was then dissolved in 6 mL of deionized
water. LiTf2N (10 g, 34.8 mmol) was dissolved in 8 mL of deionized water and added to a 25mL Erlenmeyer flask equipped with a magnetic stir bar. The polymer 2 solution was then added
drop-wise to the LiTf2N solution, and the resulting ion-exchanged polymer precipitated out as a
white, tacky solid. The precipitated polymer was then stirred overnight in the LiTf2N solution.
The aqueous phase was subsequently decanted, and the polymer was washed with deionized
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water. After partial drying with air for 10–15 min, the resulting polymer was dissolved in 6 mL
of N-methylpyrrolidone and added drop-wise to 75 mL of a 0.5 M aqueous solution of LiTf2N.
The resulting Tf2N polymer precipitated as a white, tacky gum, and was stirred for 30 min after
all of the polymer solution was added. The aqueous phase was decanted, and the polymer was
washed with deionized water and air-dried at room temperature. This procedure was repeated
twice more. The resulting Tf2N polymer was then washed, dried and dissolved in 6 mL of NMP
and precipitated in 100 mL of deionized water. This latter dissolution and precipitation procedure
was performed a total of 5 times to remove residual halide ion, which was verified by adding
AgNO3 to a small aliquot of the wash water and observing no silver halide precipitate. The
polymer was then dried in vacuo (<20 mtorr) for 2 days at 45 ºC to afford the 100% Nvinylimidazolium-sidegroup-functionalized Tf2N polymer 4 as a clear, rubbery solid. 1H NMR
analysis of the prepared curable poly(RTIL) 4 revealed that >99% of the chloride anion had been
exchanged to the Tf2N– anion (the singlet for the imidazolium C(2)-proton at 9.17 ppm shifted
0.43 ppm up field in the Tf2N polymer) (see Figure A.4). 1H NMR (300MHz, CD3CN): 0.62 –
2.38 (br m, 3H) 4.76 – 5.56 (br d, 3H) 5.59 – 5.95 (br s, 1H) 6.05 – 6.79 (br m, 2H) 6.78 – 7.46
(br m, 4H) 7.48 – 7.90 (br s, 1H) 8.55 – 8.98 (br s, 1H). Residual Cl content in the isolated
polymer 4 was measured to be 0.11 wt. % by ion chromatography. Using the GPC Mn data
obtained for the starting polymer 1, the Mn of derived poly(RTIL) 4 was calculated to be 78.5
kDa, assuming 100% reaction of the chloromethyl groups on 1 with N-vinylimidazole.
Unfortunately, the unusual solubility properties of curable poly(RTIL) 4 and its relatively long
average chain length precluded direct determination of its MW by GPC or NMR endgroup
analysis.
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Figure A.4: 1H NMR spectrum (300 MHz, CD3CN) of 100% N-vinylimidazoliumfunctionalized curable poly(RTIL) 4.

A.6.5 Synthesis of 11% N-vinylimidazolium-functionalized curable poly(RTIL) 5
Curable poly(RTIL) 5 (targeted 10% vinyl-group substitution; actual vinyl group
substitution of 11%) was prepared by first reacting polymer 1 with 0.10 equiv. of Nvinylimidazole, and then reacting the resulting polymer with an excess of N-methylimidazole to
quaternize the remaining chloromethyl sidechains: Polymer 1 (1.110 g, ca. 7.27 mmol repeat
units) was dissolved 4 mL in DMF and added to a 15-mL round-bottom flask equipped with a
reflux condenser and a magnetic stir bar. N-Vinylimidazole (0.0685 g, 0.727 mmol) was then
added to the flask, and the contents were heated to 70 ºC, stirred and refluxed for 24 h. NMethylimidazole (0.836 g, 10.2 mmol) was then added to the reaction mixture, which had
already been heated at 70 ºC. Within 15 min, the reaction became cloudy, and 1 mL of MeOH
was added to re-dissolve the reaction contents. The reaction was heated at 70 ºC, stirred, and
refluxed for an addition 24 h to give intermediate Cl– poly(RTIL) 3. The workup procedure for
this intermediate polymer 3 was identical to that described previously for intermediate
poly(RTIL) 2 in Section A.6.4. 1H NMR analysis of the 11 mol % vinylimidazolium148

functionalized chloride poly(RTIL) 3 revealed that >99% of chloro pendant groups had been
converted to an imidazolium moiety and that ca. 89% of the copolymer repeat units contained a
pendant N-methylimidazolium group, while ca. 11% contained a pendant N-vinylimidazolium
group. Reference 1H NMR spectra of completely (100%) N-vinylimidazolium-functionalized
chloride intermediate poly(RTIL) 2 and completely (100%) N-methylimidazolium-functionalized
chloride control poly(RTIL) (both prepared from 1), are shown in Figure A.5 to show the NMR
peaks used to calculate the % N-vinylimidazolium- and % N-methylimidazoliumfunctionalization of intermediate chloride poly(RTIL) 3.
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9.0

8.5

8.0

7.5

7.0
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Figure A.5: 1H NMR (300 MHz, D2O) stacked spectra of the imidazolium and benzyl regions of
100%) N-methylimidazolium-functionalized chloride control poly(RTIL) (black) and 100% Nvinylimidazolium-functionalized chloride intermediate poly(RTIL) 2 (red).

The method to ion-exchange the chloride ion on intermediate poly(RTIL) 3 to the Tf2N
anion is identical to the method described in Section A.6.4 for the chloride intermediate
poly(RTIL) 2. After drying in vacuo (<20 mtorr) for 2 days at 45 ºC, the resulting 11% Nvinylimidazolium-functionalized curable poly(RTIL) 5 was obtained as a clear, rubbery solid. 1H
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NMR (300 MHz, CD3CN): 0.62 – 2.38 (br m, 3H) 3.45 – 4.02 (br s, 2.68H) 4.76 – 5.55 (br d,
2H) 5.66 – 5.89 (br s, 0.06H) 6.15 – 6.75 (br m, 2H) 6.75 – 7.55 (br m, 4H) 7.60 – 7.80 (br s,
0.11H) 8.25 – 8.65 (br s, 0.89H) 8.65 – 8.90 (br s, 0.11H). The percent vinylimidazolium
sidegroup content was determined by 1H NMR integration of the C(2)-protons and setting this
value to one. These peaks are shown as peaks 1 and 2 in Figure A.6, and further integration
under the smaller peak yields 0.11 for the amount of vinyl imidazolium in polymer 5. 1H NMR
Peak 3 in Figure A.6 represents the methyl peaks and integrates to 2.68 protons. For a 100%
methylimidazolium-functionalized polymer, this value would equal 3 protons, and thus polymer
5 contains 89% methylimidazolium groups. Residual Cl content in the isolated polymer 5 was
measured to be 0.11 wt. % by ion chromatography. Based on the GPC Mn values obtained for
starting polymer 1, the Mn of derived 5 was calculated to be 57.5 kDa, assuming complete
chloromethyl-group conversion of 1 with 0.10 equiv, of N-vinylimidazole and 0.90 equiv. of Nmethylimidazole. Unfortunately, the unusual solubility properties of curable poly(RTIL) 5 and
its relatively long average chain length precluded direct determination of its MW by GPC or
NMR endgroup analysis.
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Figure A.6: 1H NMR spectrum of curable poly(RTIL) 5 with the imidazolium C(2)–H signal
region (8.2–8.9 ppm) enlarged.

A.6.6 DSC analysis of curable poly(RTIL)s 4 and 5
Three to five milligrams of each sample was weighed out into the sample pans, sealed
then subjected to a temperature profile including: annealing at a rate of 10 °C/min to 150 °C or
100 °C then cooling to -20 °C at 2 °C/min followed by heating at 2 °C/min to either 100 °C or
150 °C. The glass transition point (Tg) was identified by following the method suggested by
Mazurin,21 namely: the first derivative of the heat flux vs. time was calculated and used to
identify the inflection point of the heat flux vs. time curve. The tangent was taken at that point,
as was the tangent of the curve after the Tg. The intersection of these tangents is reported as the
Tg temperature. The observed Tg’s of neat, curable poly(RTIL)s 4 and 5 (non-cross-linked) are
shown in Table A.1 below.
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Table A.1: Measured Tg values of curable poly(RTIL)s 4 and 5 in their initial non-cross-linked
native states.
Polymer Sample
4
UV-cross-linked 4
5
UV-cross-linked 5

Tg (°C)
10.70
8.93
10.16
12.22

A.6.7 TGA of curable poly(RTIL)s 4 and 5
To characterize the decomposition properties of these polymers, TGA was performed on
them using the following protocol: Heat to 800 °C at a rate of 5 °C/min then hold at 800 °C for
30 min under a 2 mL/min flow of nitrogen gas. The protocol was first run on an empty 70 µL
alumina pan. After cooling to room temperature, 20–30 mg of the sample was placed in the pan,
and the same TGA protocol was rerun. The obtained data was then analyzed using the following
procedure: The mass vs. time data from the run of the blank pan was subtracted from that of the
sample to generate ‘corrected’ data. Once the corrected data was obtained, the first derivative of
the mass vs. time data was calculated and used to identify the inflection point of the
decomposition curve. The intersection of the tangent of the inflection point and the tangent of the
curve before the decomposition process started is reported as the ‘onset temperature’ of the
decomposition process. The intersection of the tangent of the inflection point and the tangent of
the curve after the decomposition process had completed is reported as the ‘endset temperature’.
The thermal decomposition temperature for 4 and 5 was found to be 400 °C by TGA.
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A.6.8 ATR-FTIR spectroscopy of pre- and post-cross-linked, neat, curable poly(RTIL)s
and poly(RTIL)/RTIL composite gels
ATR-FTIR was used to track the disappearance of the vinyl CH2 bending peak (932–980
cm-1) during photo-initiated radical cross-linking. The degree of vinyl group conversion was
calculated by taking the ratio of the area under the vinyl peak (Avin) (932–980 cm-1) to the area
under an internal reference peak (Aref) (1010–1080 cm-1) as follows:
[𝐴 ]
( 𝑣𝑖𝑛 𝑡 )
[𝐴𝑟𝑒𝑓 ]𝑡
% 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 = (1 −
) ∗ 100
[𝐴𝑣𝑖𝑛 ]𝑖𝑛𝑖𝑡𝑖𝑎𝑙
(
)
[𝐴𝑟𝑒𝑓 ]𝑖𝑛𝑖𝑡𝑖𝑎𝑙
where the subscripts t and initial denote the peak areas at a time t after polymerization is
initiated and at time zero prior to photo-initiation, respectively.
A.6.9 Preparation of cross-linked, neat curable poly(RTIL)s 4 and 5 samples for ATRFTIR and swelling studies.
Samples were prepared by co-dissolving curable poly(RTIL)s 4 or 5 (1.00 g) with
5 wt. % 2-hydroxy-2-methylpropiophenone (0.053 g, 0.33 mmol) in acetonitrile (1.00 g). This
solution was then transferred into a custom-made glass mold to produce rectangular polymer
samples (approximate mold dimensions: H = 1 mm, W = 4 mm, L = 15–20 mm). The samples
were covered and the solvent was allowed to evaporate for 24 h at room temperature. Remaining
solvent was removed by placing the samples in a 40 °C oven for 12 h , which was then evacuated
(50 mtorr) for 2 h prior to obtaining ATR-FTIR spectra of the uncured polymers.

The dried polymer samples remained in the custom glass molds which were placed in a
vacuum chamber equipped with a quartz glass window. Three evacuation-purge cycles were
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performed with 100 mtorr vacuum and argon prior to UV irradiation of the samples. A
Spectroline 365 nm UV lamp with an intensity of 2.5 mW cm-2 (measured with a UVP 97-001502 UVX radiometer with a UVX-36 sensor radiometer) was used to photo-cross-link the curable
polymers for 5 min. ATR-FTIR spectra were then taken of the cross-linked samples to determine
the percent conversion of vinyl groups.

A.6.10 Preparation of supported, cross-linked poly(RTIL)/RTIL gel membranes using
curable poly(RTIL) 5 (11% N-vinylimidazolium-functionalization) blended with 79.5 wt. %
emim Tf2N (free RTIL)
Mixtures of curable poly(RTIL), RTIL, and radical photo-initiator were prepared using
the same methods described in Section A.6.12. One drop of the curable polymer/RTIL mixture
was placed directly on the ATR crystal and covered with a NaCl crystal. The sample was then
irradiated with 365 nm UV light with an intensity of 1.1 mW cm-2 (measured with measured with
a UVP 97-0015-02 UVX radiometer with a UVX-36 sensor) to perform in-situ cross-linking of
the curable poly(RTIL) 5/RTIL gel. Using the Series software feature in OMNIC™, the peak
areas for Aref and Avin were determined for each scan. The Series software was started prior to
turning on the UV lamp, so there is a brief (~15–20 s) induction period prior to the sample being
exposed to the UV source. Scans were collected at a rate of 0.5 scans per second and collected
for 5 minutes. The percent conversion of these samples was determined via the equation above.

A.6.11 Measurement of equilibrium swelling ratios of cross-linked samples of curable
poly(RTIL)s 4 and 5 with emim Tf2N
See Section A.6.9 for details on the preparation of neat, cross-linked samples of
poly(RTIL)s 4 and 5. The dry masses of the cross-linked polymer samples were recorded prior to
swelling, and then the cross-linked polymer tablets were placed into a large excess of free RTIL
(emim Tf2N) to swell the cross-linked samples at room-temperature (22 °C). The samples were
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removed, carefully dried, and their masses measured on daily intervals, until the mass increase
was measured to be less than 1% (i.e., equilibrium loading). The following equation was used to
calculate the equilibrium mass % loading:

𝑀𝑎𝑠𝑠 % 𝑅𝑇𝐼𝐿 =

𝑚𝑔 − 𝑚0
× 100
𝑚𝑔

where, mg is the equilibrium mass of the swollen gel (cross-linked polymer + free RTIL), and m0
is the mass of dry cross-linked polymer.

The smaller amount of RTIL taken up by cross-linked 4 suggests that the cross-link
density is higher compared to cross-linked 5. This result is counter-intuitive when considering
that the measured degree of vinyl group conversion for polymer 5 is nearly three times larger
than that measured for polymer 4. However, the absolute number of pendant vinyl groups that
participated in the UV-initiated chain-addition reaction was approximately three times larger in 4
compared to 5, since 4 contains 100% N-vinylimidazolium sidegroups.

A.6.12 Synthesis of supported, cross-linked poly(RTIL)/RTIL gel membranes using curable
poly(RTIL) 5 with 79.5 wt. % emim Tf2N (free RTIL)
Curable poly(RTIL) 5 (0.200 g) and emim Tf2N (0.840 g, 2.04 mmol) were added to a
glass vial. Radical photo-initiator, 2-hydroxy-2-methylpropiophenone (0.010 g, 0.061 mmol),
was added to the vial with a micropipette. Anhydrous acetone (0.100 – 0.400 g, 0.13–51 mL)
was then added to co-dissolve the poly(RTIL), RTIL, and radical photo-initiator, and the
contents of the vial were thoroughly mixed by using vortex mixer for several minutes. The
acetone was then removed by placing the vial in a temperature-controlled oven set to 40 °C for 3
h to afford the pre-gel mixture as a highly viscous liquid.
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A 2-cm-diameter circular piece of woven polyester fabric (Hollytex 3256, Ahlstrom
Filtration, LLC) was masked by sandwiching the fabric between two 47-mm diameter circular
pieces of aluminum foil HVAC tape (ShurTech Brands). A circular die was used to punch out a
1.27 cm2 area in the center of each piece of Al foil prior to masking. Care was taken to ensure
that the two pieces of aluminum tape and the 1.27 cm2 circular areas were precisely aligned
when sandwiching the piece of fabric. The masked fabric was then placed on a Teflon surface
within an inert-gas polymerization chamber (10 cm x 10 cm x 3 cm) equipped with a quartz glass
window and an O-ring. (Figure A.7b). The pre-gel mixture was added to completely cover the
1.27 cm2 area of fabric. The polymerization chamber was then sealed and evacuated for 1 min
(down to 300 mtorr) and purged with Ar gas. Four evacuation/purge cycles were performed, and
the chamber was placed under 365 nm UV light with an intensity of 1 mW/cm2 for 1 h to ensure
maximum conversion of vinyl groups. An example of a masked 79.5 wt. % RTIL gel membrane
and the inert-gas polymerization chamber are shown in Figure A.7. Gel membrane thicknesses
ranged from 300–500 μm and were measured with a digital micrometer.

(a)

(b)

Figure A.7: (a) Digital picture of a masked, supported gel membrane composed of 79.5 wt. %
emim Tf2N, 19.5 wt. % cross-linked, curable poly(RTIL) 5, and 1.0 wt. % radical photo-initiator.
Right: The inert-gas polymerization chamber (10 cm x 10 cm x 3 cm) equipped with a quartz
glass window and an O-ring.
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A.6.12.1 CO2/light gas permeability testing of supported gel membrane composed of 79.5
wt. % emim Tf2N, 19.5 wt. % cross-linked, curable poly(RTIL) 5, and 1.0 wt. %
radical photo-initiator.
The single gas permeability of CO2 and N2 was measured for the masked gel membranes
at 22 °C using a “time-lag” apparatus. The experimental methods and calculations have been
described in detail elsewhere.3 It is assumed that the porosity (ε) of the woven fiber support is ~1
as opposed to a value of 0.8 as previously reported for microporous poly(ether sulfone)
supports.3 Three membrane replicates were fabricated and a single permeability measurement for
each gas was performed on each membrane (e.g., one CO2 and N2 permeability measurement for
a single membrane) (Table A.2). The presented CO2 permeability data represents the average
CO2 permeability of the three membrane replicates and the error represents one standard
deviation.

Table A.2: CO2/light gas permeation test results supported gel membranes composed of 79.5 wt.
% emim Tf2N, 19.5 wt. % cross-linked, curable poly(RTIL) 5, and 1.0 wt. % radical photoinitiator.
Membrane
Sample
Membrane 1
Membrane 2
Membrane 3
Average
St. Dev.

CO2
Permeability
(barrer)
450
484
560
498
57
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N2
Permeability
(barrer)
21.0
22.6
19.5
21.1
1.6

Permeability
Selectivity
(CO2/N2)
21.4
21.4
28.8
23.8
4.3

A.6.13 Comparative gelation rate studies between the curable polymers and cross-linking
RTIL monomers
To compare the relative rates of gelation between the curable polymer systems described
herein to a previously reported RTIL monomer system, solutions of 59.5 wt. % emim Tf2N, 39.5
wt. % curable poly(RTIL) or cross-linkable RTIL monomer, and 1 wt. % radical photo-initiator
were prepared. The chemical structure of the cross-linkable RTIL monomer (6) is displayed in
Figure A.8, and its synthesis is described in a previous publication.

Figure A.8: Structure of cross-linking bis(vinylimidazolium) monomer 63 used in comparative
curing rate and solution processing studies against curable poly(RTIL) 5.

Solutions of the curable polymers were prepared as described in Section A.6.12. The
monomer solution was prepared as described in a previous publication.3 Curing experiments
were performed in a closed nitrogen box where O2 content was less than 1% (measured with a
Oxy-Sen™ O2 monitor by Alpha Omega Instruments). A Spectroline 365 nm UV lamp with an
intensity of ~1 mW cm-2 at the sample surface was used to cure samples for either 5, 15, or 30
seconds. After photo-curing, pictures of the reaction samples were taken, and the samples were
placed on their sides to determine whether or not they flowed (i.e., if sufficient cross-linking had
occurred to induce bulk gelation in the samples).
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Figure A.9: Digital pictures showing the relative flowability under gravity of 59.5/30.5/1.0
(w/w/w) mixtures of (emim Tf2N/4/photo-initiator), (emim Tf2N/4/photo-initiator), and (emim
Tf2N/6/photo-initiator) after different UV photo-curing times at RT.

As observed in Figure A.9, after 5 s of UV irradiation, all of the solutions flow indicating
that gelation has not occurred. However, after 15 s of exposure, both curable polymer samples
appear to have gelled and did not flow even after being tilted for 16 h. In contrast, after 15 s of
curing the monomer system flowed when tilted, indicating that gelation had not occurred.
Likewise, after curing for 30 s, the polymer systems showed no indication of flow, indicating gel
formation. However, the monomer system was found to flow after 30 s of curing, although
viscosity had noticeably increased from the 15 s cure time.

In summary, the curable polymer systems reached a gelled state significantly faster than a
cross-linkable RTIL monomer system which we believe gives the curable polymers a distinct
processing advantage over monomeric RTIL systems. For example, processing a thin gel film on
a continuous roll-to-roll solvent casting process would require the use of UV light to cross-link
159

and gel the polymer or monomer system. By minimizing the time required for gel formation (i.e.,
curing time) on such a continuous process would increase membrane throughput and/or greatly
reduce the number of require UV light sources.

A.6.14 Comparison of composite films formed from curable poly(RTIL) 5 and cross-linking
bis(vinylimidazolium) monomer 6
To investigate the processablity of curable poly(RTIL)s vs. cross-linkable RTIL
monomers, a series of films were cast onto a finely porous ultrafiltration (UF) polymer
membrane. SEM images of the neat, porous polymer support are shown in Figure A.10.

(a)

(b)

160

(c)

(d)

Figure A.10: SEM images of the neat, porous UF substrate. 90° cross-sections of the substrate
are shown in (a) at 1500x, (b) at 10,000x, and (c) at 27,000x magnification. A 45o cross-section
at 27,000x magnification is shown in (d).

Test films were cast by first securing a piece of the porous substrate to a bench top with
double-sided tape. A strip of tape was placed down the length of each side of the porous polymer
substrate to act as a spacer and guide for a stainless-steel casting block. The casting block has
dimensions of 2” x 4” x 1” and has a hollowed center portion where a casting solution is placed.
A 250-μm-high channel at the base of the casting block permits a film of casting solution to be
drawn across a substrate. Images of the casting setup and stainless-steel casting block are shown
in Figure A.11.
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(a)

(b)

Figure A.11: (a) Oblique top-view image of the stainless-steel casting block centered over a
piece of the UF membrane, and (b) a side-on image showing the 250 μm-high channel at the base
of the casting block.

After centering the casting block over the porous substrate and adding a casting solution
to the center of the block, the block was drawn across the polymer substrate. The film was
allowed to dry at room temperature for several minutes if a co-solvent was used.

Three films were cast onto the porous polymer substrate. Film 1 was formed by casting
neat cross-linkable RTIL monomer 6 with 0.1 wt. % photo-initiator and irradiating the film with
UV light (365 nm, 1 mW cm-2) for 1 h under a N2 atmosphere. No more than 1 minute elapsed
between casting the monomer film and exposing it to UV. Film 2 was formed by casting a
solution of 50 wt. % cross-linkable RTIL monomer 6 with 0.1 wt.% photo-initiator in CH3CN.
The film was irradiated with UV light (365 nm, 1 mW cm-2) for 1 h under an argon atmosphere
after the film had dried (approximately 5 min). Film 3 was formed by casting a 50 wt. % solution
of curable poly(RTIL) 5 in CH3CN and allowing it to dry at room-temperature. Film 3 was also
subsequently irradiated with UV light (365 nm, 1 mW cm-2) for 1 h under an argon atmosphere
after the film had dried (approximately 5 min).
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SEM samples of the fabricated films and the UF membrane were freeze-fractured in
liquid nitrogen and mounted on Al sample stubs with conductive carbon tape. The samples were
then dried in vacuo for 3 h at room temperature. After drying, the samples were coated with a 3-4
nm thickness of Au using a gold sputter coater. SEM images of Film 1, Film 2, and Film 3 are
shown in Figures A.12–S14 below, respectively.

(a)

(b)

(c)

(d)

Figure A.12: SEM images of Film 1 formed by casting and photo-curing neat liquid RTIL
monomer 6. 90° cross-sections of Film 1 are shown in (a) at 600x and (b) at 10,000x
magnification. 90o cross-sections of the porous substrate near the dense polymer film (c) and
near the bottom of the substrate (d) are shown at 10,000x magnification.
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(a)

(b)

(c)

(d)

Figure A.13: SEM images of Film 2 formed by casting and photo-cross-linking a 50 wt. %
CH3CN solution of cross-linkable RTIL monomer 6. 90° cross-sections of Film 2 are shown in
(a) at 10,000x and (b) at 27,000x magnification. 90o cross-sections of the porous substrate near
the dense polymer film (c) and near the bottom of the substrate (d) are shown at 10,000x
magnification.
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(a)

(c)

(b)

(d)

Figure A.14: SEM images of Film 3 formed by casting and subsequently photo-curing a 50 wt.
% CH3CN solution of curable poly(RTIL) 5. 90° cross-sections of Film 3 are shown in (a) at
10,000x and (b) at 27,000x magnification. 90o cross-sections of the porous substrate near the
dense polymer film (c) and near the bottom of the substrate (d) are shown at 12,000x
magnification.

It was observed that very little of the porous structure of Film 1 (Figure A.12) or Film 2
(Figure A.13) was retained when compared to the open porous morphology clearly observed in
the neat support (Figure A.10). The “pore-filling” observed in Film 1 was more predominant
closer to the polymer film-substrate interface (Figure A.12c) and was not observed near the
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bottom of Film 1 (Figure A.12d). We believe that monomer migrated into the porous network
during the casting of neat monomer 6, but the high viscosity of this monomer prevented
penetration throughout the entirety of the porous substrate prior to polymerization and crosslinking. SEM imaging of Film 2 revealed that “pore-filling” was much more pervasive
throughout the entire porous substrate (Figure A.13). Dissolving cross-linkable RTIL monomer 6
in as a 50 wt. % solution in CH3CN drastically reduced the viscosity compared to neat monomer
6. We believe that this allowed cross-linking RTIL monomer 6 to readily penetrate into the
porous support prior to photo-cross-linking. Additionally, the measured layer thickness (i.e., the
total thickness of the polymer film on top of the support) of Film 2 was ca. 600–800 nm,
compared to approximately 100 μm for Film 1. The thickness of deposited Film 2 is over two
orders of magnitude smaller than that of Film 1, despite the Film 2 casting solution only being a
factor of two more dilute. Comparing Figures A.12 and A.13 to Figure A.10 clearly show that
material has migrated into the porous support because of the morphological changes observed
in the porous substructure. This also suggests that a significant amount of cross-linking
monomer 6 migrated into the ultraporous support, rather than depositing on the substrate surface
when co-dissolved in a casting solvent. We suspect that pore penetration will significantly
worsen when more dilute solutions of RTIL monomer are used (e.g., 0.1–1 wt. % solutions that
are typically used for thin polymer film processing. Film 1 certainly represents a “best case
scenario” for monomer processing since the neat liquid monomer possesses a relatively high
viscosity and is easily spreadable. However, the polymerized film is highly cross-linked and very
glassy. To afford films that are more lightly cross-linked and more amenable to gas transport, a
second, non-cross-linking monomer will necessarily be used. However, we have anecdotally
observed that the viscosity and “spreadability” of mono-functional RTIL monomers is
166

significantly lower. We anticipate that even when cast as a neat film (no co-solvent), monomer
penetration will worsen in systems composed of cross-linking and with lower viscosity, noncross-linking RTIL monomers.

In contrast to Film 1 and Film 2, the pore structure of Film 3 (formed by solution-casting
of curable poly(RTIL) 5) was retained to a very high degree (Fig A.14). Only a small amount of
penetration into the first 100–200 nm of the porous substrate was observed (Figure A.14b).
However, this is typically observed for polymers cast onto a porous substrate, particularly if the
polymer possesses a moderate Mn, such as poly(RTIL) 5 (ca. 58 kDa). The ability to form a film
that does not intercalate into the substrate pore structure is incredibly important for gas
separation applications, where the effective film thickness dictates gas throughput (i.e.,
permeance). The studied curable polymers offer a distinct processing advantage over crosslinkable RTIL monomers, which cannot be polymerized (gelled) prior to casting or processing.
The curable polymers can be cast using conventional solvent processing to form a thin film
which can then be cross-linked after the processing step. Most crucially, the curable poly(RTIL)
system will be much less likely to penetrate into a porous substrate and drastically increase
overall film thickness. Steps are currently being explored to develop “post-treatment” techniques
to infuse cross-linked curable poly(RTIL) films, such as Film 3, with optimized, targeted
amounts of RTIL. This approach is analogous to the “swelling” technique that was used to
fabricate gels from bulk samples of cross-linked curable polymers 4 and 5.

A.6.15 Post-treatment of cross-linked, neat, curable poly(RTIL) films with RTIL
Three curable polymer 5 films cast in the same manner as Film 3 (Section A.6.9) were
fabricated and irradiated with UV light (365 nm, 1 mW cm-2) for 5 min in an Ar atmosphere. The
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films were cut and masked similar to the membrane described in Section A.6.10. The CO2
permeance of each membrane was measured at room temperature. N2 permeance was too low to
be measured with our apparatus. The films were then removed from the permeance apparatus,
and emim Tf2N was allowed to soak on the unmasked surface of each film for 2.5 to 10 min. The
emim Tf2N was removed after soaking by gently dabbing the membrane surface dry with a
KimWipe. Each membrane was then re-tested for CO2 and N2 permeance. Table A.3 summarizes
the CO2/N2 permeance selectivity of post-treated membranes and the relative CO2 permeance
increase (P/P0) with applied emim Tf2N soak time, where P is the post-treated membrane
permeance and P0 is the neat, untreated membrane permeance.

Table A.3: CO2 and N2 gas permeation properties of RTIL treated films of 5
Membrane Soak Time in
emim Tf2N (min)
2.5
5
10

P/P0

CO2/N2 Selectivity

2.4
5.0
4.2

25.5
28.1
27.3

It was found that the CO2 permeance nearly doubled with a 2.5 min emim Tf2N soak time and
increased by a factor of 5 with a 5-min soak time. The permeance enhancement for the 10 min
soak was about 4.2. This preliminary data suggests that the permeance enhancement is consistent
with infusion of RTIL into the cross-linked polymer network. All of the membranes exhibit
CO2/N2 selectivity values are close to that of the neat gel membranes, suggesting defect-free
films were formed. We are currently working on determining and optimizing the rate and amount
of emim Tf2N infused into the cross-linked poly(RTIL) materials.
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