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ABSTRACT

Carlisle, Trevor Kenneth (Ph.D., Chemical and Biological Engineering)

Design, synthesis, and evaluation of new ionic liquid-based solvents, polymers, and composites
for enhanced membrane-based CO,/light gas separations

Thesis directed by Professors Douglas L. Gin and Richard D. Noble

Supported ionic liquid membranes (SILMSs) possess very attractive CO, permeabilities
and CO./light gas permeability selectivities. However, the liquid RTIL in SILMs is physically
displaced at elevated trans-membrane pressures (e.g., > 1 atm). The RTIL component can,
however, be “stabilized” by forming a solid, polymerized RTIL (poly(RTIL)) membrane. To
compensate for a reduction in CO, permeability, “free” liquid RTIL can be incorporated into the
poly(RTIL) to form a composite poly(RTIL)-RTIL material. Optimizing the performance of
poly(RTIL)-RTIL membranes can be achieved by individually tailoring the liquid (i.e, RTIL)
and solid (i.e., poly(RTIL)) components to maximize CO, permeability and CO,/light gas
permeability selectivity.

A thermodynamics-based, “rational” design guide for the synthesis of new, highly
selective RTIL materials was presented and verified experimentally with CO; solubility and
COq/light gas selectivity measurements. Appending the RTIL imidazolium cation with groups
that possess large molar attraction constants (i.e., nitrile or propargyl) was found to increase the
RTIL solubility parameter, reduce CO; solubility, and increase CO,/light gas solubility
selectivity relative to alkyl-functionalized RTIL analogues.

The synthesis and CO; separation characterization of several new RTIL-based polymeric
membrane materials were also investigated. It was also found that composite structures formed

by blending these polymers with liquid RTILs affords enhanced CO, flux and CO; light gas



selectivity. For example, the CO, permeability and CO,/N, permeability selectivity of a
disiloxane-functionalized poly(RTIL)-RTIL (20 mol% liquid) composite were 190 barrers and
19, respectively. To maximize both CO; flux and CO,/light gas selectivity, new cross-linked
poly(RTIL)-RTIL gel membranes were developed, and the CO, separation performances of these
membranes were studied. This membrane configuration effectively “stabilizes” the liquid RTIL
component while maintaining a good degree of membrane mechanical stability. These materials
demonstrated excellent CO,/light gas separation performance. The CO, permeability of these
membranes were found to range from 130 to 520 barrers with no change in CO2/N, or CO,/CH,4
selectivity (ca. 34 and 20, respectively). The CO,/H; selectivity improved with RTIL content to a
maximum of 12 at 75 wt. % liquid loading. As a new class of RTIL-based membrane materials,
these next generation of RTIL-based membranes, cross-linked poly(RTIL)-RTIL gels were
found to be very promising and potentially viable candidates for industrial CO, membrane

separations.
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Chapter 1

Introduction and Background

1.1. Motivation: CO,/Light Gas Separations

The separation of carbon dioxide (CO,) from mixtures of other light gases, such as
nitrogen (N2), methane (CH,4), and hydrogen (H>), is paramount from both industrial and
environmental standpoints. Specifically, the separation of CO, from N, CO, from CH,4, and CO,
from H, are three distinct separation challenges faced by the electrical energy, natural gas, and
syngas production sectors, respectively.

By far, one of the most challenging and well-documented CO, separation processes is the
post-combustion removal of CO, from flue gas streams (i.e., the separation of CO, from Ny).
Globally, coal and natural gas are among the cheapest and most abundant sources of fuel.
Unfortunately, the combustion of these fuels for the production of electricity is inextricably
linked to the release of large quantities of CO, both domestically and in other developed nations
[1-3]. Climate- and oceanic-related issues associated with the buildup of anthropogenic CO, are
anticipated to worsen as the global demand for cheap electricity and world population greatly
increases [3]. To abate and, ultimately, eliminate the release of flue gas CO,, it will be
imperative to develop CO,/N; separation technologies that can effectively remove CO, from
combustion exhaust in coal- and natural gas-based electrical power plants while minimally
impacting the current cost of electricity. The ultimate fate of such large quantities of “captured”

COg, however, is certainly still a matter of debate. Current approaches under consideration



include pumping CO, into deep underground wells or into displaced or depleted oil wells [1, 4].
A distinct disadvantage of CO, as a chemical is that it is not a feedstock for any large commodity
or commercial product (yet), due largely in part to its thermodynamic stability [5]. Storage of
massive quantities of CO, could be avoided if CO, had commercial value (e.g., using CO, as a
feedstock for polymeric building materials). Such enabling technologies may also accelerate the
industrial interest and practice of CO, post-combustion capture. However, methods to utilize
CO; in such a manner have proven difficult despite intense research efforts [5-7]. Regardless of
the uncertainties associated with downstream processing of CO, captured from flue gas, there
remains a great need to accelerate CO, separation technology to eventually make such
“downstream processing” economically and technologically feasible.

A second challenging and highly important CO, separation process is the efficient
removal of CO, from mined natural gas sources (i.e., the separation of CO, from CH,). Natural
gas (i.e., CH,) combustion is certainly cleaner and produces significantly lower amounts of SOy,
NOx and CO, when compared to the combustion of coal [3, 8]. This fuel source also lessens the
United States’ dependence on foreign energy sources, since almost 90% of all natural gas
consumed in 2009 was produced domestically [8]. In that same year, the United States consumed
natural gas at an estimated rate of 22.8 trillion cubic feet per year (tcf/yr)*. Current projections
estimate that this rate will only increase in the coming years, particularly as shale gas becomes
increasingly utilized [8]. The acid gas impurities typically present in natural gas wells (e.g., CO»,
SO, and H,S) must be brought to minimal levels prior to CH,4 transport and combustion for
power generation) [8, 9]. This type of separation or purification process is typically referred to
as “natural gas sweetening”. Specifically, the level of CO, in natural gas pipelines is restricted to

less than 1-2 mol % [8, 9]. This is to ensure that the hydrocarbon fuel can ultimately be



combusted cleanly and efficiently as well as to limit the amount of equipment corrosion during
transport and distribution. Similar to CO,/N, separation, there is a need for CO,/CH, separation
technologies that can efficiently remove CO, to the required levels while affording little-to-no
increase in the cost of piped natural gas and CH,4-generated electricity. These new CO,
separation technologies will prove critical as this domestic resource is increasingly utilized in the
coming decades.

A third and related industrially important CO, separation process is the efficient removal
of CO, from H; in the production of syngas. In addition to its use as a combustible fuel , methane
is also an incredibly important feedstock chemical for the production of H; (i.e., syngas), which
is then used for clean power generation in the form of combustion or H; fuel cells. H; is also a
feedstock chemical for numerous chemical products, most notably NH;. The production of H;
from CH, is performed in a two-step reaction process referred to as (1) steam methane reforming

and (2) water gas shift (Scheme 1.1).

Steam methane reforming

(1) CHy + HyO——> CO + 3H,

Water gas shift
(2) CO+HO0 —— > COx+ Hy

Scheme 1.1. Production of H, from CH,4 via steam methane reforming followed by water gas
shift.

The CO, produced over the two-step process is an impurity and must be reduced to minimal
levels before the H;, can be used as a fuel or transported for other chemical feedstocks [10, 11].

Technologies that can efficiently separate H, from CO, to high levels of purity are very desirable



[10, 12]. Ideally, such a technology would selectively remove CO,, leaving the purified H, at
high pressure and ready for transport or combustion without the need for further compression.
This type of separation is technically difficult to achieve based on traditional CO,/H, separation
processes.

CO, removal technology has advanced greatly over the last 60 years largely due to
intense research efforts in the petrochemical, chemical, and academic sectors. Despite these
advancements, current industrial CO, separation technology is faced with many challenges —
most notably the need to keep up with growing separation demands while minimizing
operating/capital costs. The current industrial practices for CO,/H;, CO2/N,, and CO,/CH,4
separations are similar and take on one of three basic forms: (1) absorption using a liquid
solvent, (2) adsorption using a solid media, or (3) cryogenic distillation. In every case, the
ultimate separation is driven and achieved by thermodynamic equilibrium and subsequent phase
change(s). Each of these CO, separation methods possesses inherent drawbacks that limit their
wide-spread use and feasibility. Cryogenic distillation, for example, requires incredibly pure feed
streams to be viable. More notably, it requires an enormous energy input to carry out the
separation at such low temperatures. For the CO, separation methods described below (i.e., for
flue gas, natural gas and syngas), cryogenic distillation is simply not feasible and is utilized only
for very specific applications that will not be discussed here.

Pressure swing adsorption (PSA) for the selective separation of CO, is a viable but still
developing technology [2, 13]. The basic operating principle involves a high pressure process
stream containing product and impurities (e.g., CO,, SO, or H,S) pass through a column
containing a porous, high surface area solid media, such as zeolites or metal-organic-frameworks

(MOFs), which selectively adsorb CO,. Once the adsorption media has been saturated, the



column pressure is greatly reduced (with the possible addition of elevated temperature), and the
COqzis liberated from the adsorbed surface sites. This process is capable of removing CO, to
extremely low levels, but its industrial viability is contingent upon a large quantity of extremely
high surface area materials that can be perfectly regenerated over many cycles. Furthermore, the
energy requirement due to repeated compression/vacuum cycles of a PSA process will be
significant and may lead to high operating costs.

A common practice, particularly for CO,/CHy, is the use of a scrubbing column with an
aqueous amine as the solvent to physically absorb and react with CO; [11, 14-16]. Amines,
typically monoethanolamine (MEA), reversibly react with CO, in water to form a carbamate salt.
To regenerate the aqueous amine solution and liberate the bound CO,, the solution must be
heated to elevated temperatures and subsequently cooled for further CO; scrubbing. This process
is inherently energy intensive and current estimates suggest that approximately 20% of electricity
generated by a coal-based power plant would be required to operate the amine-based CO,/N, flue
gas separation [15, 17]. In addition to excessive operating cost, the corrosive nature of aqueous
amine solutions requires special equipment and materials of construction, greatly increasing
capital costs [18]. The aqueous amine process also suffers from solvent loss and toxicity issues,
since the amine is typically a volatile organic compound (VOC) [19]. This fact only serves to
compound the issues the process already faces with excessive operating costs. Despite these
well-known drawbacks, amine-based CO, removal is perhaps one of the most promising
separation technologies to be utilized during the interim where newer technologies advance
beyond the developmental stage, particularly in the case of CO,/N, separation.

There are two other primary solvent-based absorption processes that have found

successful industrial use for CO, removal from hydrocarbon and syngas streams. “Rectisol” is a



process that has been established for quite some time in the petrochemical sector [11]. It uses
refrigerated methanol (typically at —40 to —60 °C) as the physical solvent for the removal of acid
gasses, such as CO, and H,S [11]. Similar to the Rectisol process, the “Selexol” process has
primarily been established for use in IGCC (Integrated Gasification Combined Cycle) power
plants for the cleanup of syngas streams [11]. Selexol uses a considerably viscous poly(ethylene
glycol) solution (as opposed to methanol) as the physical solvent [11]. This proprietary glycol
solution has the specific advantages of chemical inertness and high resistance to degradation.
Selexol also avoids the use of a VOC (i.e., MeOH), and the solvent loss issues that are integral to
the Rectisol process. In addition to sizable energy requirements associated with solvent
regeneration and cooling, both the Rectisol and Selexol processes require large equipment,

immense amounts of solvent and considerably sophisticated operation and training.

1.2. Membrane-Based Materials for CO,/Light Gas Separations

Membrane-based gas separations have the potential to overcome many of the
disadvantages associated with traditional CO, separation technologies, most notably high
operating and capital costs. As mentioned above, traditional separations are equilibrium-based
processes that can involve multiple phase changes (i.e., gas to liquid, liquid to solid) and
subsequently cause high energy costs. Membranes, on the other hand, achieve gas separation
based on relative differences in gas transport, where no phase change occurs. On a basic level,
membrane-based separations are significantly simpler than the industrial practices discussed
above: two gas streams are physically separated by a selective organic or inorganic film (i.e., a
membrane) that allows one gas to transport from one side to the other preferentially over other

gases in a mixture. Transmembrane diffusion is driven by the partial pressure (or chemical



activity) difference of a species between the upstream and downstream sides of the membrane.
Selective transport of that species occurs spontaneously from the upstream side of high partial
pressure to the downstream side of low partial pressure, where the species concentration is
subsequently enriched. Of course in reality, membrane separations are not quite as simple as this
idealization, but their “simplicity” is nonetheless a major attraction compared to conventional
technologies. Membrane-based processes have the advantages of scalability and small plant
footprint in addition to ease of operation. Most notably, the amount of “functional” material (i.e.,
a membrane material) is infinitesimally smaller compared to the large amount of solvent needed
for the traditional separations described above. If the membrane materials are very effective in
removing COy, then less surface area will be required to perform a separation. In practice then,
one could use a very small amount considerably expensive membrane material.

Gas separation membranes can be divided into three general classes of materials: (1)
inorganic (e.g., ceramic or zeolite) membranes, (2) polymeric (e.g., carbonaceous organic)
membranes, and (3) physical blends of materials from classes 1 and 2 (i.e., “mixed-matrix-
membranes”). Regardless of the type of material used, membranes cannot be considered to be
competitive with traditional separations if they do not possess both high flux CO, (i.e., a high
rate of gas transport) and CO, high selectivity (i.e., a high preferential transport of one species
over others). Selective gas separation and transport is accomplished by distinctly different
mechanisms in each of these three classes. A detailed discussion of the first and third class of
membrane materials (mixed-matrix-membranes) is not pertinent to this body of work and will
not be discussed here. By far, the majority of industrial, membrane-based processes utilize

polymeric materials [20]. However, ceramic and mixed matrix materials are better suited for



unique applications that demand high temperature and robust chemical stability in addition to
membrane separation performance [20].

Transport and separation in the second class of materials is typically described by a
solution-diffusion mechanism [20-23]. As the name implies, this mechanism has two
components: the affinity of a membrane material for a gas (i.e., gas solubility) as well as gas
mobility within the membrane matrix (i.e., diffusivity). Both aspects of the solution-diffusion
mechanism determine the overall transport properties of a gas. The selectivity of a penetrant
species is determined as the relative ratio of transport rates to other species in a mixture. As
discussed above, membrane gas transport is a pressure (or concentration) driven process, and for

dense polymeric membranes is very well described by Fick’s first law [20-23]:

Ji=-D(e)E ()

In Eqg. 1, J; is the flux of gaseous species i, D; is the diffusion coefficient of species i, ¢; is the
local concentration of i, and x is the transmembrane length. The gas permeability is the

membrane thickness and pressure-drop normalized flux of gas species i:

PizA’—fiiz )

where, | is the membrane thickness and Afj is the transmembrane fugacity difference of species i.
If ideal gas conditions exist, Afi can be replaced by Apj, where pj is the partial pressure of species

i. By substituting Eq. 2 into Eq. 1, the permeability can be expressed as [20-22]:



dc; 1
P = _Di(ci)éA_fi (3)

Separation and integration of Eq. 3 from limits of x =0 to x =l and ¢;= 0 to ¢; = ¢, (i.e., the case
of zero concentration of species i at the downstream side of the membrane) result in the general

equation form [20-22]:

Pi = Di X Si (4)

where D; is the average diffusivity of species i (the mobility component) in the membrane and S;

is the average solubility of species i (i.e., the thermodynamic, equilibrium component) in the

membrane. The units of permeability are typically given in barrer, e.g.,

cm3(STP) - cm
cm?-s-cmHg

P[=]barrer,1 barrer = 10~ 10

Solution-diffusion transport is simplified and described schematically in Fig. 1.1. As can be seen
in Fig. 1.1, it involves a five-step theoretical process consisting of (1) convective diffusion to the
membrane surface, (2) adsorption and subsequent absorption (i.e., dissolution) on the upstream
side of the membrane, (3) diffusion through the dense membrane, (4) de-solvation and de-
adsorption on the downstream side of the membrane, and finally (5) convective diffusion away

from the downstream membrane surface.
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Downstream

Figure 1.1. The theoretical steps involved with solution-diffusion transport across dense
polymeric membranes. ( 1) Convective diffusion to upstream membrane surface; (2) Adsorption
and dissolution into the membrane; (3) Diffusion of gas through the polymer; (4) De-solvation
and de-adsorption; and (5) Convective diffusion away from downstream membrane surface.

As both diffusivity and solubility are properties inherent to the chemistry and morphology of
polymeric membrane materials, an important implication can be inferred from Eq. 4: The
permeability of a particular species can be improved by enhancement of D; and/or S; through
tuning of the material properties of the membrane. Membrane permeability, however, is only one

of two important factors that define ultimate separation performance. The permeability

selectivity or, simply, selectivity is the other critical factor and is defined as:

D;i §;

Permeability Selectivity (ai/j) = % =Diy 35 5)
J J J
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As shown in Eq. 5, the permeability selectivity of species i over species j (aij) is the ratio of
permeabilities of the two gases. Using the definition of Eq. 4, the permeability selectivity can
also be written as the product of the solubility selectivity (Si/S;) and the diffusivity selectivity
(Di/D;). This, of course, implies that the ultimate selectivity of a membrane is based on how well
it discriminates between one gas species over another (solubility selectivity) and how easily it
permits one gas to pass through compared to others (diffusivity selectivity).

As mentioned above, membranes must possess both high CO, flux and high CO,
selectivity before they can be considered competitive with traditional CO, gas separation
methods [20-22]. Ideally, one would strive to simultaneously improve membrane CO,
permeability (i.e., enhance CO, diffusivity and CO, solubility, Eq. 4) as well as CO,
permeability selectivity. It is extremely difficult, however, to reformulate polymer chemistries
and morphologies in ways that will enhance both permeability and permeability selectivity.
Membrane permeability may be enhanced, but at the expense of lower selectivity and vice versa.
In the field of polymer-based membrane separations this phenomenon has been widely studied
(both theoretically and experimentally) and is known ubiquitously as the so called “flux-
selectivity tradeoff” [24]. For example, glassy polymers tend to be very selective because of their
ability discriminate between gases of differing size (high diffusivity selectivity), but also tend to
have low diffusivity and, subsequently, permeability because of a rigid polymer matrix [20-22,
24]. On the other hand, polymers in the rubbery state tend to have high permeability (i.e,.
diffusivity), but rather low selectivity because the rubbery polymer matrix allows
accommodation of gases of all sizes (low diffusivity selectivity) [20-22, 24]. Comparison of the

CO,/CHj, separation performance between silicone rubber (PDMS) and polycarbonate (PC) in
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Table 1.1 exemplifies this flux-selectivity tradeoff. PC is incredibly glassy, while PDMS is

entirely rubbery [22, 25, 26].

Table 1.1 Glass transition temperature (Tg), CO, permeability, and CO,/CH4 permeability
selectivity of PC and PDMS [22, 25, 26].

Polymer T, (°C) P(CO,) P(CO,)/P(CH,)

PDMS -123 4550 3.37
PC 145 6.5 23.2

The drastic difference in both polymer chemistry and morphology between PC and
PDMS contributes to such wildly different gas separation properties. Although comparison of
these two specific polymers represents the “extremes” in terms of the flux-selectivity tradeoff, a
large body of work has shown that intermediate materials tend to follow the same trend. A
convenient way to plot gas separation performance is on what is known as a “Robeson Plot”
[24]. This is a log-log plot of the permeability selectivity of a particular gas pair vs. the
permeability (i.e. throughput) of the more permeable gas. Robeson plots for CO2/N, and

CO,/CHy, are shown in Figs. 1.2a-b [24].
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Figure 1.2. Robeson plots of (a) CO,/N; and (b) CO,/CH,4 with polymer data (O) data from
Robeson [24].

These plots contain data from a broad range of membrane materials and research groups and they
perfectly exemplify the flux-selectivity tradeoff. As can be seen in each plot, the more permeable

a membrane is (i.e., as you go to the right), the less selective the material becomes and vice-
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versa. The solid lines labeled “upper bound 2008 represent the current limit in flux selectivity
performance. The negative slope of this line represents the general tradeoff trend for a specific
separation pair [24]. The upper bounds were determined by statistical analysis of very large data
sets and serve as good benchmarks by which to gauge the performance of newly-tested
membrane materials [24]. At this point, however, it is important to point out that the so called
“flux-selectivity tradeoff” trend is the general rule to which there are certainly exceptions. It is
also important to point out that the “upper bounds” are only current day empirical bench marks
and by no means demark any theoretical upper limit. As Fig. 1.2 suggests, there are hundreds if
not thousands of polymer materials that can be used for the separation of specific CO,/light gas
pairs. It is desirable to design new polymer membrane materials that fall in the upper right
quadrant of the Robeson Plots (Fig. 1.2) (i.e., demonstrate improved CO, permeability and
selectivity).

Polyamide- and polycarbonate-based membranes have been exhaustively studied for their
CO; separation properties[2, 9, 16, 27]. Even to this day, these inherently glassy polymers are
studied by many researchers. However, there is still a need to develop new polymeric membrane
materials that push the conventional limits of CO, permeability and CO,/light gas selectivity. As
seen in Fig. 1.2, very few polymer materials have demonstrated CO, separation performances
that approach or surpass Robeson’s Upper Bounds. One class of materials, in particular, that has
shown much promise are poly(ethylene oxide) (PEO)-based materials [12, 28-36]. Many groups
have exploited the enhanced CO; solubility inherent to PEO to produce membranes that not only
possess excellent CO, permeability (ca. 100-1000 barrers) but promising CO; selectivity as well
[12, 28-36]. It is widely accepted that the inherently good CO, selectivity of PEO is due to

favorable interactions of the polar ether units with the quadrapole moment of CO, [29]. PEO-
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based polymers can also be tuned to possess rather low values of T (i.e., to be very rubbery) and
high values for CO, diffusivity leading to high CO, permeability [28, 33, 37]. Very few new
membrane materials have emerged that are able to compete with the performance of PEO-based
materials. However, room-temperature ionic liquids (RTILs) have recently arisen as a new class

of highly CO,-selective and CO,-permeable materials for membrane applications.

1.3. RTILs as Selective and Tunable Solvents for CO, Capture

RTILs are liquids at ambient conditions (i.e., near-room-temperature) and are composed
only of ions in the absence of a molecular co-solvent [38-40]. RTILs typically possess bulky,
organic cations and organic or inorganic anion pairs [38-40]. A selection of some common
RTILs is shown in Fig. 1.3. RTILs are a very unique class of “designer solvents” that possess
distinctive properties that set them apart from traditional organic solvents. The most notable of
these qualities is an inherently low (i.e., vanishingly small) vapor pressure [38-42]. The ability to
uniquely tailor RTILs and their properties by choice of substituent (R in Fig. 1.3), cation, and
anion is certainly the most unique quality that distinguishes RTILs from any other known class
of solvents [38-40, 42]. It has been estimated that millions or more cation-anion possibilities can
exist, making for a seemingly limitless number of possible RTIL structures and properties [38-
40, 42]. Many RTILs also possess inherently good CO, solubility and excellent CO,/light gas
solubility selectivity [40, 43-51]. Similar to PEO, these observations are attributed to favorable
interactions between the quadrapole moment of CO, and the ionic components of RTILs [45]. A
considerable effort by many groups has been undertaken to understand and improve upon CO,

solubility and selectivity for a wide range of RTILs [43, 44, 46-52].
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Common RTIL Cations
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Figure 1.3. Chemical structures and names of a selection of common RTIL cations and anions.

The imidazolium moiety (Fig. 1.3) has, however, been one of the most widely studied
RTIL component structures. It has two points of functionality (R and R’, Fig. 3), is considerably
straightforward to synthesize, and is based on the relatively inexpensive starting material 1-H-
imidazole. More notably, imidazolium-based RTILs have repeatedly demonstrated some of the
most promising CO, solubility and selectivity performances [43, 44, 46-52]. Many researchers
quickly realized the value of RTILs as possible replacements for VOCs that are used in solvent-
based CO, separations (e.g., Rectisol or amine-scrubbing [11, 15]) [40, 42, 53]. However, the
considerable cost and high viscosity associated with most RTILs has cast some doubt on their

ability to assume the same role as organic solvents in traditional CO, separation processes. Many
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researchers have found that the most rational approach is to employ RTILS in a membrane
configuration known as a supported ionic liquid membrane (SILM) [43, 46, 52, 54-60]. Thus,
exploiting their most their unique properties (e.g., vanishingly low vapor pressure and high CO,
selectivity) while eliminating the need for large amounts of RTIL and high pump cost (due to

high liquid viscosity).

1.4. SILMs for Membrane-Based CO, Separations

SILMs are fabricated by saturating an inert, highly porous polymer (or inorganic) support
material with a RTIL [43, 46, 52, 54-60]. Porous poly(ether sulfone) or poly(sulfone) are
commonly used supports for SILM fabrication [43, 46, 52, 54-60]. Obviously, the liquid nature
of these membranes is highly advantageous in terms of CO, diffusivity and, subsequently, CO,
permeability. Combined with the good CO,/light gas solubility selectivity inherent to many
RTILs, SILM performances have certainly been impressive [43, 46, 52, 54-57, 59, 60]. A

selection of imidazolium-based SILM CO,/N, performances is summarized in Fig. 1.4 [59].
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Figure 1.4. CO,/N; Robeson Plot with polymer data (O) adapted from Robeson [24] and a
selection of SILM data (l) measured in our lab and adapted from a prior review [59].

SILMs clearly possess very competitive CO, permeability and selectivity performance
that sets them apart as viable and promising candidates for industrial membrane applications.
However, separation performance alone (i.e., CO, permeability and selectivity) is not the only
metric by which new membrane materials are gauged. Ultimate feasibility will depend highly on
long-term chemical stability and robustness of membrane materials. Despite their excellent
separation performance, “blowout” of the liquid RTIL component of SILMs typically occurs at
transmembrane pressure drops (TPDs) of > 1 atm, since capillary/hydrostatic forces alone retain
the RTIL in the porous support [43, 59]. As nearly all large-scale membrane-based CO,
separations will involve a TPD much greater than any SILM can withstand, there is little doubt
that SILMs are not an industrially viable membrane configuration. SILMs, however, can offer a
very useful method and test platform to quickly gain diffusivity and selectivity data for newly

synthesized RTILSs.
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1.5 Poly(RTIL) Membranes for CO,/Light Gas Separations

SILMs have clearly demonstrated the potential in using RTIL-based materials for
membrane-based CO; separations. Researchers have demonstrated that the RTIL component can
be stabilized through the formation of a solid RTIL analogue [61, 62]. This was accomplished by
functionalization of RTILs with polymerizable groups (e.g., styrene), which were subsequently
polymerized to form solid poly(RTIL) membranes [61, 62]. Examples of imidazolium-based

RTIL monomers are shown in Fig. 1.5.
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Figure 1.5. Examples of (1a) styrene-, (2a) acrylate-, and (3a) vinyl-based imidazolium photo-
polymerizable RTIL monomers and resulting polymers (1b, 2b, and 3b). X = bistriflamide (Fig.
1.3)

The resulting polymers (i.e., poly(RTIL)s) are chemically analogous to liquid RTILs (i.e.,
SILMs), but the cationic units are covalently linked during the polymerization reaction of the

pendant C=C double bond (Fig. 1.5). The general structure of the poly(RTIL)s will depend on

the structure of the RTIL monomer, and examples of resulting polymers are also shown in Fig.
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1.5. Previous research found that polymerization of the RTIL monomer certainly resulted in
highly stable, polymer materials [61, 62]. In fact, poly(RTIL) materials were generally found to
have improved CO,/light gas permeability selectivity compared to analogous SILMs [61, 62].
The diffusivity and permeability of poly(RTIL) membranes was, however, several orders of
magnitude lower than analogous pure RTIL performance [46, 59, 61, 62]. The lower diffusivity
was obviously a consequence of the solid, more dense nature of the poly(RTIL) membranes (i.e.,
gas diffusivity in liquids >> gas diffusivity in solids). To illustrate the large observed decrease in
permeability performance, a selection of representative poly(RTIL) performances has been
plotted in Fig. 1.6. Considerable efforts have been made to understand and improve upon
acrylate- and styrene-based poly(RTIL) permeability and selectivity by functionalization of the
imidazolium cation with a variety of n-alkyl or polar substituents [61, 63]. For example, the
permeability of a n-hexyl-functionalized poly(RTIL) was found to be considerably higher than
an analogous methyl-functionalized poly(RTIL) [61]. Additionally, improvements in CO,/N, and
CO,/CHy, selectivity were accomplished by incorporation of polar substituents, such as
oligo(ethylene glycol) sidechains [63]. However, any improvements in permeability and/or
selectivity brought on by functionalization of the imidazolium cation were somewhat
incremental (Fig. 1.6). Although poly(RTIL)s are advantageously more mechanically stable than
SILMs, their lower CO; separation performance (i.e., low CO, permeability) does not qualify
them as strong candidates for membrane-based industrial CO; separations. However, researchers
have recently realized that there is potential to maximize RTIL-based membrane performance by
blending solid, poly(RTIL)s with liquid RTILs to form stable solid-liquid composite structures

[64-66].
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Figure 1.6. CO,/N; Robeson Plot with polymer data (O) adapted from Robeson [24] and a
selection of representative poly(RTIL) () and SILM data () [59, 61, 63]. Some SILM data
was measured in our lab.
1.6 Composite Poly(RTIL)-RTIL Membranes for Improved CO, Separation Performance
Poly(RTIL)-RTIL composite films have been fabricated by incorporating a non-
polymerizable RTIL into the RTIL monomer mixture and then polymerizing the RTIL monomer
in situ [64-66]. Upon photo-initiated radical polymerization, the formed poly(RTIL) matrix
would contain “free” liquid RTIL [64-66]. The RTIL component acts essentially as a non-
volatile, CO,-selective, plasticizing agent that has a dramatic effect on gas penetrant
permeability. For example, incorporation of 20 mol % of “free RTIL” into a poly(RTIL)
membranes was found to increase CO, permeability by a factor of 4, with little-to-no change in

CO2/N; or CO,/CH, permeability selectivity [64-66]. As discussed above, it is considerably rare
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to observe improvements in membrane permeability without a loss in selectivity. The “free
RTIL” imparts more “liquid-like” diffusivity to the membrane but does not sacrifice in CO,
selectivity because the free liquid is inherently selective for CO,. Perhaps the most significant
conclusion from these works was that the ionic interaction between the polymer and the RTIL
enhances the stability of the liquid component, since no liquid “blow out” is observed [64-66].
Other researchers have also pointed out the potential value of using ionic polymers with ionic
liquids [67]. Entrapment of the liquid RTIL is dominantly accomplished through the strong ion-
ion interactions between the liquid RTIL and solid poly(RTIL) components. This will perhaps
prove to be a valuable characteristic of poly(RTIL)-RTIL that is not achievable with other (non-

ionic) polymer-RTIL composite systems.

1.7 Thesis Objectives: The Design of Selective RTILs and Functional RTIL-based Polymers
to Form Composite Structures with Enhanced CO; Separation Capability

As described above, there is certainly much promise and merit in pursuing RTIL-based
membrane materials for CO,/light gas separations. Toward the ultimate goal of creating
industrially-viable RTIL-based membrane materials, poly(RTIL)s or SILMs on their own are
clearly not viable configurations. SILMs certainly possess the separation performance, but suffer
from mechanical instability. On the other hand, poly(RTIL)s have demonstrated excellent
pressure stability but do not possess large enough CO, permeability to merit industrial viability.
Only recently have researchers in CO, separations begun to find that the maximum in RTIL-
based membrane performance potential can be realized upon incorporation of solid and liquid
RTIL components. For some time, researchers in the electrochemical field have understood the

value of incorporating liquid RTILs with solid poly(RTIL)s to obtain nearly liquid-like ion
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conductivities [67-73]. This was perhaps due to a more natural extension of materials like Nafion
in this field. However, in the field of gas separation membranes, the use of solid-liquid
composite films is still a relatively novel, perhaps radical, approach. Limited studies have existed
for some time in the use of supported liquid membranes [74], but these configurations have not
found widespread application due to pressure stability and evaporation issues. As those in the
electrochemical field have found for ion conductivity, there is potential for obtaining nearly
liquid-like membrane properties for CO, permeability and CO; selectivity with poly(RTIL)-
RTIL composite structures [67, 75-78].

The overall objective of this thesis work is to advance the state-of-the-art for poly(RTIL)-
RTIL composites with respect to membrane composition and CO; separation performance. Since
these structures contain two distinct components, the RTIL and the ionic polymer, a rational
design approach was to investigate and/or improve upon individual component performance
prior to fabricating and optimizing composite materials and performance. Chapter 2 investigates
methods to optimize and design tailored RTILs for enhanced CO, separation performance (i.e.,
improved CO; solubility and solubility selectivity). Chapters 3 and 4 investigate new, RTIL-
compatible, ionic polymer structures and their inherent separation performance as well as
composite separation performance. In Chapter 5, the composite structure design approach
between the two components (RTIL and poly(RTIL)) is pushed to physical limits to attain
maximum potential in measured CO, separation performance (permeability and selectivity).
Performances of poly(RTIL)-RTIL membranes were shown to approach and exceed Robeson’s
upper limits. Furthermore, Chapter 5 demonstrates the unique ability of poly(RTIL)-RTIL

membranes to be highly selective for CO,/H, separation, a rarity among membrane materials.
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Prior to this work, the design approach toward more CO,-selective RTILs was relatively
heuristic in nature. As discussed above, there are perhaps millions or more possibilities of RTIL
structures based on the various combinations of functionalized cations and anions. It would be
incredibly useful to have a rational, quantitative design approach that could dramatically narrow
the scope and guide the design toward new, promising RTILs (i.e., ones that possess desirable
CO; separation properties). In Chapter 2, one such design approach is presented and validated
through experimental CO, solubility and selectivity testing of new nitrile-functionalized and
previously studied oligo(ethylene glycol)-functionalized RTILs.

Limited numbers of RTIL-based ionic polymers (i.e., ones that contain RTIL moieties
such as imidazolium) exist in the current literature. For the most part, these are chain-addition
polymers derived from unsaturated RTIL monomers (Fig. 1.5). Polymers of this type possess
carbonaceous backbones and all functionality as pendant side groups (Fig. 1.5). There have been
no gas separations studies investigating ionic step-growth polymers, or “ionenes” where the ionic
moiety and all functionality are contained along the polymer backbone. Chapter 3 investigates
the synthesis of new imidazolium-based ionenes and their preliminary CO,/light gas separation
performance as neat polymers and as composite structures with an added RTIL. Additionally,
there has been very little work investigating vinyl-based, chain addition poly(RTIL)s (3a and 3b,
Fig. 1.5) for neat or composite CO, separation performance. Chapter 4 investigates the structure-
property relationships of these vinyl-based polymers as well as the CO, separation performance
of composite films.

There is a considerable amount of work in the electrochemistry field that has involved the
fabrication of cross-linked poly(RTIL)-RTIL gel membranes for ion conductivity [70-73]. lon

conductivity in these membranes was considerably high do to rather high loading of the RTIL
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component. Those membranes presented a very promising composite design for highly

permeable and selective poly(RTIL)-RTIL membranes. There are limited studies where

researchers have explored the CO, separation performance of polymer-RTIL gels [67, 75, 76,

78], but practically no studies have been performed with cross-linked poly(RTIL)-RTIL

membranes [77]. Chapter 5 presents some important structure-property relationships of cross-

linked poly(RTIL)-RTIL gel membranes in terms of CO, permeability and selectivity.

Furthermore, the efficacy of these membranes for CO,/H,, CO,/N, and CO,/CH, separation is

demonstrated.
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Chapter 2

Interpretation of CO, Solubility and Selectivity in Nitrile-
Functionalized Room-Temperature lonic Liquids Using a
Group Contribution Approach

(As seen in: Carlisle, T. K. et al, Ind. Eng. Chem. Res., 2008, 47 8496-8498)

Summary

In this work the idea of tuning the solubility parameter of room-temperature ionic
liquids (RTILs) with appended functional groups was explored using a combination of
experiment and theory. By predictably altering the solubility parameters of several RTIL
solvents, their gas solubility and separation performance were tailored. This concept was
demonstrated by synthesizing and characterizing imidazolium-based RTILs that
incorporate nitrile and acetylenic functional substituents. The ideal solubility and
selectivity values of CO,, N, and CH, at near ambient temperature and pressure were
measured for these RTILs. These functionalized RTIL solvents exhibited lower CO,, N,
and CHy, solubility values but improved CO,/N, and CO,/CHjy solubility selectivity when
compared to analogous non-functionalized, alkyl-substituted RTILs. A group
contribution method was used to predict the solubility parameters of the functionalized
RTILs, and regular solution theory was employed to predict the solubility and selectivity
of the three gases. These predicted gas solubility values were found to be in good
agreement with those measured experimentally. Furthermore, the predictions from the
group contribution method indicated that inclusion of the nitrile and acetylenic functional

groups increased the solubility parameter relative to the analogous, alkyl-substituted
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RTILs. These initial results show that the group contribution method offers a valuable
guide for systematically designing functionalized RTILs with specific gas solubility and

selectivity performance.

2.1. Introduction

There are many schemes currently employed in industrial processes to capture
CO, emissions,[1, 2] which are largely due to the increasing need to reduce and regulate
the atmospheric buildup of this greenhouse gas.[2] One conventional and widely
employed method is the use of a CO,-scrubbing solvent as a gas absorption medium in a
packed bed or bubble column to remove CO, from flue gas.[1, 2] However, many
effective solvents currently used are volatile organic compounds (VOCs), such as
monoethanolamine or methanol, which is used in the Rectisol process.[1-4] The use of
VOC:s is typically accompanied by several issues such as high flammability, volatility,
and varying degrees of toxicity.[3-7] Consequently, suitable replacement solvents that
exhibit low volatility and “green” chemistry are highly desirable.[1, 3-7] Room-
temperature ionic liquids (RTILs) have recently been found to be promising candidates
for CO, absorption and separation, and they show exceptional promise for these
applications.[8-13]

In general, RTILs are organic salts that are molten at or below ambient
temperature. Typically, an RTIL is a neat liquid composed solely of a bulky organic
cation and an organic or inorganic anion, in the absence of any molecular co-solvent.’
RTILs have recently attracted a great deal of interest as a new class of solvents for CO,
sorption due to their unique combination of properties, such as negligible vapor pressure,

thermal stability, low flammability, and in many cases, high CO, solubility.[3, 7, 9, 14]
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Several studies have shown that imidazolium-based RTILs (Fig. 2.1) are the most
promising for CO,-capture applications due to their tunable chemistry, low viscosity,
good CO; solubility, and good CO,/N, and CO,/CH, selectivities.[8-10, 15] Currently,
for large-scale industrial applications, it remains impractical to replace VOC solvents
with RTILs because RTILs are more costly and have comparable or worse solubility
performance. Thus, much work remains to improve upon the CO, solubility and
selectivity of RTILs if they are to become attractive and viable replacements for VOCs in
industrial CO,-scrubbing processes.

R~ N@\N‘Rz

©
X

Figure 2.1. General structure of imidazolium-based RTILs.

Perhaps the most promising characteristic of imidazolium-based RTILs is that
their chemical and physical properties can be readily altered by the inclusion of specific
functional groups on the cation unit, or by the choice of cation or anion.[16-18] Many
recent studies have shown that the solubilities of certain gases in RTILs, particularly
CO,, are highly dependent on the chemical composition of the RTIL.[9, 10, 12, 15] The
choice of cation and, more notably, anion has been shown to have a large impact on RTIL
gas solubility.[8-10, 16]. Fluorination of the RTIL cation has been shown to be effective
at increasing gas solubility but often results in highly viscous RTILs that are chemically
less benign.[9] Variation of the substituent alkyl chain length on an imidazolium cation
was demonstrated to be another successful method to modify RTIL gas solubility.[15]

Other groups have looked at tethering a primary amine to an imidazolium cation, which
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can chemically react to bind CO,.[19] Inclusion of non-reactive, polar functional groups
on RTIL cations, such as ether linkages, has also recently been shown to improve CO/N,
and CO,/CHj, solubility selectivity.[13] Unfortunately, a systematic, rational, non-
empirical approach to the design of functionalized RTILs with specific gas solubility
properties has yet to be developed.

It has recently been shown that regular solution theory (RST) (Eqgn. 1) is a very
useful model for predicting and interpreting gas solubility in many 1-alkyl-3-
methylimidazolium RTIL systems.[12, 15, 20] A major advantage of RST is that it does
not rely on computational simulations. Although less exhaustive than any computational
model, RST still has much utility in first-order engineering approximations, such as
process design calculations. RST requires only the input of tabulated values and

estimated empirical constants:

L
1 fpure2 explzvé_ (0, —52)2‘1)%} (1)

X, 2 RT

In the RST equation (Eqgn. 1), 1 represents the solvent, 2 represents the gas solute,
f-oure2 is the theoretical liquid solute fugacity, f,° is the solute gas fugacity, v," is the
theoretical liquid molar volume of the solute, ¢ is the solubility parameter, @ is the
volume fraction, R is the ideal gas constant, and T is the absolute temperature.[21] It has
been shown that groups of similar RTILs can be modeled with a modified version of Eqgn.

1 when 2 and v," are not accurately known (see Egn. 2 below):

In(H,, (atm)) =a+b(s, _52)2 (2)
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In this equation, a and b are empirically determined constants that depend only on the gas
and temperature (unique for a specific set of RTILs), and H; ; is the Henry’s constant of
the gas in the RTIL.[12, 20] The solubility parameter, ¢, is defined as the square root of

the cohesive energy density (see Eqn. 3) [27]:

5= |2 @3)

In Eqn. 3, Eyyp is the energy of vaporization of the saturated liquid to the ideal gas state
(vacuum) and Vy, is the molar volume of the liquid. This definition applies to all chemical
species. Success in utilizing and extending Eqgns. 1 and 2 to the design of tailored,
functionalized RTILs for gas absorption relies on knowing accurate values for & and &,
the solubility parameters of the RTIL and gas, respectively. The cohesive energy
densities are typically determined by obtaining energies of vaporization for volatile
solvents, and as such, values for &, are widely tabulated. However, the experimental
determination of & for RTILs is very difficult since RTILs are very difficult to vaporize.
Recently, it was demonstrated that one may circumvent this problem by estimating the
energy of vaporization of an RTIL using the Kapustinskii Equation (Eqn. 4) and the

relationship shown in Eqn. 5:[15, 20]

7,2 0.367
U =2.56x 106(1—L2J(1— J (4)

Vl VlL
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In Eqns. 4 and 5, V;" is the RTIL molar volume, and z; and z, are the charges of the
cation and anion, respectively. With this simplification, it was found that the solubility
parameter of the RTIL is proportional to its molar volume [15, 20]. However, the
solubility parameters of RTILs reported in that prior work are much higher than those
reported in a recent handful of studies.[22-25] The Kapustinskii approximation does not
account for the solvent polarizability; it is merely an approximation that has been used for
higher melting organic and inorganic salts.

The value of the term (8—&)” in Eqns. 1 and 2 is of key importance in the RST
model, as well as other thermodynamic mixing models[21, 26, 27]. This enthalpic
difference between the solvent and solute is clearly a dominating factor when considering
the degree of solvent-solute miscibility (Eqns. 1 and 2). Furthermore, the term (6i—&%)? is
a quantity that can be modified via choice of solvent (i.e., by tuning of 6;). Given the
modular nature of RTILs,[7] it is believed that the cohesive energy density of RTIL
solvents can be readily altered by choice of anion, cation, and/or appended functional
groups on the imidazolium cation. By focusing on chemically tuning the appended
functional groups on the RTIL cation, it appears possible to adjust the RTIL solubility
parameter in a predictive manner through the inclusion of specific functional groups. The
degree to which a functional group on the RTIL cation impacts the solubility parameter is
related to its contribution to the cohesive energy of the solvent. Fortunately, well-
established methods that implement the ideas behind a “group contribution” approach
have already been developed.[26-28]

It has been shown that solubility parameters for both polymers and solvents can

be estimated using a group contribution method (Eqgn. 6):[27, 28]
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In Egn. 6, i represents the solvent, j represents each substituent chemical group, F is the
molar attraction constant of chemical group j, and Vy, is the molar volume of the solvent.
The group contribution method is based on the idea that the total cohesive energy of a
molecule is the sum of the individual cohesive energies (molar attraction constants)
associated with each substituent group on the molecule. This method also assumes that
molar attraction constants are considered constant regardless of the chemical nature of the
molecule or of the surrounding chemical environment. Molar attraction constants of
several organic functional groups relevant to this study were taken from the Polymer

Handbook [28] and references therein, and presented in Table 2.1.

Table 2.1. Relevant Organic Functional Groups and their Molar Attraction Constants

Group F (MPa* cm® mol™)
HaC— 303
—CHs;— 269
HC=C— 583
N=C— 725

The group contribution method is useful for predicting the degree of solvent-
solute mixing, in addition to guiding the design of tailored molecules with specific
solubility parameters.[26-28] Group molar attraction constants have been tabulated for
many chemical groups by various investigators.[26-28] Thus, the use of chemical group

contributions in combination with RST may offer valuable insight into the design and
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performance of RTIL gas solvents with functional groups that have not yet been
synthesized. It has been well-established in the coating and polymer industries that the
quantity (&, — &,)? is of key importance to achieving a desired miscibility of solute and
solvent.[26] Often, this quantity is tuned by mixing of various solvents to achieve a
desired composite value of &1. This approach, however, may have limitations due to
miscibility issues of disparate RTILs.[29, 30] As mentioned previously, given the highly
modular nature of RTILs, a desired value for 6, may be achieved through the inclusion of
particular functional groups on the cation or anion. However, tuning of the RTIL cation
appears to be more readily achieved than chemical modification of the largely inorganic
anions typically used to form RTILs.[7, 31] Implementing a group contribution approach
to designing and screening new RTILs has much promise for gas separation applications.
Given a particular mixture of gases, RTILs can be tailored to possess a specific value of
o1, ideally achieving the desired solubility and/or solubility selectivity for a specific gas.
Given the wide range of current and potential uses of RTILs as solvents, this approach is
by no means limited solely to gas separations.[3, 14]

Herein, we show that it is possible to systematically design a more CO,-selective
RTIL solvent using the group contribution method as a guide. We demonstrate this
through experimentally measuring the solubilities of CO,, N,, and CH,4 in imidazolium-
based RTILs that incorporate either nitrile-terminated n-alkyl groups or a propargyl
group, and interpreting these results with respect to group contributions and RST. To our
knowledge, nitrile- and acetylene-terminated n-alkyl-imidazoliums have yet to be studied
for gas solubility and solubility selectivity. 1-Alkylnitrile-3-methylimidazolium salts
have, to date, only been investigated as reaction solvents and electrolytes for dye-

sensitized solar cells.[32-39]
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2.2. Experimental
2.2.1. Materials and General Procedures

All reagents and solvents were purchased from Sigma-Aldrich (Milwaukee, WI,
USA) in the highest purities available and used as received, except for lithium
trifluoromethanesulfonimide, (LiTf,N), which was purchased from 3M (St. Paul, MN,
USA) and used as received. All gases were at least 99.99% purity and were purchased
from AirGas (Radnor, PA, USA). All syntheses and work-up procedures were performed

in air.

2.2.2. Instrumentation

High-resolution mass spectrometry was performed with a PE SCIEX/ Applied
Biosystems API QSTAR™ Pulsar i quadrupole time-of-flight mass spectrometer. Proton
and carbon-13 NMR spectra were obtained with a Varian INOVA 400 spectrometer (400
MHz and 100 MHz, respectively). Fourier-transform infrared (FT-IR) spectra were
obtained with a Mattson Satellite FT-IR spectrometer. Samples were prepared as thin,
liquid films on a Ge crystal substrate. The water content of the RTILs in this study was
determined with a Mettler Toledo DL32 Karl Fischer Coulometer. The equipment used
for gas solubility experiments is identical to that thoroughly described in a previous work

by our group [13].

2.2.3. Synthesis of Functionalized RTILs

The RTILs used in this study were synthesized according to Scheme 2.1:
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Scheme 2.1. Synthesis of RTILs used in this study.

2.2.4. Typical Procedure for Synthesis of Functionalized RTILs (1a-c, 2)
1-Methylimidazole (10.00 g, 121.8 mmol) was dissolved in CH3CN (100 mL).
Chloroacetonitrile (10.12 g, 134.0 mmol) was added, and the reaction was heated at 65 C
(85 "C for 1b,c) for 16 h while stirring. After this time, the solvent was removed by
rotary evaporation, and then Et,O (200 mL) was added to the halide salt, which was then
placed in a freezer at —10 'C for several hours. After this time, the Et,O was decanted,
and the halide salt dissolved in deionized H,O (100 mL). The aqueous solution was
subsequently washed with EtOAc (3 x 75 mL). LiTf,;N (38.46 g, 134.0 mmol) was then
added and an oily liquid immediately separated. The reaction mixture was stirred for 1 h,
after which time the product was extracted into EtOAc (100 mL) and the organic phase
washed with deionized H,O (3 x 75 mL). The organic phase was subsequently dried over
anhydrous MgSQy, stirred with activated carbon for 10 min, and filtered through a plug
of basic Al,O3. The solvent was then removed via rotary evaporation. The remaining
product was further dried in vacuo (100 mtorr) at 65 'C overnight to afford compounds
la—c, and 2 as clear to pale-yellow oils. Prior to the solubility experiments, the water

content of 1a—c and 2 were all found to be less than 300 ppm by Karl Fischer titration.
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2.2.4.1. 1-Ethanenitrile-3-methylimidazolium bis(trifluoromethane)sulfonimide (1a):
Yield: 18.43 g (37.6%). *H NMR (400 MHz, DMSO-d): & 3.88 (s, 3H), 5.56 (s, 2H),
7.78 (t, 1H), 7.88 (t, 1H), 9.23 (s, 1H). *C NMR (100 MHz, DMSO-d¢): & 36.6, 37.3,
115.1, 120.1 (q, CFs), 123.1, 124.8, 138.4. FT-IR: 3163, 3122, 3003, 2967, 1584, 1563,
1469, 1433, 1339, 1232 cm™. HRMS (m/z): calculated as [A]*[A]'[B]: 524.0609,

found: 524.0611.

2.2.4.2. 1-Butanenitrile-3-methylimidazolium bis(trifluoromethane)sulfonimide (1b):
Yield: 31.79 g (81%). *H NMR (400 MHz, DMSO-dg): & 2.13 (quintet, 2H), 2.57 (t,
2H), 3.83 (s, 3H), 4.23 (t, 2H), 7.71 (t, 1H), 7.77 (t, 1H), 9.12 (s, 1H). *C NMR (100
MHz, DMSO-dg): 6 13.9, 25.8, 36.1, 48.2, 115.3, 120.0 (q, CF3), 122.7, 124.2, 137.4. FT-
IR: 3159, 3121, 2967, 2251, 1577, 1567, 1467, 1454, 1430, 1350 . HRMS (m/z):

calculated as [A]'TA][B]: 580.1229, found: 580.1251.

2.2.4.3. 1-Hexanenitrile-3-methylimidazolium bis(trifluoromethane)sulfonimide (1c):
Yield: 41.81 g (88.8%). 'H NMR (400 MHz, DMSO-d): & 1.32 (quintet, 2H), 1.58
(quintet, 2H), 1.80 (quintet, 2H), 2.50 (t, 2H), 3.84 (s, 3H), 4.17 (t, 2H), 7.70 (t, 1H), 7.76
(t, 1H), 9.10 (s, 1H). **C NMR (100 MHz, DMSO-dg): & 16.5, 24.6, 25.1, 29.1, 36.2,
49.0, 115.3 120.1 (q, CF3), 122.8, 124.2, 137.1. FT-IR: 3158, 3120, 2947, 2872, 2246,
1714, 1574, 1463, 1429, 1347 cm™. HRMS (m/z): calculated as [A]*[A]'[B]: 636.1855,

found: 636.1821.
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2.2.4.4. 1-Propargyl-3-methylimidazolium bis(trifluoromethane)sulfonimide (2): Yield:
34.66 g (82.0%). *H NMR (400 MHz, DMSO-ds): 5 3.83 (t, 1H), 3.86 (s, 3H), 5.18 (d,
2H) 7.73 (t, 1H), 7.78 (t, 1H), 9.19 (d, 1H). **C NMR (100 MHz, DMSO-ds): & 36.2,
39.1, 78.3, 115.1, 119.9 (q, CF3), 122.5, 124.2, 137.2. FT-IR: 3275, 3158, 3125, 3034,
3029, 2987, 2138, 1932, 1849, 1798 cm™. HRMS (m/z): calculated as [A][A]'[B]:

522.0699, found: 522.0674.

2.2.5. Physical Properties of Studied RTILs
The relevant chemical structures and physical properties of the RTILs used in this

work are presented below in Fig. 2.2 and Table 2.2.

(@
~NIN{G—=n [INC-C,,mim][Tf,N]
© 'n n=1,3,5
Tf,N

@
~NIN~—_=cH  [HCC-Cymim][Tf,N]

Tf,N

©
/N\/Cl)\lHnCHg [H3C-Cnm|m][Tf2N]

n=1,3,5
Tf,N
© Os //O O\\ .0
THN = F3C” 7 N7 °CFs
©

Figure 2.2. Chemical structures and name abbreviations for imidazolium-based RTILs
used in this work.
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Table 2.2. Physical Properties (at 25 C) of RTILs Used in this Work

RTIL MW (g/mol)  Density (g/cm®) Vv, (cm®mol)
[NC-C;mim][Tf,N] 403.23 1.65 244
[NC-C;mim][Tf,N] 430.34 1.52 283
[NC-Csmim][Tf,N] 458.41 1.45 316
[HCC-Cymim][Tf,N] 402.24 1.54 261
[H3C-C,mim][TH,N] 391.31 1.52° 258
[HsC-Comim][TH,N] 419.37 1.44? 201
[H3C-Csmim][Tf,N] 447 .42 1.38° 325

4 Reference 15

The densities of the nitrile- and propargyl-functionalized RTILs were measured using a

volumetric method described in our previous work with functionalized RTILs.[13]

2.2.6. Determination of Gas Solubilities in Studied RTILs

The ideal (single gas) solubility values of CO,, N, and CH,4 for the RTILs were
measured using a dual-volume, dual-transducer, pressure-decay apparatus at low
pressures (~1 atm). Testing of gas mixtures is currently beyond the scope of this work
and capability of our equipment. Thorough details on the construction, components,
operation, and calculations associated with this equipment have been described in recent

papers[13, 15].

2.3.  Results and Discussion
2.3.1. Rationale behind Choice of Nitrile Functional Group

The nitrile functionality was chosen for this study due to its polar nature and large
molar attraction constant relative to a methyl group (see Table 2.1). It has also been

suggested, by analogy to CH3;CN, that the inclusion of a nitrile group(s) in a polymer or
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solvent may be useful for improving CO; solubility and selectivity.[40] Lewis basic
polar groups undergo acid-base interactions with the Lewis acidic (i.e., electron-
deficient) carbon atom in CO, molecules. Furthermore, the chemical synthesis for
tethering a nitrile-terminated alkyl unit to an imidazolium ring has been shown to be
relatively simple.[34, 36, 37] The three nitrile-functionalized RTILs explored in this
work (compounds 1a—c) are direct analogues to the exhaustively studied 1-alkyl-3-
methylimidazolium (H3C-C,mim) RTILs.[8-10, 12, 15, 41-43] Thus, direct comparisons
between the nitrile-terminated RTILs presented here and the methyl-terminated RTIL
analogues reported in prior papers facilitates interpretation of experimental results and
correlation of structure-property effects. For example, [H3C-Cimim][Tf,N] is taken to be
a direct analogue for [NC-Cymim][Tf,N] (1a). The H3C-C,mim RTILs are control
compounds for both alkyl length and terminal functional group (HsC-) for the gas
solubility studies. Furthermore, a terminal carbon-carbon triple bond group (i.e., an
acetylene group) on the imidazolium cation was also investigated. Although the
acetylene functionality is similar in electronegativity to the nitrile group, it does not have
as strong a dipole moment like the carbon-nitrogen triple bond.[44] We consider this

group to be a “non-polar” analogue for the nitrile functionality.

2.3.2. ldeal Gas Solubilities of CO,, N, and CHy, in Studied RTILs

The ideal (single gas) solubilities of CO,, N2, and CHy4 at 40 C and 1 atm in each

of the four the RTILs of interest are presented in Figs. 2.3a-2.3c.
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Figure 2.3. Plots of ideal mole fractions of (a) CHa, (b) N2, and (c) CO; vs. substituent
alkyl chain length (n) at 40 C and 1 atm for the RTILs in this Study. (A =[NC-

Comim][Tf,N] RTILS; © = [HCC-Cymim][Tf;N]; O = [H3C-Cymim][Tf,N] RTILs. Error
represents +/- one standard deviation. The measured error bars are within the symbol
labels if they are not explicitly shown in the plots.

The Henry’s constants of each gas for all of the RTILs used in this study are presented in

Table 2.3. The method for calculating a Henry’s constant has been detailed previously

[13]. The relationship used to calculate a Henry’s constant is shown below (Eqn. 7):

In the above equation, H; is the Henry’s constant (atm) for gas i in the RTIL, P; is the
equilibrium pressure (atm) of gas i above the RTIL (at 40 'C), and x; is the equilibrium
mole fraction of gas i in the RTIL. Examination of Eqn. 7 reveals that large and small
Henry’s constant values correspond to sparingly and highly soluble gases, respectively.

The data in Figs. 2.3a-2.3c are plotted as mole fraction of gas vs. alkyl chain length, n.
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Note: data for the non-functionalized imidazolium RTILs were taken from Camper and
coworkers.[15] Solubilities for [H3C-Csmim][Tf,N] taken from the same work are

predicted values.

Table 2.3. Henry’s Constants (atm) at 40 °C for N,, CHy4, and CO; in the RTILs Tested in
this Study

RTIL Hy, Hen, Heco,
[NC-C,mim][Tf,N] 1930 + 50 1060 + 40 58 +1
[NC-Csmim][Tf,N] 1630 + 60 750 + 10 47 1
[NC-Csmim][Tf,N] 1300 + 40 530 + 10 40 +1
[HCC-Cymim][Tf,N] 1510 +40 650 + 10 47+1
[H,C-Cimim][TE,N] 1160 +80 550 + 10 48 +1
[HsC-Camim][TH,N] 970 420 41

[HaC-Csmim][Tf,N] 900 + 30 350 + 10 40 +1

As can be seen in the plots in Fig. 2.3, the [NC-C,mim][Tf,N] RTILs exhibit reduced
solubility of all gases compared to the “non-functionalized” [H3C-Cymim][Tf,N] RTIL
reference compound. However, the solubilities of N, and CH,4 for these compounds were
reduced substantially more than CO,. The percent decreases of CH, solubility in the
[NC-C,mim][Tf,N] RTILs relative to the [H3C-C,mim][Tf,N] RTILs were 47, 45, and
35% forn =1, 3, and 5, respectively. Likewise for Ny, the solubility reductions were
found to be 38, 40, and 33% for n = 1, 3, and 5, respectively. Both the alkyl- and nitrile-
functionalized RTILs displayed a strong linear correlation between alkyl length and gas
mole fraction absorbed for all three gases. In the cases of CH,4 and Ny, the incorporation
of the nitrile functionality seemed to shift the linear trends of the alkyl-substituted ionic
liquids downward by a constant value (Figs. 2.3a and 2.3b). However, incorporation of

the nitrile group had less of an impact on CO; solubility, particularly as alkyl spacer
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length was increased. For n =1, the percent decrease in solubility was 17%, and for n =
5, there was no observable difference relative to the [H3C-Cymim][Tf,N] RTILs.
Incorporation of the nitrile group did not shift the linear CO; solubility trend of the [H3C-
Comim][Tf,N] RTILs downward, as was observed for the CH4 and N solubility trends.
In fact, it was found that as the alkyl spacer length increases in the [NC-C,mim][Tf,N]
RTILs, the CO, solubility converges upon that of the [H3C-C,mim][Tf,N] RTILs.

In contrast, incorporation of the acetylene group had no substantial effect on ideal
CO; solubility. Instead, it was found that this functional group contributes to an
appreciable reduction in CH4 and N, solubility. However, the reduction was not as
pronounced as that observed with the nitrile-functionalized RTILs (23% and 14%

reduction for N, and CH, in [HCC-Cimim][Tf,N], respectively).

2.3.3. ldeal CO,/N, and CO,/CH, Solubility Selectivities

The ideal solubility selectivities for CO,/N, and CO,/CH, of all seven RTILs at
40°C are shown in Figs. 2.4a and 2.4b, respectively. These solubility selectivities were
calculated from the inverse ratio of Henry’s constants for each gas pair. The data for the
non-functionalized imidazolium RTILs were taken from a previous work by our
group.[15] Solubilities for [H3C-Csmim][Tf,N] taken from the same work are predicted
values. As can be seen in Figs. 2.4a and 2.4b, substantial increases in ideal CO,/N, and
CO,/CHy, solubility selectivities relative to the analogous non-functionalized alkyl-

substituted RTILs resulted from the inclusion of the nitrile group.
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Figure 2.4. Plots of (a) ideal CO4/N, solubility selectivity and (b) ideal CO,/CH,4
solubility selectivity vs. substituent alkyl chain length (n) at 40 'C and 1 atm for the
RTILs in this study. (A = [NC-C,mim][Tf,N] RTILs; © = [HCC-Cimim][Tf;N]; O =
[H3C-C,ymim][Tf,N] RTILs. Error represents +/- one standard deviation. The measured
error bars are within the symbol labels if they are not explicitly shown in the plots.
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The observed enhancements in CO,/N; selectivity were calculated to be 36, 47, and
44% forn =1, 3, and 5, respectively. Likewise, the observed CO,/CH, selectivity
enhancements were calculated to be 58, 57, and 52% for n = 1, 3, and 5, respectively.
From Figs. 2.3a — 2.3c, it is clear that this enhancement in ideal CO; selectivity is a
manifestation of the relative decrease in solubility of all three gases in the nitrile-
functionalized RTILs. CH, solubility was reduced the most, followed by N,. CO;
solubility was affected the least. Although the [NC-C,mim][Tf;N] RTILs have slightly
lower CO; solubilities, they have a much greater rejection of CH4 and N, compared to the
[H3C-Cymim][Tf;N] RTILs. The enhancement of CO,/N, selectivity remains relatively
constant over the range of alkyl lengths studied, tracking well with the relatively constant
CO2/N; selectivity of the [H3C-C,mim][Tf,N] RTILs. However, the enhancement of
CO,/CHq, selectivity is appreciably reduced as alkyl spacer length is extended, which
follows the CO,/CHy, selectivity trend of the [H3C-Cymim][Tf,N] RTILs.

The inclusion of the acetylene group has approximately the same enhancement
effect on CO,/N; solubility selectivity as the nitrile group does for the [NC-
Cimim][Tf,N] RTIL. As mentioned previously, the decrease in N, solubility in [HCC-
Cimim][Tf,N] is much less than that observed with [NC-C;mim][Tf,N]. However, this is
compensated by a CO; solubility similar to the n =1 alkyl analogue, thus giving the
acetylene- and nitrile-functionalized RTILs similar CO,/N; selectivity performance.
However, the CO,/CHy, selectivity of [HCC-Cimim][Tf,N] was found to be only
marginally improved over the [H3C-Cimim][Tf,N] analogue. This appears to be due to
the relatively small reduction of CH,4 solubility, as mentioned previously, compared to

[H3C-C1mim] [szN]
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It is also worth discussing the bulk solubility results of RTILs used in this study,
which are shown in Table 2.4. It was expected that the observed enhancements in
selectivity would be accompanied with a fairly substantial trade-off in bulk solubility as
observed previously with the analogous n-alkyl-substituted RTILs.[15] However, this
does not seem to be the case for the [NC-C,mim][Tf,N] and [HCC-Cimim][Tf,N] RTILs.
Compared to the non-functionalized, n-alkyl-substutited RTILs examined in this study,
the bulk solubility of the four functionalized analogues are comparable, or better in the
case of [HCC-Cymim][Tf,N]. This attribute combined with the observed enhanced
selectivity performance makes these functionalized RTILs better CO, separation solvents

compared to their non-functionalized alkyl analogues.

Table 2.4. Bulk Solubility and Ideal Solubility Selectivity at 40 'C and 1 atm of Gases
and RTILs Tested in this Study

Solubility Selectivity

RTIL mol CO,/(L RTIL) CO,/N, CO,/CH,
[NC-C;mim][Tf,N] 0.072 33 18
[NC-Csmim][Tf,N] 0.076 25 16
[NC-Csmim][Tf,N] 0.078 32 13
[HCC-Cimim][TF,N] 0.083 32 14
[HaC-Cimim][Tf,N] 0.083 24 12
[H3C-Csmim][TH,N] 0.085 23 10
[H3C-Csmim][Tf,N] 0.078 22 8.7
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2.3.4 Interpretation of Ideal Solubility and Ideal Solubility Selectivity with a Group
Contribution Method and RST

To rationalize and understand the solubility and selectivity trends observed in this
study, RST (Egn. 2) and a group contribution method were applied to the data (Eqgn. 6).
Values for a and b in Eqn. (2) were determined by plotting In(H,1) vs. (61— &) for each

gas for the CH3-C,mim RTIL series. These values are shown in Table 2.5.

Table 2.5. Empirically Determined Values of a and b in Eqn. 2 at 40 C

Gas a x10®° b (MPa?)

Co, 8.7 35
CH, 7.4 4.4
N, 2.9 5.6

The & values for the [H3C-Cymim][Tf,N] RTILs were taken from the literature.[25] The
values used for & are: &cns = 11.6 (MPa'?),[21] &2 = 5.3 (MPa*?),[21] and &0z = 21.8
(MPa?).[40] Solubility parameters of the [NC-C,mim][Tf,N] and [HCC-C;mim][Tf,N]
RTILs were determined using the values of F from Table 2.1 and V, values in Table 2.2.
Additionally, it was necessary to assign values for molar attraction constants of the
cationic imidazolium ring and Tf,N anion. These exotic polar groups and their
substituents have not yet been tabulated with F values for use in group contribution
calculations. However, an average, “lumped” value of F for the cation and anion (herein
referred to as Fi) was estimated from the solubility parameter data reported by another
group.[25] In that work, the solubility parameters of [H3C-C,mim][Tf,N] RTILs for n =

1, 3, 5, and 7 were determined via an intrinsic viscosity method. The value for F along
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with the solubility parameter values from which it was estimated are shown in Table 2.6.

Fir was determined from each solubility parameter using a group contribution as follows:

Fir =V - OgmL —N-Fey, —2-Fey, (8)

Table 2.6. Solubility Parameters of [H3;C-C,mim][Tf,N] RTILs and Estimated Values of
Fir

RTIL s (MPa'? F (MPa cm® mol™)
[H3C-Cimim][Tf,N] 27.6 6250
[H3C-Camim][Tf,N] 26.7 6330
[H3C-Csmim][Tf,N] 25.6 6370
[H3C-C;mim][Tf,N] 25.0 6380

In Eqgn. 8, V is the RTIL molar volume, dgti_ is the ionic liquid solubility parameter (see
Table 2.6), n is the number of -CH,- groups, Fcn2 is the molar attraction constant of a
methylene linkage (Table 2.1), and Fcn3 is the molar attraction constant of a methyl
group (Table 2.1). The factor of 2 in front of Fcys corresponds to the two methyl groups
on the cation (i.e., the terminal alkyl methyl and the methyl group at the 3-position on the

Y2 cm® mol™ was used. It is not

imidazolium ring). An average value of Fir = 6330 MPa
surprising that Fi+ was considerably larger than typical molar attraction constants; this
“compiled” F value accounts for several chemical groups that comprise the ring and
anion, in addition to the charged nature of the cation and anion. It is worth noting that the
Fir values calculated are very consistent. This provides a good degree of confidence in

using the average F;r value for group contribution estimations of the solubility

parameters of the functionalized RTILs in the present study. Estimations for the
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solubility parameters of the [NC-C,mim][Tf,N] and [HCC-Cymim][Tf,N] RTILs were
thus calculated using Eqn. 6, F values from Table 2.1, and Fr calculated previously.
These values are shown in Table 2.7. From these estimations, inclusion of the nitrile and
acetylene functionalities appreciably increased the solubility parameter relative to the
non-functionalized [H3C-C,mim][Tf,N] RTIL analogues.

Table 2.7. Estimated Solubility Parameters, Henry’s Constants and Ideal Solubility
Selectivities at 40 C and 1 atm for Functionalized RTILs in this Study

Henry’s Constants (atm) Solubility Selectivity

RTIL o (MPa"?)  Hy, Hei,  Heo,  CO.N, CO,/ICH,
[NC-Cimim][Tf,N] 313 1900 1400 72 27 20
[NC-Csmim][Tf,N] 28.9 1400 730 51 26 14
[NC-Csmim][Tf,N] 27.6 1200 540 44 26 12
[HCC-C,mim][Tf,N] 28.6 1300 680 49 27 14

Using Eqn. 2 with the solubility parameters of the NC-C,mim RTILs shown in
Table 2.7, estimations were made for their Henry’s constants for CO,, CH4, and Ny, as
well as for their CO,/N, and CO,/CHj, solubility selectivities. It was assumed that the
values of a and b that were determined for the CH3-C,mim RTILs are approximately the
same if they had been determined for an analogous set of [NC-C,mim][Tf,N] RTILs.
The H(atm) estimations are also presented in Table 2.7. As can be seen in Table 2.7, the
predicted trends in H(atm) values for all three gases are in good agreement with those
experimentally measured (see Table 2.3). However, the values of Hcns and Heop for
[NC-Cimim][Tf,N] were overestimated by 33 and 23%, respectively; and the Hy; for
CN-Csmim was underestimated by 17%. Additionally, the RST/group contribution
estimation predicted enhancements for CO,/N, and CO,/CH, solubility selectivity values

relative to the [H3C-C,mim][Tf,N] RTILs. Estimated selectivity enhancements are also
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presented in Table 2.7. The CO,/CHjy solubility selectivity estimations are in very good
agreement with measured selectivities (see Table 2.4). However, the estimated values of
CO,/N; selectivity are consistently underestimated. We speculate that this discrepancy
arises because the above assumption for a and b is not entirely accurate. When plotting
In(Hy.1) vs. (6:—&)* for the [NC-C,mim][Tf,N] RTILs, it was found that the a values for
COg,, CHy4, and N, are approximately the same as those for the [H3C-C,mim][Tf,N] and
[NC-Comim][Tf,N] RTILs. Inthe [NC-C,mim][Tf,N] RTILSs, however, the values of b
for CH, and CO, are less, while the value of b for N, remains more or less unchanged.
By examining Eqgn. 1, we speculate that v,_ (the theoretical condensed liquid molar
volume of the gas) is less for CH4 and CO; in the [NC-C,mim][Tf,N] RTILs, than in the
[H3C-Cymim][Tf;N] RTILs. (Note: the groupings vi ®/RT and prure,z in Egn. 1
correspond to b and a in Eqgn. 2, respectively.) However, v, for N, is approximately the
same in both types of ILs. Reduction of the “liquid” molar volume of the gas would
explain why higher CO, solubilities were measured compared to the predicted
solubilities: physically, more gas can be absorbed. In this regard, this may also account

for the 23% overestimation of Hcpg for [NC-Cymim][Tf,N].

2.3.5. Comparison with Previous Data
RST in combination with a group contribution method was used to predict the
ideal CO,/N, and CO,/CH, solubility selectivities of the oligo(ethylene glycol)-

functionalized RTILs studied previously by our group (see Fig. 2.5).[13]
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Figure 2.5. General structure of oligo(ethylene glycol)-functionalized RTILs in previous
work[13].

These predictions were made in the same manner as with the nitrile- and acetylene-
functionalized n-alkyl-imidazolium RTILs. The F values for ether linkages (-O—, F =
235 MPa? cm® mol™) was taken from Hoy in the Polymer Handbook.[28] The F values
used for the -CH3 and —CH,— groups are shown in Table 2.1. The value for Fr (6330
MPa? cm® mol™) was used, as discussed previously. Using these calculation parameters
and methods, the predicted and measured selectivities for oligo(ethylene glycol)-
functionalized RTILs in Fig. 2.5 are shown in Table 2.8. Just as with the nitrile and
acetylene functionalities, the CO2/N, solubility selectivity is slightly underestimated, and
the CO,/CHj, solubility selectivity prediction is in very good agreement with measured
values.

Table 2.8. Predicted Solubility Parameters and Measured and Predicted Ideal Solubility

Selectivities at 40 'C and 1 atm of RTILs in Previous Work[13] (Note: density of
[P.mim][Tf,N] was re-measured to be 1.45 g/cc.)

Measured Selectivity Estimated Selectivity

RTIL 5 (MPa"® CO,N, CO,/CH, CO,N, CO,/CH,
[Pimim][Tf,N] 27.4 30 13 26 12
[Pomim][T,N] 26.5 28 12 26 12
[Psmim][Tf,N] 26.0 33 12 24 10

Despite the discrepancy between the measured and predicted values, the group
contribution method offers a more accurate prediction with RST than has been shown

previously. In Fig. 6 of our prior work,[13] it was shown that the use of molar volume as
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the sole predictor for CO,/N, and CO,/CH, selectivity for the PEG-functionalized RTILs
is not accurate.  Clearly, the measured selectivity enhancement was greatly
underestimated. In that work, however, the values used for the RTIL solubility
parameters were based solely on the molar volume using the Kapustinskii equation (see
Egns. 4 and 5). Undoubtedly, this solubility parameter estimation does not completely
capture the chemical nature of the functionalized RTIL solvents in the previous work or
this present study. To say the very least, it seems clear that a group contribution method
offers an improvement for estimating RTIL solubility parameters. From our present and
previous work, the molar volume argument which has been presented previously for the
RTIL solubility parameter[13, 15, 20] seems insufficient when polar functionalities are

included on the cation.

2.3.6. Limitations

Although a group contribution method and RST together can provide useful
insight, there are specific limitations that must be understood. Clearly, the group
contribution method is only as good as the tabulated F values that are available for
specific chemical groups. Thus, it is important to consider the error associated with the F
values reported by various researchers and what bearing the error has on any predictions
one can make. Additionally, the extent to which one can use a group contribution
method is limited to the number of chemical groups that have been investigated and
tabulated. Fortunately, many relevant and useful chemical groups have already been
investigated.[26-28]

In this work, we have proposed a value for the collective molar attraction constant

of the imidazolium cation and the Tf,N anion (F7). The value for F7 is thus applicable
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only to imidazolium-based RTILs with the Tf,N anion. However, there is the potential to
assign F values to specific anions and cations in future solubility studies. We plan to
extend this work to imidazolium-based RTILs with various anions with the intent of
deconvoluting the chemical contribution of imidazolium and various anions. Similar
studies can be done with various cations, such as substituted pyridiniums, ammoniums,
and phosphoniums.

RST as applied to RTILs also has its limitations. To date, RST has only been
applied to imidazolium-based RTILs.[12, 13, 15, 20] It is uncertain whether other types
of cations used in RTIL design can be accurately modeled with this simple theory.
Additionally, successful use of RST for RTILs has only been demonstrated at low
pressures (~1 atm) and near-ambient temperatures and, therefore, may not be applicable

in high pressure and/or high temperature regimes.

2.4. Conclusions

In summary, we have presented a straightforward synthesis of three imidazolium-
based RTILs incorporating an alkyl-tethered nitrile functionality and one imidazolium-
based RTIL incorporating the propargyl functionality. CO,, CH,4, and N, ideal solubility
data as well as CO,/CH, and CO./N; ideal solubility selectivity data at 40 ‘C and 1 atm
were measured for these RTIL gas solvents. It was found that the polar, terminal nitrile
group of [NC-C,mim][Tf,N] RTILs contributed to enhanced CO,/CH, and CO,/N,
solubility selectivity compared to analogous, non-functionalized, alkyl-substituted [HsC-
Comim][Tf,N] RTILs. Furthermore, it was found that the inclusion of an acetylene group
on the imidazolium cation provided CO,/N; solubility selectivity performance similar the

nitrile-functionalized RTIL of analogous alkyl length. However, CO,/CHy, solubility
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selectivity of the acetylene-functionalized RTIL did not show much improvement over
the non-functionalized, alkyl-substituted, [H3C-Cimim][Tf,N] RTIL analogue. Bulk CO,
solubility data of [NC-C,mim][Tf,N] and [HC-Cymim][Tf,N] RTILs was also presented.
In addition to the marked improvement in CO, solubility selectivity, the nitrile- and
propargyl-functionalized RTILs were found to have comparable bulk solubility relative to
[H3C-Cymim][Tf,N] RTILs. Thus, a very small trade-off between bulk solubility and
solubility selectivity was displayed with these functionalized RTILs. The results of this
work are very similar to those reported previously in an analogous study where polar
oligo(ethylene glycol) groups were tethered to the imidazolium cation.[13]

The use of a group contribution method to design, interpret, and extrapolate the
performance of functionalized RTILs as gas absorbing solvents is unprecedented. The
application of this well-established method allows for the prediction of solubility
parameters of functionalized, imidazolium-based RTILs. Using these predicted solubility
parameters with RST can subsequently provide reliable and reasonable predictions of the
experimental solubility selectivity trends. In addition to aiding the interpretation of
experimental data, a group contribution method can also be used in combination with
RST as a guide for the systematic design of new functionalized RTIL gas solvents with
targeted solubility properties. As shown in this work, the inclusion of the nitrile and
acetylene functionalities increases the solubility parameter of a non-functionalized RTIL
solvent by a certain degree. The result is a reduction in molar solubility of CO,, CH,, and
N2 and an enhancement in CO,/CH,4 and CO,/N; solubility selectivity.

We believe that a group contribution method has much utility as a guide for the
design of new RTIL solvents, but not as a precise prediction of RTIL performance. It

provides a screening tool for one to use when faced with various combinations of
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functional groups and subsequent RTIL gas solvents that can be used for a particular gas
separation. Although simple models combining RST and a group contribution method
may not provide exact predictions of physical properties such as gas solubility, they do
offer a simple and straightforward method to predict the trends one may expect in RTILs
with various functional groups.

Our current research in this area is focused on extension of this method to RTILS
functionalized with other groups such as fluoroalkyl, siloxane, and benzyl substituents on
the cation. Given the potential of RTILs, it is critical to understand how group

contributions impact properties and performance.
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Chapter 3

Main-chain imidazolium polymer membranes for CO,
separations: An initial study of a new ionic liquid-inspired
platform

(As seen in: Carlisle, T. K. et al, J. Membr. Sci., 2010, 359 37-43)

Summary

Three dense polymer membranes composed of main-chain, poly(imidazolium)s
(imidazolium ionenes) with decyl (“C10”) spacer groups were fabricated and shown to be
selective for CO,-based separations. An imidazolium ionene with the bromide counterion
(Polymer 1) exhibited good H2/CO, ideal (pure component) selectivity (6.0), while H,
permeability was slightly lower than 1 Barrer. A “Robeson Plot” was used to compare the
separation performance of Polymer 1 to other dense polymer membranes. Polymer 2 was
structurally similar to Polymer 1 with the exception of the bulky Tf,;N anion in place of the
bromide. This polymer was found to have good CO,/CH,4 and CO,/N, ideal selectivities (20 and
24, respectively), but no H,/CO, separation performance with a selectivity of 1.0. A stable
composite film made from an imidazolium ionene (Polymer 2) and a room-temperature ionic
liquid (RTIL) was also fabricated and showed large CO, permeability enhancements compared
to the analogous neat polymer membrane, with little or no sacrifice in CO,/N; and CO,/CH,
ideal selectivity. The separation performance of Polymer 2 and the Polymer 2-RTIL composite
films were compared to previously studied “side-chain” poly(imidazolium)s (poly(RTIL)s) and

other dense polymer membranes on “Robeson Plots.” Polymer 2 and the Polymer 2-RTIL
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composite films exhibited CO, permeabilities comparable to poly(RTIL)s. This is the first

known study and application of imidazolium ionenes for CO, light gas separation membranes.

3.1. Introduction

In the modern era of global industrialization and elevated concerns over climate change,
CO; capture (and other light gas separations) is an ever-growing area of academic and industrial
research. Over the past few decades, room-temperature ionic liquids (RTILS) have slowly
carved out a niche in the CO, separations community [1]. Vanishingly small vapor pressure, low
flammability and a high degree of chemical tunability make RTILs exceptional “designer”
solvents and promising replacements for volatile organic compounds (VOCs) in gas processing
applications such as natural gas “sweetening” (the removal of CO, from CH,4)[1-4]. However,
in the interest of cost (energy and monetary) and plant scale, it may be desirable to perform CO,
separations with a selective membrane as opposed to the use of physical solvents. In light of this
there has been a recent body of works demonstrating the feasibility of using imidazolium-based,
polymerizable RTIL (poly(RTIL)) membranes and poly(RTIL)-RTIL composite films for CO,
separations [5-10]. The general structures of imidazolium-based RTILs and poly(RTIL)s are

illustrated in Fig. 3.1.
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Figure 3.1. General structure of (a) imidazolium-based room-temperature ionic liquids (RTILS)
and (b) polymerizable room-temperature ionic liquids (poly(RTIL)s). ‘X’ can be any number of
anions, such as TfH,N, BF4, DCA, or PFs.

Similar to imidazolium-based RTILs, poly(RTIL) membranes have also proven to be selective in
CO,-based separations [5-10]. As a poly(imidazolium) platform, poly(RTIL)s offer a large
degree of substituent functionality and chemical tunability, which is valuable for improving
membrane performance characteristics (permeability and selectivity). However, a less obvious
limitation arises from the inherent polymer architecture. The functionality of all poly(RTIL)s
exists as pendant side groups tethered to a hydrocarbon backbone. This fact begged two
questions: (1) can linear, main-chain poly(imidazolium) membranes (i.e. all functionality in the
polymer main-chain) be fabricated and used for light gas separations? And (2) how does the gas
separation performance of such an architecturally disparate polymer compare to poly(RTIL)s?
Based on the large body of work involved with quaternary ammonium-based “ionenes” (main-
chain polycations [11])[12], there is good evidence that a variety of imidazolium-based ionenes
might also be synthesized. Very recently, a group has reported on the synthesis and structure-
property relationships of imidazolium ionene segmented block copolymers [13]. Prior to that
work, there have been a handful of studies that have reported on the synthesis of imidazolium-

based ionenes, although characterization methods and data were vague in those works [14-16].
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Imidazolium-based ionenes (and ionenes in general) are synthesized via S,2 step growth rather
than the chain addition radical polymerization used to make many commodity polymers and
poly(RTILs). Two important, innate artifacts of ionene synthesis are: 1. complete polymer
modularity, rather than an inherent hyrdrocarbon backbone, and 2. the lack of an equilibrium
product typical to most step growth polymerizations, such as water produced from the formation
of an ester (i.e. alcohol-carboxylic acid coupling) or hydrochloric acid produced from the
formation of an amide (i.e. acid chloride — amine coupling). Scheme 3.1 and Fig. 3.2 summarize

these important differences.

A BNA
X = halide

Scheme 3.1. General step growth synthesis to produce imidazolium-based ionenes. R; and R,
can be any number of functional moieties. Note the absence of an equilibrium product.
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Figure 3.2. Generic structures of (a) ionenes vs. (b) poly(RTIL)s. Note the modularity of R; or
R, available in the structure represented in 2a as opposed to the inherent hydrocarbon backbone
in 2b. Schematic representations of (c) a poly(RTIL)-RTIL composite and (d) an ionene-RTIL
composite. Note the “free” cations shown in green in (c) and (d).

The versatility and functionality of the imidazolium cation as a functional materials platform has
proven incredibly valuable in designing RTILs and poly(RTIL)s for CO, separations and other
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applications [17-19]. However, to date there have been no reports investigating the potential of
imidazolium-based ionenes as a new type of polymer membrane platform.

Herein, we present initial proof-of-concept that imidazolium-based ionenes can be
synthesized and fabricated into CO,-selective gas separation membranes. Three membranes with
systematically varied properties were examined, including one which was a composite film with
“free” RTIL present. The structures of these three membranes along with [Csmim][Tf,N] are

shown in Fig. 3.3.
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[Cemim][Tf,N]
Figure 3.3. Structures of imidazolium-ionene polymers studied in this work and the structure of
the RTIL [Cemim][Tf,N]

Ideal (single gas) permeabilities for the gases CO,, CH4, N, and H; are reported along with
CO,/CHg4, CO2/N,, and H,/CO, ideal permeability selectivities. CO, diffusivity and solubility of

in the imidazolium-ionene membranes is also reported.
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3.2. Experimental
3.2.1. Materials and instrumentation

2-methylimidazole, 1,10-dibromodecane and NaH were purchased from Sigma-Aldrich
(Milauwakee, WI), lithium trifluoromethanesulfonimide (LiTf,N) was purchased from 3M (St.
Paul, MN). All chemicals were obtained in the highest purity available and were used without
further purification. Gases were purchased from Airgas (Randor, PA) and were of at least
99.99% purity. A Mettler-Toledo XS205 DualRange balance was used to mass all reagents and
polymers. *H NMR data were obtained using a Varian INOVA 400 Spectrometer (400 MHz).
Membrane thicknesses were measured from images obtained with a JOEL JSM-6480LV
scanning electron microscope operated in high vacuum mode. Example SEM images of the
studied membranes can be found in the appendix. Details on the permeability apparatus are
discussed in section 2.3. A 10-50 mTorr vacuum was used whenever it is stated that a monomer

or polymer was “dried under vacuum”.

3.2.2. Synthesis of 1,1'-(1,10-decanediyl)bis[2-methylimidazole] (Monomer 1)
Monomer 1 was synthesized according to Scheme 3.2, as shown below. To a 3-neck,

500 mL round bottom flask equipped with a reflux condenser, 6.09 g of NaH (152 mmol) (60 wt
% dispersion in mineral oil) was added while maintaining Ar flow into the flask. Prior to adding
the NaH, the flask and reflux condenser were evacuated and purged with Ar several times. For
the duration of the reaction, the 500 mL flask was maintained under an Ar atmosphere. 265 mL
of THF (dried over a column of basic alumina) was added to the flask via cannula. The NaH
suspension was then stirred with a magnetic stir bar. To the suspension, 10.00 g of 2-

methylimidazole (121.8 mmol) was added very slowly, as hydrogen was rapidly evolved.
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Scheme 3.2. Synthesis of Monomer 1

The reaction was then heated and refluxed at 40 °C for 1 h with the 500 mL flask completely
sealed and left under Ar. 16.45 g 1,10-dibromodecane (54.8 mmol) was then added and the
reaction temperature was increased to 65 °C for 24 h. After cooling the reaction at room
temperature for 30 minutes, the resulting suspension was filtered with a medium glass frit funnel.
THF was removed from the filtrate via rotary evaporation and the crude product was then
dissolved in 300 mL of MeOH. The resulting solution and mineral oil precipitate were washed
3x with 150 mL of hexanes. MeOH was removed via rotary evaporation and the product was
further dried under vacuum for 24 h at room temperature to afford a pale yellow solid. Yield =
13.33 g, 80.4 %, *H NMR (400 MHz, DMSO) & 7.00 (d, J = 1.3 Hz, 2H), 6.69 (d, J = 1.3 Hz,

2H), 3.82 (t, J = 7.2 Hz, 4H), 2.24 (s, 6H), 1.61 (m, 4H), 1.23 (s, 12H).

3.2.3. Synthesis of Polymer 1

Polymer 1 was synthesized according to Scheme 3.3a, as shown below. 5.0000 g
(16.531 mmol) of Monomer 1 was massed into a 50 mL Erlenmeyer flask. Particular care was
taken to ensure no monomer was stuck to the outside of the Erlenmeyer or on the weighing
surface. Monomer 1 was then dissolved in 6 mL of MeCN and added to a 1-neck, 250 mL
round bottom flask. Extra care was taken to ensure all of the MeCN solution was added to the

round bottom flask. The 50 mL Erlenmeyer was then washed 3x with 2 mL MeCN, with each
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wash sequentially added to the 250 mL round bottom flask. Into a separate 50 mL Erlenmeyer
flask, 4.9605 g (16.531 mmol) of 1,10-dibromodecane (Monomer 2) was dissolved in 6 mL of
MeCN, added to the 250 mL flask, and washed in the exact manner as Monomer 1 described
above. The contents of the 250 mL flask were then stirred, heated and refluxed at 85 °C for 96 h,
at which point the homogenous mixture had taken on a viscous, “honey” consistency. After
cooling the reaction for 1 h at room temperature, the product was extracted with an additional 25
mL of MeCN and precipitated in 300 mL of Et,O. The Et,O was then decanted and the polymer

was collected and dried under vacuum for 24 h to afford 9.826 g (98.6 % yield) of Polymer 1.

@

Br N + N LITf2N
Ny NMN Ny s Br —
MeCN n HzO

85°C, 96 h RT,24h
(Monomer 1) (Monomer 2) (Polymer 1) (Polymer 2)
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szN = 7 \N/ W
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Scheme 3.3. (a) Synthesis of Polymer 1 and (b) synthesis of Polymer 2

3.2.4. Synthesis of Polymer 2

Polymer 2 was synthesized according to Scheme 3.3b. 9.363 g of dried Polymer 1 was
massed and dissolved in 400 mL of DI water in a 500 mL Erlenmeyer flask. 10.29 g (35.86
mmol) of LiTf,N was massed and dissolved in 50 mL of DI water. The LiTf,;N solution was
then added to a 100 mL volumetric dropping funnel. With the Polymer 1 solution stirring, the
LiTf,N solution was slowly added at a rate of 6-12 drops per minute. Upon addition of the
LiTf,N, a white precipitate could immediately be observed. After complete addition of LiTf;N,
the water and precipitate were stirred for an additional 24 h at room temperature. The precipitate
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was then filtered, collected and stirred in 400 mL DI water in a separate 500 mL Erlenmeyer
flask for 3 h. The process of filtering the precipitate and stirring in 400 mL of DI water for 3 h
was repeated twice more followed by filtering and drying the product under vacuum for 48 h at

50 °C. 15.07 g (94.8% vyield) of Polymer 2 powder was obtained after being thoroughly dried.

3.2.5. Membrane fabrication
It should be noted that membranes could be formed reproducibly within our lab using the

methods described in Section 2.2 below.

3.2.5.1. Fabrication of Polymer 1 membrane

A 5 wt % solution of Polymer 1 was prepared by dissolving 5.00 g of Polymer 1in 95 g
of warm (40-50 °C) EtOH. 10 mL of this solution was cast onto a glass plate, which had been
pre-treated with RainX®, a hydrophobic coating which aids in the removal of the polymer film
from the glass surface. EtOH was removed by exposing the glass plate to ambient conditions
(20-23 °C, 1 atm) for 4 h followed by placing the glass onto a hot plate at 65-70 °C for 8 h until a
solid, uniform film had formed. Care was taken to prevent boiling of the EtOH. The film was
further dried under vacuum for 36 h at 70 °C. After allowing the film to cool for 1 h under
vacuum, it was gently peeled off the glass plate and a 47 mm diameter membrane was punched
using a stainless steel die. The neat Polymer 1 membrane was optically transparent and slightly

yellow colored. An example of a neat Polymer 1 membrane is shown in Fig. 3.4a.
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Figure 3.4. Examples of neat polymer membranes. (a) Polymer 1, (b) Polymer 2 and (c)
Polymer 2-[Cemim][Tf,N] composite.
3.2.5.2. Fabrication of Polymer 2 membrane

1.5 g of Polymer 2 was densely piled onto the center of a glass plate that had been
treated with RainX®. Heat was applied to the glass plate until the entirety of the polymer had
melted. One to two sheets of wax paper (depending on what membrane thickness is desired)
were placed on the perimeter of the glass plate to act as a spacer. An identical glass plate (treated
with RainX®) was placed on top of the melted polymer and pressed to gently compress and
spread Polymer 2 between the two plates. A 3 kg weight was placed on the top glass plate and
mild heat (approximately 70-75 °C) was applied to the pressed polymer melt via hot plate for 24
— 36 h. When all air bubbles in the melt had been extruded out of a region large enough to punch
a 47 mm diameter membrane, the press was removed from heat and allowed to cool to room
temperature. Once the pressed polymer had gone from a transparent melt to a slightly opaque

solid it was further cooled to 4 °C in a refrigerator for 2 h. A razor blade was then used to gently
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separate the plates and remove the Polymer 2 sheet. After closely examining the sheet for any
defects (i.e. cracks or bubbles), a 47 mm diameter die was used to punch a membrane. An

example of a neat Polymer 2 membrane is shown in Fig. 3.4b.

3.2.5.3. Fabrication of a composite film comprising Polymer 2 and 20 wt% [Csmim] [Tf,N]

To a 20 mL sample vial, 1.50 g of Polymer 2, 375 mg of [Cesmim][Tf,N] (synthesized in
accordance with previous work [20]) and 15 mL of DMSO were added and homogenized using a
vortex mixer and slight heating. The DMSO solution was then cast onto a RainX®-treated glass
plate and heated at 70-75 °C for 10 h via hot plate to remove DMSO. The Polymer 2-RTIL
composite was further dried under vacuum at 75 °C for 24 h. After cooling the composite to
room temperature, an opaque, homogenous solid film had formed. This film was removed from
the glass plate and cut into many smaller pieces. To generate a composite film, the same
methods described in section 2.2.2 were applied using the small fragments of Polymer 2-RTIL

composite. An example of a Polymer 2-RTIL composite film is shown in Fig. 3.4c.

3.2.6. Single Gas Permeability Measurements and Theory

Ideal (i.e. single gas) permeability studies using CO,, N, CHy4, and H, were performed
using a time-lag apparatus. All experiments with Polymer 2 and the Polymer 2-RTIL were
performed at ambient temperature with an upstream pressure of 2 atm and vacuum (< 1 torr) as
the initial downstream pressure. Experiments with Polymer 1 were similar with the exception of
an upstream pressure of 4 atm. A complete description of the experimental apparatus has been
reported in previous works [5,21]. Each membrane was degassed for 24 h and monitored for

leaks prior to starting a set of experiments. All experiments were performed in triplicate (e.g.
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three separate CO,, N,, CH, and H; experiments) on a single membrane, and the membranes
were allowed to degas under vacuum overnight between runs. The complete details on running
permeability experiments and acquisition of data are provided in previous works [5,21]. The
transport of light gases in the membranes studied here was assumed to follow a solution-
diffusion mechanism, where permeability (P) is equal to the product of gas diffusivity (D) and

solubility (S) in the polymer as shown in Equation 1 [22,23].

It then follows that the membrane permeability selectivity (aij;) is the ratio of permeabilities of
two permeating species (i and j), as shown in Equation 2 [22,23]. The permeability selectivity
can also be represented as the product of diffusivity selectivity and solubility selectivity, as

shown on the right hand side of Equation 2 [23].
B _ L 5
Cili T B [D—J ' [5—) ()

The permeability selectivity gives a measure of how well a membrane discriminates for one gas
over another. Assuming ideal gas behavior, the steady-state, single gas fluxes (J;) were found
according to Equation 3, where T is absolute temperature of the permeate and V is the known
downstream cell volume [5,21]. The quantity pi/t in Equation 3 was found from the slope of the
linear (steady-state) portion of the permeate pressure (p;) vs. time (t) curve. The effective area
(Aef) is the cross-sectional area of the membrane through which gas permeation occurs. This is

assumed to be the area exposed to high pressure on the upstream side of the membrane.

79



J = (JT] . v 27315 K ['cmz-::sr;_:;-]J where p,[=] psi 3)

A AzprT 12856 psi A cmTs S

The ideal (single gas) permeability (P;) (flux normalized for pressure drop and membrane

thickness) was then calculated from the average pressure driving force (4p,) and membrane

thickness () according to Equation 4 [5,21].

P. = %r— (Barrers) 4)

cm?® (stp) - cm

where, 1 Barrer = 1071 —
cim- -s-cm Hg

The permeate diffusivity (D;) was calculated from the membrane thickness (1) and time lag (©)

according to Equation 5 [22]. Time lag was found by extrapolating the linear, steady-state

portion of the p; vs. t curve back to the x-axis and obtaining the x-intercept, which is 6.

Having calculated P; and D;, Equation 1 was utilized to calculate permeate solubility (S;) in the

studied polymers
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3.3. Results and Discussion
3.3.1. Ideal light gas permeability and permeability selectivity

The ideal permeabilites (P;) were calculated according to Equation 4 and the ideal
permeability selectivities were found from the ratio of ideal permeability values (Pi/P;). The
single gas diffusivities (D;) were calculated from the time lag and membrane thickness according
to Equation 5. Ideal solubilities were then calculated from D; and P; according to Equation 1.
Solubility and diffusivity data for CO, are summarized in Table 3.1 while permeability and
permeability selectivity values for the three membranes studied are summarized in Table 3.2.
The sensitivity of our time lag apparatus did not allow for reliable diffusivity and solubility
measurements of H,, CH, and N,. The permeability and selectivity data in Table 3.2 are plotted
along with poly(RTIL) data and a selection of other dense polymer membrane data in Figs. 3.5a-

c as “Robeson Plots” [24].

Table 3.1. Diffusivities (D)? and solubilities (S)° of CO, in poly(imidazolium) membranes®.

Dco, Sco,
Polymer 1 23*6 0.45%0.09
Polymer 2 500 +10 0.79 £0.05
Polymer 2-RTIL 1200 + 100 1.2+0.1

%em?-s, Pem?® (STP)-cm™-atm™, error represents one standard deviation
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Table 3.2. Ideal permeability (Pi)* and ideal permeability selectivity (Pi/P;) of light gases in
poly(imidazolium) membranes®.

Pco, Pch, Pn, P, Pco,/Pch, Pco,/Pn, Ph,/Pco,

Polymer 1 0.13+0.02 n/d n/d 0.84 £0.03 - - 6.0+0.2

Polymer 2 53+0.1 0.26 +0.06 0.22 +£0.02 5.3+0.2 20 £1 24 £2 1.0+0.1
Polymer 2-RTIL 19+1 11+0.1 0.83 £0.09 - 17+1 23 t1

*Barrers, "error represents one standard deviation, n/d: non-detectable

1000

Lo

100

Lol

S
Lol

P(H,)/P(CO,)

=

Lol

ie)

o

| ~ Polymer 2

01 T T “H”; T T TTHH; T T TTHH; pr T T T T TTT

0.01 0.1 1 10 100
P(H,) (Barrers)

82



1000

1 Lol Ll

:_:7100 E
S ‘
& [ fh k-~ o
= 1 ]
O I -
O, 10 gummmmmmmsmimsbabdesisibese e g ]
a 1 Polymer2 _ ¢ 5
1 y ~Polymer 2 00
] Composite
1 T T T T T T T T % T T T T T T
1 10 100
P(CO,) (Barrers)
1000 50
N
=
a
N
3 !
O 10 o | SR
o ° Polymer 2 olymer 2 753
‘Composite
1 10 100

P(CO,) (Barrers)

Figure 3.5. Robeson Plots of light gases in the studied membranes. Note that data are plotted
on a log-log scale. The upper bound and other dense polymer membrane data (O) are adapted
from Robeson [22]. (a) Ideal H,/CO, permeability selectivity vs. ideal H, permeability of
Polymer 1 and Polymer 2 membranes (L), (b) Ideal CO,/CH,4 permeability selectivity vs. ideal
CO; permeability of Polymer 2 and Polymer 2-RTIL composite membranes (LJ), and (c) Ideal
CO,/N, permeability selectivity vs. ideal CO, permeability of Polymer 2 and Polymer 2-RTIL
composite membranes ([1). Also plotted in (b) and (c) are poly(RTIL) membranes (A) [5-6]
and poly(RTIL)-RTIL composite membranes () [8-10]. The region within the dashed ellipse in
(b) and (c) represents the spectrum of poly(RTIL) performance defined thus far.
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In these three figures the permeability of the more permeable gas is plotted on the x-axis while
permeability selectivity is plotted on the y-axis. These types of plots are useful for showing the
performance of a membrane given a particular separation. What is generally seen with dense
polymer membranes is a flux-selectivity tradeoff. That is, the more permeable a membrane is,
the less selective it becomes for one particular permeate. Membranes represented in the extreme
lower right corner of a Robeson Plot will have remarkably high permeabilities with very little
discrimination between permeating species. On the contrary, membranes plotted in the extreme
upper left corner are incredibly selective for a particular separation but have vanishingly small
permeabilities.

Most polymer membranes fall somewhere between these two extremes and lie below an
experimentally-determined upper bound, this is illustrated in Fig. 3.5a-c. These upper bounds
represent the current permeability-selectivity limits and are based on large bodies of
experimental data for each separation. A membrane that is both high in selectivity and
permeability is very desirable, but very difficult to achieve in practice. However, the “upper

bound” serves as a performance target or benchmark for newly designed polymer membranes.

3.3.2. Polymer 1 ideal permeability and permeability selectivity

As this study details the first experiments relating to gas permeability in a
poly(imidazolium) halide membrane, it was unclear what results were to be expected for
Polymer 1. Interestingly, ideal CH4 and N, fluxes could not be detected with our apparatus
(indicating they are likely below 0.01 Barrers), while H, and CO, permeabilities were found to
be 0.85 Barrers and 0.14 Barrers, respectively. Although we could not measure Ho/CH,4 or Ha/N,

selectivities, this initial result does imply that Polymer 1 should be quite selective in H,/CH,4 or
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H,/N, separations. This also appears to be the case for H,/CO,, where the H, selectivity is 6.0.
As seen in Fig. 3.5a there are only a few reported examples of polymer membranes that are more
selective than Polymer 1, although H; permeability in Polymer 1 is relatively quite low at just
below 1 Barrer. Despite a measurable H; flux, the sensitivity of the apparatus prevented a
reliable measurement of H, time lag and, consequently, solubility and diffusivity. It seems
reasonable, however, to largely attribute the measured H,/CO, selectivity of Polymer 1 to the
incredibly low CO, diffusivity of 23 x10™° cm?s. From Table 3.1, the CO, diffusivity in
Polymer 2 is over an order of magnitude larger (500 x10*° cm?/s) than Polymer 1, while there is
roughly a factor of two difference in CO; solubility between the two polymers. The small
bromide counterion likely allows for less inter-chain free volume and closer packing of adjacent
polymer chains resulting in an overall glassy polymer. The smaller diffusing specie H, will

experience less of an impediment in such a system, compared to CO..

3.3.3. Polymer 2 ideal permeability and permeability selectivity

Polymer 2 (the ion-exchanged form of Polymer 1 with the Tf,N anion) provided
interesting permeability and selectivity results. As opposed to Polymer 1 where CH, and N,
fluxes could not be measured, their permeabilities were respectively found to be 0.25 and 0.20
Barrers in Polymer 2. The H,/CO, selectivity dropped dramatically to 1.00, where there was no
measurable difference in CO, and H, permeabilities (5.3 Barrers). As often seen with dense
polymer membranes, the large jump in H, permeability was accompanied with a sizable decrease
in selectivity. Across the board, Polymer 2 appeared to pose a much smaller diffusion resistance
to all of the gases in this study, particularly to CO,. As discussed in section 3.1.1, the diffusivity

of CO; in Polymer 2 is over one order of magnitude larger than in Polymer 1. Replacing the
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bromide with the bulky Tf,N counterion appeared to have a much less dramatic effect on CO,
solubility. The measured values of 0.45 + 0.09 and 0.79 + 0.05 cm® (STP)cm-atm™ for
Polymers 1 and 2, respectively, indicate that the bulkier, fluorinated Tf,N counterion contributed
to a slight increase in CO, solubility. While Polymer 2 does not outperform any poly(RTIL)s
previously tested for CO2/N, or CO,/CH, separations, its performance does fall in the general
range of poly(RTIL) data (see Figs. 3.5b and 3.5¢). The selectivity of Polymer 2 is very
comparable to most poly(RTIL)s, but the permeability lies in the lower end of the poly(RTIL)
performance spectrum. The architecture of Polymer 2 appeared to have a negative effect on
CO; solubility. The CO, solubility observed in alkyl-functionalized poly(RTIL)s [5] is roughly 4
cm® (STP)cm™>-atm™ compared to 0.8 cm® (STP)em3-atm™ for Polymer 2. Based on previous
works [5,17] we speculate that the extent of CO, solubility in the polymer is dominated by the
accessibility of CO; to the imidazolium and Tf;N ions. In Polymer 2 the ionic functionality is
very dilute, or disperse, compared to poly(RTIL)s on account of the large C-10 alkane spacer.
On the contrary, the architecture of Polymer 2 had no significant observable effect on CO,
diffusivity compared to poly(RTIL)s. The diffusivity of CO; in alkyl-functionalized
poly(RTIL)s [5] is roughly between 2-8 x10® cm?/s, where we observed 5 x10® cm?/s in

Polymer 2.

3.3.4. Polymer 2-[Csmim][Tf,N] composite ideal permeability and permeability selectivity

As discussed in section 2.2.3, the Polymer 2-RTIL composite film contains 20% by
weight the RTIL [Cemim][Tf,N]. To the best of our knowledge, this is the first example of an
ionene being interfaced with an RTIL to form a stable composite material. Addition of the RTIL

component to a poly(RTIL) membrane has been consistently shown to increase permeability by
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up to an order of magnitude with little or no sacrifice in CO; selectivity [8-10]. Those works
also demonstrated the possibility of facile addition of a functional, non-volatile, non-polymeric
component to a poly(RTIL) without noticeably compromising the mechanical integrity of the
membrane. Thus, compatibility of RTILs and imidazolium ionenes is of great consequence
when considering the robustness and versatility of a “next generation” poly(imidazolium)
materials platform. The general structure of poly(imidazolium)-RTIL composites with a “free”
cation component are illustrated in Figs. 3.2c and 3.2d. Compared to Polymer 2, the Polymer 2-
RTIL composite film was found to have CO,, CH4 and N, permeability enhancements of
roughly 360%, 430% and 380%, respectively. Yet, there was little to no observed change in
CO,/N; selectivity and a very slight decrease in CO,/CHy, selectivity. This is not a surprising
result given similar observed trends in a previous study [8]. The data shown in Figs. 3.5b and
3.5¢ illustrate the permeability enhancement in the Polymer 2-RTIL composite. As discussed
in a previous work [8], the RTIL acts as a non-volatile plasticizer essentially opening up the
polymer matrix and lowering resistance to gas diffusion for all species. As shown in Table 3.1,
the CO,, diffusivity in the Polymer 2-RTIL composite is roughly a factor of two larger than in
Polymer 2. Since CH, is inherently the largest and slowest diffusing specie studied, it seems
likely that inclusion of the RTIL component (i.e. plasticization and expansion of the polymer
matrix) would enhance CH, diffusivity the most. Although we could not accurately measure
CH, diffusivity, the permeability enhancements of 360% (CO,) and 430% (CH,) observed for
the composite film indicate that this is likely the case. The reduced CO,/CH,4 permeability
selectivity observed for the Polymer 2-RTIL composite (Fig. 3.5b) is then primarily attributed
to a decrease in CO,/CH, diffusivity selectivity. The inherent similarities between diffusing

species CO, and N likely result in the proportional permeability enhancements we observed for
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the composite film (360% for CO, and 380% for N,). We believe that the retention of
permeability selectivity between Polymer 2 and the Polymer 2-RTIL composite film (Fig. 3.5¢)
is primarily due to little, if any, change in CO,/N, diffusivity selectivity. Incorporation of
[Csmim][Tf,N] enhanced the permeability of Polymer 2 from the lower end of the poly(RTIL)
performance spectrum to the upper end. However, the separation performance of the Polymer 2-
RTIL composite is still less than poly(RTIL)-RTIL composite films containing similar amounts

of “free” RTILs (see Figs. 3.5b and 3.5c¢).

3.4. Conclusions

Although initial CO, separation performances are moderate in comparison to the
poly(RTIL)-RTIL composite platform, the feasibility and viability of unprecedented main-chain
poly(imidazolium) membranes (imidazolium-based ionenes) for CO; separations has been
demonstrated. In this work, the synthesis and light gas (CO2, N2, CH4, H>) separation
performance of three unprecedented imidazolium ionene membranes was presented. Polymer 1,
a poly(imidazolium) bromide salt, displayed fairly high H,/CO, ideal permeability selectivity
(6.0), while N, and CH, fluxes were non-detectible with our apparatus. However, H,
permeability through Polymer 1 was considerably low at 0.84 Barrers. Polymer 2 was
structurally similar to Polymer 1 with the exception of the Tf,N counterion in place of the
bromide. The H,/CO, selectivity of this membrane reduced greatly compared to Polymer 1
while a significant improvement in CO, permeability was observed. Furthermore, Polymer 2
did not display the N, and CH, “barrier” capability observed with Polymer 1. The ideal CO,/N;
and CO,/CH,4 permeability selectivities were found to be comparable to most poly(RTIL)s (side-

chain poly(imidazolium)s). However, the CO, permeability of Polymer 2 is comparable to some
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of the least permeable poly(RTIL)s. Compatibility of imidazolium ionenes with RTILs was also
demonstrated in this work with a homogeneous and mechanically stable Polymer 2-RTIL
composite film. Blending Polymer 2 with 20 wt% of the RTIL [Csmim][Tf,N] gave a significant
improvement in CO, permeability, while CO,/N; selectivity decreased little, if any, and
CO,/CHy, selectivity decreased slightly. The overall performance of the composite film was
comparable to some of best performing neat poly(RTIL) membranes, but is less permeable
compared to poly(RTIL)-RTIL composite films. These initial imidazolium-ionene membranes
greatly lacked functionality, with a large composition of alkyl groups present as the decyl spacer
and the imidazolium ‘C,’ methyl group (Scheme 3.3 (a) and (b)). There are certainly many
functional groups that can be incorporated into the main-chain spacer as well as on the
imidazolium ring. The modularity of the poly(imidazolium) platform (see Scheme 3.1 and Fig.
3.2b), has the potential to give rise to hundreds, if not thousands, of potential new polymer
materials. The possibilities for new materials are then greatly expanded by combining
poly(imidazoliums) with RTILs to generate ionene-RTIL composites. This new polymer
platform serves to augment the utility of imidazolium-based materials for CO, separations by
adding versatility in polymer processing, polymer architecture and chemical tunability.
Obviously, there is an enormous amount of research opportunity available both in the design and
testing of new imidazolium membranes as well as other polymer properties. Future and current
work includes studying the effect of spacer length and incorporation of polar spacer
functionalities on CO, permeability and permeability selectivity. There is also interest in
developing structure-property relationships (i.e. Tg and Tr,) as the set of studied imidazolium

ionene membranes grows.
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Chapter 4

Ideal CO,/Light Gas Separation Performance of
Poly(vinylimidazolium) Membranes and
Poly(vinylimidazolium)-lonic Liquid Composite Films

(Manuscript prepared to submit to Journal of Membrane Science)

Summary

Six vinyl-based, imidazolium room-temperature ionic liquid (RTIL) monomers were
synthesized and photo-polymerized to form dense poly(RTIL) membranes. The effect of polymer
backbone (i.e., poly(ethylene), poly(styrene), and poly(acrylate)) and functional cationic
substituent (e.g., alkyl, fluoroalkyl, oligo(ethylene glycol), and disiloxane) on ideal CO,/N, and
CO,/CH4 membrane separation performance was investigated. Vinyl-based poly(RTIL)s were
found to be generally less CO,-selective compared to analogous styrene- and acrylate-based
poly(RTIL)s. The CO, permeability of n-hexyl- (69 barrers) and disiloxane-substituted (130
barrers) vinyl poly(RTIL)s were found to be exceptionally larger than that of previously studied
styrene and acrylate poly(RTIL)s. The CO, selectivity of oligo(ethylene glycol)-functionalized
vinyl poly(RTIL)s was enhanced, and the CO, permeability was reduced compared to the n-
hexyl-substituted vinyl poly(RTIL). Nominal improvement in CO,/CHj, selectivity was observed
upon fluorination of the n-hexyl vinyl poly(RTIL), with no observed change in CO,
permeability. However, rather dramatic improvements in both CO, permeability and selectivity
were observed upon blending 20 mol % RTIL (emim Tf,N) into the n-hexyl- and disiloxane-

functionalized vinyl poly(RTIL)s to form solid-liquid composite films.
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4.1. Introduction

Membrane-based flue gas CO, removal (i.e., CO,/N, separation) and natural gas sweeting
(i.e., CO,/CH, separation) are two areas of intensifying research [1-4]. Both separations pose an
ongoing engineering challenge that have pushed researchers to develop new polymer chemistries
and materials that possess both high CO, flux and selectivity. Industrial viability of new
membrane materials is absolutely contingent on demonstrated separation performance. A
relatively new and promising class of materials for membrane-based CO,/light gas separations
are room-temperature ionic liquids (RTILs). RTILs are a unique class of solvents that are molten
salts at ambient conditions and possess distinctive chemical and physical properties that set them
apart from traditional organic solvents. The most notable of these qualities is their vanishingly
small vapor pressure [5]. RTILs, imidazolium-based RTILs in particular, have also demonstrated
excellent CO; solubility and solubility selectivity over other light gases, such as CH4 and N, [6-
13]. Many researchers have exploited these two properties by employing RTILs in a membrane
configuration known as a supported ionic liquid membrane, or SILM [12, 14-19] . Given the
“negligible” vapor pressure of RTILs, there is no concern for liquid loss due to evaporation in
SILMs. The CO,/N, and CO,/CH, separation performance of SILMs has, indeed, been shown to
be quite impressive for a wide range of RTILs [12]; however, SILMs have a very limited range
of industrial applicability. “Blowout” of the liquid RTIL component typically occurs with 1-2
atm or higher of transmembrane pressure differentia [12, 16]. Any industrially viable CO2/N, or
CO,/CHy, separation membrane must be stable to pressures much greater than any SILM can

withstand.
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To overcome this stability limitation inherent to SILMs, our group has previously
investigated membranes based on solid, polymerized RTIL analogues, or poly(RTIL)s [20, 21].
These membranes were fabricated by photo-initiated chain-addition polymerization and/or cross-
linking of styrene- and acrylate-functionalized RTIL monomers [20]. Examples of these
previously studied monomers are shown in Fig. 4.1 (compounds 2 and 3). While these
membranes demonstrated good CO,/N, and CO,/CH, permeability selectivity and certainly did
not suffer from the pressure limitations of a SILM, CO, permeability was found to be several

orders of magnitude lower than analogous RTILs [12, 20, 21].
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© N(SO,CF3), © N(SO,CF3), © N(SO,CF3), © N(SO,CF3),
R=a. —(CHy) R=a. —(CHy) R=a. —(CHy)
b. —(CHy)5CH3 b. —(CHz)5CHs b. —(CHy)3CHs
C. —(CH,CH,0),CH3 C. —(CH,CH,0),CH3
d. —(CH,CH50)3CHj5
€. —(CH2)2(CF2)4CF3

f. ~CH,Si(CH3),0Si(CHz)3
Figure 4.1. Structures of RTIL monomers 1a-1f and the RTIL emim Tf,N (4) investigated in this
study. Structures of previously studied RTIL monomers 2a-2c and 3a and 3b are also shown [20,
22].
An undesirable outcome of their stable, solid nature was a substantial decrease in gas diffusivity
and permeability. A considerable effort was made to understand and improve upon acrylate- and
styrene-based poly(RTIL) permeability and selectivity by functionalization of the imidazolium
cation with a variety of n-alkyl or polar substituents [22]. For example, the permeability of a n-

hexyl-functionalized poly(RTIL) (2b, Fig. 4.1) was found to be considerably higher than an

analogous methyl-functionalized poly(RTIL) (2a, Fig. 4.1) [20]. Additionally, improvements in
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CO,/N; and CO,/CH, selectivity were accomplished by incorporation of polar substituents, such
as oligo(ethylene glycol) (2c, Fig. 4.1) [22]. However, any improvements in permeability and/or
selectivity brought on by functionalization of the imidazolium cation were somewhat
incremental. More dramatic improvements in poly(RTIL) CO, permeability were accomplished
by incorporating up to 20 mol % of a non-polymerizable RTIL (i.e., a non-volatile liquid
additive) in the prepolymer mixture (e.g., 4 in Fig. 4.1) [22-24]. Upon curing, these solid-liquid
membranes contained 20 mol % “free RTIL” which acted as a non-volatile, selective plasticizing
agent. Gas diffusivity in these hybrid materials was greatly improved with little-to-no sacrifice in
COq/light gas selectivity [22-24]. Despite the presence of a liquid component, the Columbic ion-
ion interactions between the free liquid RTIL and the solid polymer were found to give those
poly(RTIL)-RTIL composite films a considerable degree of pressure stability as no blowout was
observed [22-24].

One critical aspect of photo-polymerizable poly(RTIL) membranes that has not been
thoroughly investigated is the effect of polymer structure (i.e., polymer backbone) on CO,/light
gas separation performance. As described above, previous efforts have essentially investigated
imidazolium-functionalized poly(styrene) and, to a much lesser extent, imidazolium-
functionalized poly(acrylate) membranes. However, a considerable amount of research in the
areas of electrochemistry and gas chromatography have made use of vinylimidazolium-based
poly(RTIL)s (i.e., 1 in Fig. 4.1) containing an imidazolium-functionalized polyethylene
backbone [25-30]. Those prior papers suggest that the properties of poly(ethylene)-backbone-
based poly(RTIL)s will differ quite significantly from poly(styrene) and poly(acrylate)
backbone-based poly(RTIL)s with respect to CO, separation performance. However, it is unclear

as to how vinyl-based poly(RTIL)s will differ and, more importantly, if they possess
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advantageous qualities (i.e., enhanced CO, permeability and/or selectivity) compared to styrene-
and acrylate-based poly(RTIL)s. Taking also into consideration that vinyl-imidazolium
monomers are comparatively easier to synthesize and more thermally stable, we believe there is
significant merit in gaining a more comprehensive understanding of the CO, separation
performance of vinyl-based poly(RTIL) membranes.

One aim of this current study is to develop an understanding of the structure-property
relationships of vinyl-based poly(RTIL)s. This was accomplished by evaluating the CO,
separation performance of a series of functionalized vinylimidazolium polymers, some of which
are chemically analogous to styrene- and acrylate-based poly(RTIL)s studied previously. We
also aim to explore the permeability or selectivity improvements possible with vinyl-based
poly(RTIL)-RTIL composite films that contain 20 mol % of free RTIL, similar to composite
styrene-based poly(RTIL)-RTIL films previously studied.

This study also aims to investigate the CO,/N, and CO,/CH, separation performance of
new fluoroalkyl- and disiloxane-functionalized vinylimidazolium poly(RTIL)s. Researchers have
recently demonstrated improved CO, solubility and CO,/CHy, selectivity in fluoroalkyl- vs. alkyl-
functionalized RTILs [14, 31]. These somewhat anomalous enhancements were attributed to the
“fluorophilic” nature of CO, and to the unusually weak interaction of hydrocarbons (e.g., CHy)
with pendant fluorine groups [32-37]. However, there has been no report on the CO,
permeability and permeability selectivity of analogous fluoroalkyl-functionalized poly(RTIL)s.
There have also only been a handful of reports on the rather interesting disiloxane-functionalized
RTIL [7, 38-41]. Although the SILM CO; permeability of this disiloxane-RTIL was quite good
(ca. 770 barrers), CO,/N, and CO,/CH,4 permeability selectivity were somewhat reduced (ca. 19

and 10, respectively) compared to alkyl-functionalized RTILs [7]. It was pointed out that the
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bulky disiloxane group likely contributed to increased fractional free volume of the RTIL, which
resulted in enhanced diffusivity to all studied gases [42-44]. The large amount of fractional free
volume inherent to PDMS (poly(dimethylsiloxane), or silicone) is considered to be the cause of
such rapid gas transport through silicone-based polymers [42-44]. Incorporation of the disiloxane
group onto a poly(RTIL) tests an interesting design concept: whether poly(RTIL) membranes
can be made substantially more permeable (i.e., more PDMS-like) by the incorporation of a
silicone functional group on each repeat unit. As of yet, there have been no reports on the
CO,/N; or CO,/CHj, separation performance of a disiloxane-functionalized poly(RTIL). On one
hand, PDMS is incredibly permeable (ca. 4500 barrers) but lacks greatly in selectivity [45]. On
the other hand, poly(RTIL) membranes have been shown to be very selective for CO,, but
possess considerably low permeability (ca. 5-30 barrers) [20-22]. We believe the unique
disiloxane functional group can offer valuable insight into the marriage of these two seemingly
disparate, but promising polymers.

Herein, we present the room-temperature ideal CO, permeability and ideal CO,/N, and
CO,/CH,4 permeability selectivity of six vinyl-based poly(RTIL) membranes (poly(1a)-poly(1f),
Fig. 4.1) and two vinyl-based poly(RTIL)-RTIL composite films (poly(1b) and poly(1f) + 20
mol % emim Tf,;N (4), Fig. 4.1). The performance of poly(1a)-poly(1c) is also compared to the
performance of membranes made using analogous styrene-based polymers poly(2a)-poly(2c) and

analogous acrylate-based polymers poly(3a) and poly(3b).
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4.2. Experimental
4.2.1. Materials and instrumentation

1H, 1H, 2H, 2H-Perfluorohexyl iodide, N-vinylimidazole, N-methylimidazole, and p-
toluenesulfonyl chloride were purchased from TCI America (Portland, OR). lodomethane,
diethylene glycol methyl ether, triethylene glycol monomethyl ether, 1-bromohexane, 2-
hydroxy-2-methylpropiophenone, and sodium iodide were purchased from Sigma-Aldrich
(Milauwakee, WI). Chloromethylpentamethyldisiloxane was purchased from Gelest, Inc.
(Morrisville, Pa). All chemicals were obtained in the highest purity available and used as is. All
syntheses were performed in air unless otherwise noted. Cylinders of carbon dioxide, methane
and nitrogen were purchased from Airgas (Randor, PA) and were of at least 99.99% purity.
Porous poly(ether sulfone) support filters (Supor-200) were purchased from Pall Corporation
(Port Washington, NY). *H, *3C, and *°F NMR spectra were acquired using a Bruker Avance-I11
300 (300MHz). FT-IR spectra of monomers and polymers were acquired with a Nicolet Magna-
IR 760 using a NaCl crystal substrate. Differential scanning calorimetry (DSC) measurements

were performed using a Mettler Toledo DSC823° and a Julabo FT100 Intracooler.

4.2.2. Synthesis of monomers la-1f and RTIL 4

Monomers l1a-d and the RTIL emim Tf;N (4) (Fig. 4.1) were synthesized according to
previous published literature procedures [8, 11, 20, 22]. The procedures detailing the synthesis of
monomers 1e and 1f are contained in Sec. 4.2.2.5. and 4.2.2.6., respectively. The general
synthetic route for all monomers synthesized in this study is shown in Scheme 4.1. Reported

yields were calculated over the two reaction steps shown in Scheme 4.1.
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Scheme 4.1. General synthesis of functionalized vinylimidazolium monomers 1a-1f (Fig. 4.1) in
this study.
4.2.2.1. 1-Vinyl-3-methylimidazolium bis(trifluoromethanesulfon)imide (1a)
Yield: 97 %. *H NMR (300 MHz, DMSO-ds): 6 3.88 (s, 3H), 5.40 (dd, 1H), 5.93 (dd, 1H), 7.29
(dd, 1H), 7.81 (t, 1H), 8.14 (t, 1H), 9.39 (t, 1H). *C NMR (75.48 MHz, DMSO-dg): 5 36.3,
108.8, 119.3, 119.9 (q, CF3), 124.7, 129.1, 136.3. FT-IR: 3630, 3565, 3161, 3114, 2361, 2345,
1662, 1583, 1558, 1430, 1348, 1140, 1054, 955, 921, 843, 790, 741 cm™. HRMS (m/2):

calculated as [A]" [A]'[B]’, 498.0699; found, 498.0701.

4.2.2.2. 1-Vinyl-3-hexylimidazolium bis(trifluoromethanesulfon)imide (1b)

Yield: 97 %. *H NMR (300 MHz, DMSO-ds): 6 0.86 (t, 3H), 1.27 (m, 6H), 1.81 (quintet, 2H),
4.18 (t, 2H), 5.42 (dd, 1H), 5.94 (dd, 1H), 7.28 (dd, 1H), 7.93 (t, 1H), 8.19 (t, 1H), 9.46 (t, 1H).
B3C NMR (75.48 MHz, DMSO-dg): 6 13.7, 21.8, 25.1, 29.0, 30.5, 49.2, 108.5, 119.1, 119.5 (q,
CF3), 123.2, 125.9, 128.9. FT-IR: 3150, 2961, 2935, 1657, 1573, 1553, 1469, 1460, 1353, 1195,
1141, 1058, 954, 918, 848, 769, 763 cm™. HRMS (m/z): calculated as [A]*, 179.1543; found,

179.1540
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4.2.2.3. 1-Vinyl-3-[2-(2-methoxy-ethoxy)-ethyl]imidazolium bis(trifluoromethanesulfon)imide
(1c)

Yield: 95 %. *H NMR (300 MHz, DMSO-ds): 6 3.21 (s, 1H), 3.42 (m, 2H), 3.56 (m, 2H), 3.80 (t,
2H), 4.39 (t, 2H), 5.42 (dd, 1H), 5.96 (dd, 1H), 7.32 (dd, 1H), 7.86 (t, 1H), 8.18 (t, 1H), 9.42 (t,
1H). *C NMR (75.48 MHz, DMSO-dg): 6 49.2, 58.0, 67.8, 69.4, 71.1, 108.7, 118.8, 119.5 (q,
CF3), 123.6, 128.8, 135.7. FT-IR: 3151, 3106, 2886, 1655, 1574, 1554, 1355, 1136, 1057, 955,
920, 844, 789, 741, 653, 617, 601, 571 cm™. HRMS (m/z): calculated as [A]* [A]'[B]’, 674.1748;

found, 674.1734

4.2.2.4. 1-Vinyl-3-[2-[2-(2-methoxy-ethoxy)-ethoxy]-ethyl]]Jimidazolium
bis(trifluoromethanesulfon)imide (1d)

Yield: 95 %. 'H NMR (300 MHz, DMSO-ds): 6 3.23 (s, 3H), 3.48 (m, 8H), 3.80 (t, 2H), 4.38 (t,
2H), 5.44 (dd, 1H), 5.97 (dd, 1H), 7.32 (dd, 1H), 7.89 (t, 1H), 8.20 (t, 1H), 9.40 (t, 1H). **C
NMR (75.48 MHz, DMSO-dg): 6 49.2, 58.0, 67.8, 69.5, 71.2, 108.6, 121.6, 119.5 (g, CF3),
123.7,128.8, 135.7. FT-IR: 3151, 2883, 1658, 1572, 1553, 1453, 1352, 1195, 1137, 1058, 956,

924, 851, 790, 762, 740 cm™. HRMS (m/z): calculated as [A]*, 241.1547; found, 241.1543.

4.2.2.5. 1-Vinyl-3-(3,3,4,4,5,5,6,6,6-Nonafluorohexyl)imidazolium
bis(trifluoromethanesulfon)imide (1e)

1H,1H,2H,2H-perfluorohexyl iodide (25.0 g, 66.8 mmol) and MeCN (17 mL) were added to a 1-
neck 250 mL round-bottomed flask equipped with a magnetic stir bar and reflux condenser. N-
vinylimidazol (18.9 g, 200 mmol) was then added and the reaction was heated to 70 °C, stirred,

and refluxed for 48 h. The reaction was then cooled and the crude product was precipitated in
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Et,O (200 mL) and placed in a freezer at -4 °C for 12 h. The Et,O was then decanted and the
product was dissolved in deionized water (250 mL) (some heating was required to dissolve the
iodide product) and washed with EtOAc (3 x 75 mL) and Et,O (1 x 75 mL). The aqueous phase
was then transferred to a 500-mL Erlenmeyer flask equipped with a magnetic stir bar and
Lithium bis(trifluoromethanesulfon)imide (23.0 g, 80.1 mmol) was added. A precipitate was
immediately observed and the reaction was stirred for 3 h at room temperature. The aqueous
layer was decanted and the precipitate was dissolved into EtOAc (250 mL) and washed with
deionized water (5 x 100 mL). The organic phase was then dried over anhydrous MgSO, and
stirred with activated charcoal for 12 h to remove minor color impurities. The EtOAc layer was
then filtered over plug of basic alumina and removed via rotary evaporation. The product was
further in vacuo (~10 mtorr) at ambient temperature overnight. Monomer 1e was isolated as a
clear, viscous oil. Yield: 24.1 g (58 %). *H NMR (300 MHz, DMSO-dg): 6 3.04 (m, 2H), 4.61 (t,
2H), 5.45 (dd, 1H), 5.95 (dd, 1H), 7.33 (dd, 1H), 8.02 (t, 1H), 8.20 (t, 1H), 9.58 (t, 1H). *°F NMR
(282.40 MHz, DMSO-de): & -126.0 (m, 2F), -124.3 (m, 2F), -113.7 (m, 2F), -80.9 (m, 3F), -79.0
(m, 6F). FT-IR: 3152, 3111, 3086, 2362, 2335, 1662, 1575, 1558, 1350, 950, 920, 881, 831, 792,

742,696 cm™. HRMS (m/z): calculated as [A]" [A]*[B]’, 962.0569; found, 962.0559.

4.2.2.6. 1-vinyl-3-(1,1,3,3,3-pentamethyl-disiloxanylmethyl)imidazolium
bis(trifluoromethanesulfon)imide (1f).

Chlormethylpentamethyldisiloxane (5.95 g, 30.2 mmol) along with MeCN (12 mL) were added
to a 1-neck, 100-mL round-bottomed flask equipped with a magnetic stir bar and reflux
condenser. N-vinylimidazole (8.53 g, 90.6 mmol) was then added and the reaction was heated to

60 °C, stirred and refluxed for 48 h. The reaction mixture was then cooled, and added to Et,O
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(200 mL) to precipitate the crude product, and then placed in a freezer at -4 °C for 12 h. After
decanting the Et,0, the crude product was dissolved in deionized water (150 mL) and washed
with EtOAc (3 x 70 mL) and Et,0 (1 x 70 mL). The aqueous phase was then transferred to a
250-mL Erlenmeyer flask equipped with a magnetic stir bar. Lithium
bis(trifluoromethanesulfon)imide (9.55 g, 33.3 mmol) was then added, and the reaction mixture
was stirred for 3 h at room temperature. A precipitate was immediately observed upon addition
of the lithium salt. Most of the aqueous phase was then decanted, and the product was dissolved
in Et,0 (150 mL) (solubility in Et,O is highly unusual for RTILs) and washed with deionized
water (5 x 75 mL). The organic phase was then dried over anhydrous MgSO, and stirred with
activated charcoal for 12 h to remove minor discoloration. The Et,O was then filtered over a plug
of basic alumina and removed via rotary evaporation. The product was further dried in vacuo
(~10 mtorr) at ambient temperature for an additional 12 h. Monomer 1f was isolated as a white
crystalline solid with a melting point of 34-36 °C. However, we found that this monomer could
also exist as a super-cooled liquid at room temperature for long periods of time. Yield: 6.78 g
(41.9 %). *H NMR (300 MHz, DMSO-ds): 6 0.03 (m, 9H), 0.20 (m, 6H), 3.91 (s, 2H), 5.40 (dd,
1H), 5.94 (dd, 1H), 7.31 (dd, 1H), 7.71 (t, 1H), 8.20 (t, 1H), 9.31 (t, 1H). *C NMR (75.48 MHz,
DMSO-dg): 0 1.0, 1.5, 41.5, 108.15, 119.1, 119.5 (q, CF3), 124.2, 128.8, 134.5 FT-IR: 3148,
2959, 1652, 1569, 1549, 1353, 1260, 1137, 1052, 957, 920, 845, 760, 740, 657, 617 cm™. HRMS

(m/z): calculated as [A]" [A]'[B], 790.1866; found, 790.1860

4.2.3. Poly(RTIL) membrane fabrication and characterization
Our methods for photo-polymerized poly(RTIL) membrane fabrication are described in

detail elsewhere [20, 22, 46]. For completeness, they are described briefly here as well: Photo-
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initiator, 2-hydroxy-2-methylpropiophenone (0.01 g, 1 wt. %), was added to 1 g of RTIL
monomer in a small vial. The initiator was thoroughly blended into the monomer using a vortex
mixer. Care was taken to make sure no bubbles were present in the mixture. The monomer was
then slowly poured onto a piece of porous poly(ether sulfone) (PES, Supor-200), which was
positioned on top of a hydrophobically-treated (RainX®) quartz glass plate. Another
hydrophobically-treated quartz plate was then placed on top of the monomer solution. The two
quartz plates were held together with binder clips and the supported monomer film was placed
under a 365 nm UV lamp (Spectroline Model XX-15A) at an intensity of 1 m\W/cm? for 3 h to
complete polymerization. A razor blade was used to carefully wedge the two plates apart and the
polymer film was peeled off. A 47-mm diameter stainless steel die was then used to cut out a
disc from the PES-supported section to use for experimentation.

DSC studies on poly(1a)-poly(1f) revealed the presence of various, unique thermal
transitions between -15 °C and 48 °C, depending on the differing chemical properties of each
poly(imidazolium) derivative. DSC data for polymers poly(1a)-poly(1f) are shown in Table 4.1,
below. No melt transitions were observed up to 250 °C. Number average molecular weight (M)
could not be determined by end-group analysis from *H NMR spectra of polymer samples. The
chemical shifts of hydrogen atoms on the initiator fragments were obfuscated by broad polymer
peaks (Figs. B.1-B.6). We were also unable to obtain relative molecular weights of samples via
GPC. Polymer samples were either not soluble in the GPC solvent (DMF or THF) or they stuck
to the column packing. The *H and *3C NMR spectra of polymer samples can be found in
Appendix B. Vinyl group conversion of all polymer samples was greater than 99% by both FT-

IR and *H NMR spectroscopy.
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4.2.3.1. Poly(1a)
'H NMR (300 MHz, CDsCN) & 8.05-8.30 (br s, imidazolium C2), 6.66—7.70 (br m, imidazolium
C4 and C5), 3.06-4.23 (br, -CHs), 2.02-2.54 (br s, -CH,CH-). **C NMR (75.48 MHz, CDsCN)

0 135.93, 127.16, 122.92, 118.67, 118.32, 37.65, 2.15, 1.87, 1.60, 1.32, 1.05, 0.77, 0.49.

4.2.3.2. Poly(1b)

'H NMR (300 MHz, CD3CN) 6 8.14-8.43 (br s, imidazolium C2), 6.57—7.73 (br m, imidazolium
C4 and C5), 3.05-4.35 (br, -N-CH,-(CH,)4-CHs), 2.12-2.64 (br s, -CH,CH-), 0.83-1.86 (br m, -
CH,-(CH2)4-CHs). 3C NMR (75.48 MHz, CDsCN) & 122.88, 118.64, 118.30, 31.80, 26.72,

23.27,14.24, 2.15,1.87, 1.59, 1.32, 1.04, 0.77, 0.49.

4.2.3.3. Poly(1c)
'H NMR (300 MHz, CDsCN) & 8.12-8.45 (br s, imidazolium C2), 6.54-7.78 (br m, imidazolium
C4 and C5), 4.06-4.39 (br s, -O-CHj3), 3.50-3.93 (br m, -N-CH,CH,-0-), 3.21-3.43 (br s, -

CH,CH-). *C NMR (75.48 MHz, CDsCN) & 118.31, 2.14, 1.87, 1.59, 1.32, 1.04, 0.77, 0.49.

4.2.3.4. Poly(1d)

'H NMR (300 MHz, CDsCN) & 8.10-8.59 (br s, imidazolium C2), 6.61-7.82 (br m, imidazolium
C4 and C5), 4.02-4.51 (br s, -O-CHs), 3.40-3.97 (br m, -N-CH,CH,-0-), 3.13-3.39 (br s, -
CH,CH-). *C NMR (75.48 MHz, CD3;CN) & 122.89, 118.64, 118.34, 72.30, 70.69, 58.85, 2.15,

1.87,1.59, 1.32,1.04, 0.77, 0.49.

105



4.2.3.5. Poly(le)

'H NMR (300 MHz, CDsCN) & 8.22-8.68 (br s, imidazolium C2), 6.78-7.79 (br m, imidazolium
C4 and C5), 3.35-4.70 (br, -CH,CH,-C4Fo), 2.21-3.04 (br m, -CH,CH-). *C NMR (75.48 MHz,
CD3sCN) 6 207.96, 118.36, 30.72, 30.46, 30.20, 29.95, 29.69, 2.15, 1.87, 1.59, 1.32, 1.04, 0.77,

0.49.

4.2.3.6. Poly(1f)

'H NMR (300 MHz, CDsCN) & 8.13-8.44 (br s, imidazolium C2), 6.81-7.57 (br m, imidazolium
C4 and C5), 3.29-4.27 (br, -N-CH,-Si-), 2.10-2.61 (br s, -CH,CH-), 0.01-0.45 (br m, -Si(CH3),-
0-Si(CH3)3). °C NMR (75.48 MHz, CDsCN) 6 87.63, 83.36, 79.10, 74.84, 61.89, 2.15, 1.88,

1.60, 1.32, 1.04, 0.76, 0.49.

4.2.4. Single gas permeability, diffusivity and solubility measurements and theory

Ideal (i.e., single gas) permeabilities and diffusivities were measured using a constant
volume-variable pressure, or time-lag, apparatus. A full description of this experimental setup is
described elsewhere [20]. All experiments were performed at room temperature with an
upstream pressure of 2 atm (0.8 atm for SILMs) and vacuum (< 10 mtorr) as the initial
downstream pressure. The permeability of each gas was measured at random three separate times
on a single membrane, (i.e., three separate CO,, H,, N,, and CH, experiments). Complete details
on performing these experiments and data analysis can be found in previous papers [20, 47].

Light gas transport through the studied polymer composite films was assumed to follow a

106



solution-diffusion mechanism, whereby the separation of a species i from a mixture of gasses is
based on relative differences in kinetic transport (i.e., diffusivity, D;) and thermodynamic affinity
(i.e., solubility, S;) in the membrane [45]. The permeability of a species i (P;) through dense
materials is related to solubility (S;) and diffusivity (D;) of i by the relationship shown in Eq. (1)

[45].

Pi = Si X Di (1)
= Ji
Where, P; = Apil 2

cm3(STP) - cm

P[=]barrer,1 barrer = 10~ 10 em? s -em Hg

In Eq. (2), Ji is the species i steady state volume flux (STP), | is the membrane thickness, and Ap;
is the average transmembrane partial pressure drop. The quantity J; was determined by Eq. (3)
where, p; is the downstream pressure (psia), t is the experimental time, V is the downstream

volume, A is the effective membrane surface area, and T is the absolute temperature.

J; = (%) vV 273.15K (cm3(STP)) (3)

dt / AesfT  14.696 psi cm?2s

The quantity (dpi/dt) in Eq. (3) was determined from the slope of the linear (i.e. steady state)
portion of the p; vs t curve. The permeability selectivity in materials that follow a solution

diffusion mechanism is defined as [45]:

Permeability Selectivity (ai/j) = % = % X % 4
J J ]
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The selectivity is typically determined as the ratio of the permeability of the more permeable
species to the permeability of the less permeable species. As shown in Eq. (4), permeability
selectivity can be written as the product of diffusivity and solubility selectivity. The time-lag
apparatus allows for single gas diffusivity (D;) measurements according to Eqg. (5), where, | is the

membrane thickness, and (0) is the “time-lag” [48].

lZ

60

The time-lag was determined by extrapolation of the linear, steady state, portion of the p; vs t
curve to the t-axis, where the intercept is equal to . The slope of this line is equal to the
quantity (pi/t) in Eq. (3). Once D; and P; were determined, single gas solubilities (S;) were

calculated from Egs. (1) and (5).

4.3. Results and Discussion

The measured ideal CO, permeability and ideal CO,/N, and CO,/CH, permeability
selectivity of the studied vinyl-based poly(RTIL)s is summarized in Table 4.1. CO, diffusivity,
solubility, diffusivity selectivity, and solubility selectivity data for these polymers is reported in
Table 4.1 as well. The composite film ideal permeability and permeability selectivity values of
poly(1b) + 20 mol % 4 and poly(1f) + 20 mol % 4 are reported in Table 4.2. The CO,
permeability and selectivity of all membranes studied here as well as previously studied styrene-

and acrylate-based membranes are plotted in Fig. 4.2 as “Robeson Plots” [49]
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Table 4.1. Ideal room temperature CO, permeabili

Ey, diffusivity, and selectivity of studied
membranes as well as those studied previously.*?¢%¢

CO,/N, Selectivity

CO,/CH, Selectivity

Polymer T,(°C) P(CO,) D(CO,) S(CO,) P S D P S D

Poly(1a) 48 48+03 1.1+0.1 33+02 29 26 N/A 40. 10. 3.9
Poly(1b) 40 69+5 14+1 38+0.2 17 29 0.60 9.9 6.8 1.4
Poly(lc)  -10 14+1 34+04 32+02 32 30. 1.1 32 9.5 3.3
Poly(1d)  -15 26+2 52+05 39+03 34 23 1.4 25 7.7 3.3
Poly(1e) 52 69+5 13+1 39+03 11 20.  0.60 14 7.0 2.0
Poly(1f) 10 130+10 29+2 35+03 14 23 0.63 8.7 5.8 1.5
Poly(2a)’ - 9.2+05 1.7+0.1 40401 32 N/A  N/A 39 19 2.0
Poly(2b)’ - 32+#1 7.7+04 39+0.1 28 39 0.70 17 6.9 2.5
Poly(2c)® - 22+1 N/A N/A 44 N/A  N/A 29 N/A  N/A
Poly(3a)’ - 70+04 15+01 36+0.1 31 N/A  N/A 37 21 1.6
Poly(3b)’ - 22+1 36+04 45+04 30. N/A  N/A 22 7.7 2.9

*Permeability [=] barrer, 1 barrer = 10™° cm®(stp)cm cm?s*cmHg™

*Diffusivity [=] cm%s™

“Solubility [=] cm®(stp)cm®atm™

IN/A signifies that our apparatus could not accurately measure the quantity

°Error represents one standard deviation acquired from three replicates

"Ref. [20]

9Ref [22]
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Table 4.2. Ideal CO, permeability and permeability selectivity of studied composite films.2P

Polymer P(CO,) P(CO,)/P(N,) P(CO,)/P(CH,)
Poly(1b) 69+ 5 17 9.9
Poly(1b) + 20 mol % 4 105+ 9 21 12
Poly(1f) 130 + 10 14 8.7
Poly(1f) + 20 mol % 4 190+ 10 19 11
4 (SILM of emim Tf,N) 1000 + 100 31 16

*Permeability [=] barrer, 1 barrer = 10™° cm®(stp)em cm™?s*cmHg™

"Error represents one standard deviation acquired from three replicates
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Figure 4.2. CO, separation performance of studied vinyl (B) poly(RTIL)s plotted on (a) CO,/N;
and (b) CO,/CH,4 Robeson Plots. The performance of previously studied styrene ((3), and
acrylate (H) poly(RTIL)s are also shown [20, 22]. Performance of composite vinyl poly(RTIL)
films (0) with 20 mol % of 4 and the SILM performance of 4 (O) are plotted as well. All data
were acquired at room temperature. Poly(RTIL) or RTIL structure is identified next to each data
point (Fig. 4.1). Experimental error is within the data points. Robeson’s upper bounds were
adapted from a prior work [49].

Based on the acquired data shown in Tables 4.1 and 4.2 and Fig. 4.2, we found that vinyl-
based poly(RTIL)s possessed CO, permeabilities that were either substantially less or
substantially greater than analogous styrene- and acrylate-based poly(RTIL)s. Whether or not we
observed a relative reduction or enhancement seemed to depend strongly on the vinyl
poly(RTIL) substituent. For example, the CO, permeability of the methyl-functionalized vinyl
polymer (poly(1a)) was 4.8 barrers compared to 9.2 barrers for the analogous methyl-
functionalized styrene polymer (poly(2a)). In that case, the styrene poly(RTIL) CO, permeability
was approximately double that of the analogous vinyl poly(RTIL). Likewise, the methyl-

functionalized acrylate poly(RTIL) (poly(3a)) had a permeability of 7.0 barrers, or about 1.5

times greater than the analogous vinyl-based poly(1a). We noticed that the primary factor
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differentiating CO, permeability in poly(1a) from poly(2a) and poly(3a) was diffusivity. For
example, the diffusivity of poly(1a), was 1.1 x 10® cm?s™ compared to 1.7 x 10® and 1.5 x 10°®
cm?s™ for poly(2a) and poly(3b), respectively. These data seem to suggest that poly(1a)
possesses a much glassier, or rigid polymer matrix compared to the analogous acrylate- and
styrene-based poly(RTIL)s. It seems likely that the relatively small methylimidazolium pendant
group in poly(1a) would interrupt linear chain packing substantially less than the comparatively
bulkier pendant groups in poly(2a) and poly(3a), respectively [44]. It may be that the dense ion
content of this polymer contributes to the formation of a very rigid polymers matrix that inhibits
permeate diffusion. The permeability of the n-hexyl-functionalized vinyl polymer (poly(1b)) was
69 barrers compared to 32 barrers for the analogous styrene polymer (poly(2b)). In this case, The
CO; permeability of poly(1b) was nearly double the permeability of poly(2b) (the styrene
analogue) and approximately 3 times larger than the analogous butyl-functionalized acrylate
polymer (poly(3b)).

We also noticed that the critical factor differentiating CO, permeability of poly(1b) from
poly(2b) and poly(3b) was diffusivity. For instance, the CO, diffusivity of poly(1b), was 14 x
10 cm?s™ compared to 7.7 x 10® cm?s™ and 3.6 x 1 0 cm?s™ for poly(2b) and poly(3b)
respectively. Contrary to what was observed for poly(1a), these data suggest that the n-hexyl
vinyl polymer (poly(1b)) matrix was significantly less rigid than those of poly(2b) and poly(3b).
In other words, the n-hexyl substituent in poly(1b) seemed to reduce linear chain packing much
more effectively than the n-hexyl and n-butyl substituents in poly(2b) and poly(3b). The CO,
permeability of n-hexyl-functionalized poly(1b) was also about 14 times larger than methyl-
functionalized poly(1a). We also noticed that the T4 of poly(1b) was slightly reduced compared

to that of poly(1a) (Table 1). Such a dramatic increase in CO, permeability was not observed
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between poly(2a) and poly(2b), or between poly(3a) and poly(3b), as shown in Table 4.1 and
Fig. 4.2. For example, the CO, permeability of poly(2b) (n-hexyl-functionalized) was only about
3.5 times larger than poly(2a) (methyl-functionalized). The large difference in CO, diffusivity
between poly(1a) and poly(1b) (Table 4.1) suggests that the morphological effect of increased
substituent length on the polymer matrix was very substantial. Whereas in poly(2b) and
poly(3b), the effect of increased substituent length was somewhat dwarfed by the presence of the
already bulky styrene-imidazolium and ethyl-acrylate-imidazolium groups. Others have noted
that the effect of flexible, pendant side groups is more substantial when the polymer backbone is
inherently very rigid [44] (e.g., as with poly(1a)).

The styrene- and acrylate-based poly(RTIL)s were generally found to be more CO,-
selective than the analogous vinyl poly(RTIL)s studied here. For instance, the ideal CO,/N,
permeability selectivity of poly(2b) was shown to be 28, while the selectivity of poly(1b)
measured here was only 17. Likewise, the ideal CO,/CH,4 permeability selectivity of poly(2b)
was 17 compared to 9.9 for poly(1b). In comparing solubility selectivity of poly(1b), poly(2b),
and poly(3b) in Table 4.1, we notice very little difference between the three membranes. The
styrene and acrylate polymers (poly(2b) and poly(3b)) are, however, significantly more
diffusivity-selective compared to poly(1b). This implies that the bulkier side groups present in
poly(2b) and poly(3b) contribute to enhanced size-selective ability compared to poly(1b).
Poly(1a), on the other hand, has significantly higher CO,/CH, diffusivity selectivity (3.9)
compared to poly(2a) (2.0) and poly(3a) (1.6). This is likely due to the efficient chain packing
and highly rigid nature of poly(1a) discussed above.

The CO, permeability selectivity of the vinyl poly(RTIL)s was certainly improved by

incorporation of an oligo(ethylene glycol) substituent (1c and 1d in Fig. 4.1). The CO,/N;
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permeability of poly(1c) was 32 compared to 17 for poly(1b), for example. A similar observation
was made previously with styrene-based polymers [22] (e.g., comparing the CO, selectivity of
poly(2c) and poly(2b) in Table 4.1 and Fig. 4.2). The polar alkylether groups in PEG, or PEQ,
are believed to interact with the quadrapole moment of CO,, resulting in improved CO;,
selectivities compared to a simple hydrocarbon substituent of similar length [50]. Incorporation
of the oligo(ethylene oxide) appendages were also found to drastically reduce Ty compared to the
alkyl-functionalized vinyl polymers (Table 1), indicating that poly(1c) and poly(1d) are
inherently rubbery materials. The CO, permeability of poly(1c) was slightly less than that of
poly(2c) (14 barrers compared to 22 barrers), perhaps because the bulkier repeat unit side group
on poly(2c) interrupts chain packing more effectively, allowing for lower diffusion resistance.
However, we found that the permeability of poly(1c) could be improved nearly 90% by
extending the length of the oligo(ethylene glycol) group in poly(1d). The CO, permeability was
enhanced from 14 barrers in poly(1c) to 26 barrers in poly(1d), respectively, with little change in
CO; selectivity. Although there does not seem to be any clear advantage to using styrene- rather
than vinyl-based oligo-ether poly(RTIL)s for CO,/CH, separation, the styrene membrane
poly(2c) certainly possessed superior selectivity performance for CO,/N, separation.

The fluoroalkyl-functionalized vinyl poly(RTIL) (poly(1e)) possesses the same CO,
permeability (69 barrers) as the analogous alkyl-functionalized poly(RTIL) (i.e., poly(1b)). This
seems reasonable when considering how structurally similar the two polymers are to one another.
We did, however, find the CO,/CH,4 permeability selectivity to be enhanced by approximately
40% in poly(1e) relative to poly(1b). This too is not highly unexpected since similar
observations have been made previously with fluorinated RTILs [14] and other fluorinated

liquids [33-35]. Except for hydrocarbons (i.e., CHg4, CoH4, CoHeg, etc.), gas solubility typically
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increases with the degree of fluorination [35, 36]. The observed reduction in CO,/N, solubility
and permeability selectivity between poly(1b) and poly(1e) suggests that N, solubility was
increased upon fluorination. Researches have recently observed a similar trend for the CO2/N,
permeability selectivity of fluorinated RTILs [14]. The CO,/CHy, solubility selectivity remained
relatively unchanged between poly(1b) and poly(1e) (Table 4.1). However, the CO,/CH,4
diffusivity selectivity of poly(1e) seems to be enhanced by the fluorinated appendage in poly(1e).
The observed enhancement in CO,/CHj, selectivity was nonetheless a marginal improvement
compared to the alkyl-functionalized vinyl poly(1b). However, these results do merit future
studies investigating poly(RTIL)s with higher degrees of fluorination, or perhaps blends with
highly fluorinated RTILs.

At 130 barrers, the disiloxane-functionalized membrane (poly(1f)) is, by far the most
light gas permeable poly(RTIL) synthesized and measured by our lab. To our knowledge,
poly(1f) is also the most permeable neat poly(RTIL) membrane reported to date. However,
poly(1f) is clearly one of the least selective poly(RTIL)s with CO,/N, and CO,/CH, permeability
selectivity values of 14 and 8.7, respectively. Incorporation of the disiloxane appendage certainly
imparts a certain degree of PDMS-like character to the poly(RTIL), which has been observed by
others for neutral styrene polymers [44]. For instance, the diffusivity of poly(1f) is 29 x 10® cm?
s™, which is nearly 4 times larger than the most permeable styrene-based poly(RTIL) membrane
(i.e., poly(2b)) and about twice as large as that of poly(1b), the n-hexyl substituted vinyl
polymer. The T of poly(1f) (-10 °C) was also substantially less than the two studied alkyl-
functionalized polymers, poly(1a) and poly(1b). The T4 and diffusivity data of poly(1f) (Table 1)
suggests that this polymer is inherently rubbery and likely possesses higher fractional free

volume compared to poly(1a) or poly(1b). Two well-known traits of silicone-based polymers are
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their considerably large fractional free volume and extremely low glass transition temperatures
[42-44]. These properties give silicone rubbers characteristically high gas diffusivity and
characteristically low permeability selectivity [42-44]. The relatively low values measured here
for CO/N, and CO,/CHjy solubility and diffusivity selectivity, as well as reduced T, indicates
that the disiloxane functional group in poly(1f) contributes to an enhancement in fractional free
volume. Highly permeable, marginally selective poly(RTIL)s, such as poly(1b) and poly(1f) may
not be without certain advantages, however.

Poly(1b) (n-hexyl-substituted) and poly(1f) (disiloxane-substituted) stand apart from the
other studied vinyl poly(RTIL)s, and certainly from previously studied styrene and acrylate
poly(RTIL)s, because of their considerably high CO, permeability. It can be argued that any
merits in using these poly(RTIL)s for CO,/N, and CO,/CHj, separation are diminished by their
considerably low permeability selectivity for these gas separation pairs. However, with such
inherently good CO, permeabilities, poly(1b) and poly(1f) are, perhaps, ideal candidates to blend
with “free RTIL.” Recall that previous papers in the literature demonstrated improved
permeability with little or no loss in permeability selectivity by incorporating 20 mol % free
RTIL into poly(RTIL) membranes [23, 24, 46]. However, in those studies, the parent poly(RTIL)
selectivity was greater than the RTIL (emim Tf,N, 4), which has ideal CO,/N; and CO,/CH,
permeability selectivity of 31 and 16, respectively. In the case of poly(1b) and poly(1f), the
inherent permeability selectivity was found to be significantly lower than emim Tf2N (4) (Table
4.2 and Fig. 4.2). However, we found that incorporation of 20 mol % 4 contributes to enhanced
CO;, permeability and CO, permeability selectivity in composite films of poly(1b) and poly(1f)
(see Table 4.2 and Fig. 4.2). For example, the CO, permeability of poly(1b) was increases from

69 to 105 barrers, while CO,/N, permeability selectivity was increased from 17 to 21. Likewise,
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the permeability of poly(1f) was found to increase from 130 to 190 barrers, while CO2/N,
selectivity increases from 14 to 19. This seemingly anomalous behavior completely contradicts
the well-known tradeoff between polymer membrane flux and selectivity. Significant
improvement in membrane permeability is generally coupled with a loss in selectivity and vice
versa. In previous papers it was shown that incorporation of 20 mol % free RTIL would, at best,
maintain a constant value for CO; selectivity[23, 24, 46]. In most cases, both CO,/N, and
CO,/CHy, selectivity were shown to drop slightly[23, 24]. The coupled improvement observed for
the free RTIL-blended composite films of poly(1b) and poly(1f) indicates that poly(RTIL)
selectivity can be improved by incorporation of a more CO,-selective RTIL. Since the ultimate
goal is to develop poly(RTIL)-RTIL films that approach or exceed the “upper bound,”[49]
perhaps it is more appropriate to focus on designing new poly(RTIL) materials that possess
enhanced permeability, rather than selectivity. On the other hand, the primary focus of RTIL
design, or selection, should be toward maximizing CO,/light gas selectivity. Maximizing
membrane performance can then be realized upon blending these solid and liquid materials into
stable composite structures. Compared to styrene- and acrylate-based poly(RTIL)s, vinyl-based
poly(RTIL)s seem to be better candidates for the design of new, more permeable polymeric
membranes. The disiloxane moiety seems particularly promising as a candidate to further

investigate improved poly(RTIL) permeability performance.

4.4. Conclusions
Six vinyl-based poly(RTIL) membranes were synthesized and evaluated for their ideal
CO2/N; and CO,/CHj, separation performance. The structure-property relationships of these vinyl

poly(RTIL)s were evaluated by tethering n-alkyl, oligo(ethylene glycol), fluoroalkyl, and
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disiloxane substituents to the vinyl monomer cation. Compared to analogous styrene- and
acrylate-based poly(RTIL)s with different polymer backbones, the CO, permeability of the
vinyl-based poly(RTIL)s was found to be either substantially less or considerably larger. The
difference depended greatly upon the length of the n-alkyl substituent on the poly(RTIL) repeat
units, where the longer n-hexyl group was found to contribute to substantially higher CO,
permeability. The vinyl-based poly(RTIL)s were also found to be generally less CO,-selective
for both gas separation pairs studied. Incorporation of the oligo(ethylene glycol) functional group
was found to improve vinyl poly(RTIL) CO; selectivity. However, the CO; selectivity of the
oligo(ethylene glycol)-substituted vinyl poly(RTIL) was slightly less compared to the analogous
styrene poly(RTIL). The CO, permeability was enhanced, although somewhat incrementally, by
increasing the length of the oligo(ethylene glycol) substituent. We also found that analogous
alkyl- and fluoroalkyl-substituted vinyl poly(RTIL)s had the same CO, permeability (69 barrers).
However, the fluoroalkyl group was found to contribute to enhanced CO,/CH,4 permeability
selectivity compared to the analogous alkyl-substituted vinyl poly(RTIL). The disiloxane-
functionalized vinyl poly(RTIL) afforded the highest measured CO, permeability (130 barrers)
but possessed rather low CO,/N; and CO,/CHy, selectivity. At 69 and 130 barrers, the n-hexyl-
and disiloxane-substituted vinyl poly(RTIL)s were the two most permeable, albeit least selective,
poly(RTIL) membranes known in the literature. Prior work demonstrated a maximum
permeability of 32 barrers possible in a neat, n-hexyl-functionalized styrene poly(RTIL) [20].
Despite a measured enhancement in CO, permeability, the neat n-hexyl- and disiloxane-
functionalized vinyl poly(RTIL)s do not possess particularly desirable CO, selectivities.
However, when blended with 20 mol % “free RTIL” relative to the monomer, these two

membranes demonstrated enhanced CO; permeability and selectivity. The free RTIL component
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contributes to enhanced selectivity because it is inherently more selective than the two parent
poly(RTIL)s.

As demonstrated here and in previous studies [23, 24, 46], the most promising route
toward industrially viable poly(RTIL) membrane materials is via the formation of stable
poly(RTIL)-RTIL composite structures. That is, materials that have free RTIL liquid-like
diffusivity and selectivity, but solid-like mechanical integrity and stability. Composite structures
containing vast amounts of “free RTIL” may not be optimal from the standpoint of membrane
stability. Maximizing poly(RTIL) CO, permeability by varying polymer architecture or
chemistry will ultimately require the use of less “free RTIL” to push composite structure
permeability toward, or beyond the Robeson Plot “upper bound.” In this regard, vinyl-based
poly(RTIL)s, particularly n-hexyl- and disiloxane-functionalized polymers, appear to be good
initial candidates for maximizing parent polymer CO, permeability. Designing new poly(RTIL)
materials that possess higher light gas permeability will likely result in substantial tradeoffs in
CO, selectivity. However, as demonstrated in this work, the added liquid RTIL component can
increase CO; selectivity as well as permeability. An underlying key to the stability of any
poly(RTIL)-RTIL composite film is the inherently strong ion-ion attractive interactions between
the solid and liquid charged components. Our work and the recent work of others up to this point
have focused on creating poly(olefin)-based ionic polymers by the polymerization of unsaturated
ionic RTIL monomers. However, poly(olefin) polymer backbones do not possess inherently
desirable CO2 separation properties [51]. Poly(ethylene oxide) (PEO) and silicon rubbers
(PDMS), on the other hand, contain oxygenated polymer backbones that possess excellent
transport characteristics in their own right[3, 42, 52]. Our research groups are currently

undertaking two new approaches towards the design and synthesis of new, highly permeable
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poly(RTIL)s, based on imidazolium-functionalized PEO and PDMS polymers to ultimately

blend with CO,-selective RTILS.
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Chapter 5

CO,/Light Gas Separation Performance of Cross-linked
Poly(vinylimidazolium) Gel Membranes as a Function of lonic
Liquid Loading and Cross-linker Content

(Manuscript prepared for submission to Journal of Membrane Science)

Summary

A series of cross-linked poly(vinylimidazolium)-RTIL gel membranes were synthesized
and evaluated for room-temperature, ideal CO,/N,, CO,/CH,4, and CO,/H; separation
performance. The membranes were formed by photo-polymerization of oligo(ethylene glycol)-
functionalized cross-linking (i.e., di-functional) and non-cross-linking (i.e., mono-functional)
vinylimidazolium RTIL monomers with non-polymerizable, “free RTIL.” The effect of free
RTIL (emim Tf,N) loading on CO, separation performance was evaluated by varying RTIL
loading at three levels (45, 65, and 75 wt. %). The effect of cross-linker content on CO,
separation performance was also evaluated by varying the copolymer composition of cross-
linked membranes from 5-100 mol % di-functional monomer. The substituent on the mono-
functional RTIL monomer was also varied to investigate the effect of substituent structure and
chemistry on CO; separation performance. CO, permeability was dramatically increased with
higher loading of free RTIL. Increased RTIL loading had no effect on CO,/N; or CO,/CH,
permeability selectivity, but significantly improved CO,/H, permeability selectivity. Reducing
the cross-linking monomer concentration generally improved CO, permeability. However,

anomalous permeability and selectivity behavior was observed below critical concentrations of
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cross-linker. The effect of mono-functional monomer substituent on CO, separation performance

was minimal compared to the effects of RTIL loading and copolymer composition.

5.1. Introduction

Effective and economical removal of CO, from process streams containing other light
gases such as N2, CHg, or H; is of vital importance and represents an ongoing chemical
engineering challenge[1-5]. Specifically, the separation of CO, from N,, CO, from CH,, and
CO;, from H; are three distinct separation challenges faced by the electrical energy, natural gas,
and syngas production sectors, respectively. In the production of electrical energy, potential
climate change issues attributed to anthropogenic CO; have recently highlighted the importance
of CO, separation from flue gas (i.e., CO2/N, separation)[1, 2]. This separation will become
more important as world population expands and coal- and natural gas-fired electric power plants
are increasingly utilized as sources of cheap electricity. In the natural gas industry, “sweetening”
(i.e., CO,/CH, separation) is a crucial process needed to obtain CH,4 from natural gas wells with
a degree of purity acceptable for piping, transport, and combustion[4, 5].CH, is also an
incredibly important feedstock for the production of H, via steam methane reforming (SMR) and
the water gas shift (WGS) reaction [3, 6, 7]. The Production of H; in this manner is vital for the
synthesis of other major chemicals, such as NH3 and urea, as well as for clean energy
applications (i.e., H, fuel cells or combustion). Since CO, is produced as an impurity in the
SMR-WGS process, it must be separated and removed from the desired H, product to generate
sufficiently low levels for efficient H, production [3, 7]. Ideally, the CO, should be removed

while leaving the H; at high pressure and ready for transport or combustion. The development of
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separation technologies that can effectively and economically remove CO, from these light gases
will be imperative to meeting the increasing regulations placed on CO; emissions.

There are three current industrial practices for the CO,/H;, CO2/N,, and CO,/CH,4
separations described above. Pressure swing adsorption using solid porous media is a relatively
new technology, but it has not yet found wide-spread use for CO, separation [8, 9]. Aqueous
amine scrubbing is often used for natural gas sweetening and is under consideration for CO,/N;
separation[10, 11]. In this process, CO, is removed by absorption and subsequent reaction with
the dissolved organic amine. The aqueous solvent is regenerated by heating the solution to
elevated temperatures to liberate the carbamate-bound CO,. Selexol and Rectisol are two other
scrubbing technologies that use solvents to remove CO; [6]. Selexol uses a proprietary glycol
solution, while Rectisol uses refrigerated methanol. Both processes have found wide-spread use
in syngas production. In general, all of the current separation practices described above suffer
from high capital and/or operating costs. The use of VOCs (volatile organic compounds) in
these scrubbing processes also contributes to considerable issues, notably operating cost and
environmental impact.

Polymer membrane-based gas separations have the potential to overcome many of the
disadvantages associated with traditional CO, separation technologies. Membrane processes
have the advantages of scalability, small plant footprint, and ease of operation. However, in order
for polymer membranes to be competitive with traditional separation methods they must possess
both high CO, flux and high CO, selectivity [12, 13]. The range of polymer materials and
separation performances for H,/CO,, CO,/CH,, and CO,/N; separations are considerably
large[14]. Most polycondensation polymers, such as polycarbonates and polyimides, have been

exhaustively studied for CO,/CH,4 and CO,/N, separations [4, 15]. CO,-selective polymer
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membranes for CO,/H, separations (i.e., “reverse selective”) are quite rare due to the typically
high diffusion rate of H, vs. CO, [12, 16, 17]. Only a few examples of polymeric CO,-selective
membranes for CO,/H; separations exist in the literature, and include poly(ethylene glycol)
(PEG) and its co-polymers[16, 17], which have exceptional CO,/light gas selectivities and CO,
permeabilities[18, 19].

Room-temperature ionic liquids (RTILs) are a relatively new class of materials that have
exhibited excellent promise for membrane-based CO, separations. Molten salts at ambient
conditions in the absence of a molecular co-solvent are ubiquitously termed RTILS. Perhaps the
most attractive and unique characteristics of RTILs are their extremely small vapor pressure and
fluid, charged nature. Additionally, an increasing number of RTILs have demonstrated inherently
high CO, solubility and solubility selectivity for the three separations described here [20-27].
One of the most widely studied groups of RTILs is based on the imidazolium cation, which has

the general structure shown in Fig. 5.1.

+ —
Ny 2N ., NN NN
X@ X X
(a) (b) (c) (d)

X = N(CN),, PFg, TfoN, TfO, OAC
R = alkane, oligo(ethylene glycol), alkanenitrile, diol

Figure 5.1: General structures of (a) an imidazolium-based RTIL; and (b)-(d) imidazolium-based
polymerizable RTILs

Favorable CO; solubility selectivity combined with “non-volatility” has led many researchers to
investigate the performance of RTILs in a membrane configuration known as a supported ionic

liquid membrane (SILM) [28-34]. Fabrication of a SILM is accomplished by saturating a non-
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selective, highly porous polymer support (e.g., poly(ether sulfone)) with a RTIL. Capillary forces
alone are predominantly responsible for retention of the liquid RTIL component within the
support. Despite very attractive CO, permeabilities and CO,/N; and CO,/CHy, selectivities
(which often exceed Robeson’s “upper bound”), SILM-based separations are limited to low
trans-membrane pressure differentials. “Blow out” of the fluid RTIL component typically occurs
at > 1 atm of pressure drop.

Recent approaches to overcome the pressure stability issue inherent to SILMs have
involved the functionalization and subsequent polymerization of RTIL monomers [35-37]. The
general structures of several imidazolium-based RTIL monomers are shown in Fig. 5.1. While
polymerization of RTIL monomers affords stable, solid membranes with excellent selectivity,
the gas permeability (i.e., gas diffusivity) of these solid RTIL analogues was significantly lower
than that of SILMs, in which the active separation material is fluid in nature. More recently,
researchers have been able to improve poly(RTIL) gas permeability by incorporating up to 20
mole % “free” RTIL into poly(RTIL)-RTIL composite films [38-40]. Those works clearly
demonstrated the advantages of a composite membrane structure formed between an ionic
polymer and a RTIL. In these materials, significant improvement in CO, permeability was
observed with little-to-no loss in CO; selectivity in these solid-liquid composite materials. The
liquid RTIL component acted essentially as a CO,-selective plasticizing agent, imparting more
liquid-like diffusivity to the polymer membrane. Perhaps the most significant conclusion from
these works was that the ionic interaction between the polymer and the RTIL enhanced the
stability of the liquid component, since no liquid “blow out” was observed [38]. Others have also
pointed out the potential value of using ionic polymers with ionic liquids [41]. Despite these

improvements, the CO, permeability of the studied solid-liquid membranes is still nearly an

130



order of magnitude lower than the analogous SILMs. An ideal poly(RTIL)-RTIL membrane
should have the mechanical (i.e., pressure) stability of a solid polymer and the gas separation
characteristics (i.e., permeability and selectivity) of a liquid as in a SILM.

One method to obtaining a material that could approach such an ideal membrane is to
form a cross-linked poly(RTIL) gel containing a large amount of free RTIL, analogous to PEG-
based hydrogels [42]. A cross-linked ionic polymer component would act as a very robust solid
matrix, or binder, to impart both the high mechanical stability and the Columbic interactions
needed to retain the liquid RTIL component. There have been many studies investigating such
cross-linked, polymer-based, solid-liquid, composite materials for electrochemical applications
[43-49]. For example, a membrane was fabricated by photo-polymerization of a di-functional
(cross-linking) RTIL monomer in the presence of 50 mol% “free RTIL” [45]. These membranes
demonstrated promising “liquid-like” ion conductivity behavior. Although the value and utility
of cross-linked poly(RTIL)-RTIL films has been established in the electrochemistry field for
some time, a limited number of studies currently exists that have explored the CO, separation
performance of similar cross-linked poly(RTIL) gel membranes [50-53]. Researchers have
recently investigated the CO, separation performance of non-ionic and non-covalently cross-
linked P(VDF-HFP) with up to 66 wt. % [50] and 80 wt. % [51] liquid RTIL. Others have
demonstrated excellent CO, separation performance with imidazolium-functionalized tri-block
copolymer membranes that contained 85 wt. % free RTIL [52]. However, to our knowledge only
one group has investigated the use of photo-polymerizable, chemically cross-linked, poly(RTIL)-
RTIL gel membranes for CO, separations [53]. That recent work investigated the effect of RTIL
loading (up to 65 wt. %) on CO, permeability and CO,/N; selectivity of a copolymer composed

of di-functional (i.e. cross-linker) and mono-functional RTIL monomers [53]. However, no
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investigation has been performed to probe the effect of copolymer composition of these photo-
polymerizable poly(RTIL)/RTIL gelled networks on CO,/N;, CO,/CH,, or CO,/H, separation
performance. A substantial body of evidence exists in the hydrogel and copolymer network
literature [42, 54-64] that strongly suggests that cross-linked poly(RTIL)-RTIL gel membrane
properties and CO, separation performance will depend greatly on the copolymer composition,
monomer structure, and RTIL content. To further evaluate cross-linked poly(RTIL)-RTIL gels as
commercially-viable gas separation membrane materials, we believe it is imperative to gain an
initial understanding of the structure-property relationships between copolymer composition and
RTIL loading on CO, separation performance.

Herein, we systematically investigate the effects of varying the liquid RTIL loading level
and the amount of cross-linking monomer in a prototype cross-linked gel membrane composed
of monomer 1, monomer 2 (a, b, or c), and RTIL 3 (Fig. 5.2) on the ideal, room temperature

separation of CO, from CHy,, Nz,and H,.
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Figure 5.2: Structures of RTIL-based monomers 1, 2a-c, and RTIL 3 used in this study

In doing this study we found that a stable membrane can be made containing up to 75 wt.

% RTIL and that both CO, permeability and selectivity performance approaches those of the

132



SILM with increasing RTIL content. We also observed an increase in diffusivity of the target
gases with decreasing cross-linker (1) concentration. However, in every system (at a constant
RTIL loading), decreasing the cross-linker content below a certain value was found to
unexpectedly reverse the trends in gas permeability and/or selectivity as a function of
composition. This observation is clearly non-intuitive based on structure-property trends of
homogeneous polymer networks. We speculate that this phenomenon is a reflection of the
microscopically heterogeneous nature of these cross-linked membrane systems (i.e., the observed

trends implicate the formation of non-homogeneous network structures).

5.2. Experimental
5.2.1. Materials and instrumentation

N-Vinylimidazole, N-methylimidazole, and p-toluenesulfonyl chloride were purchased
from TCI America (Portland, OR). Tetra(ethylene glycol), triethylene glycol monomethyl ether,
2-Methoxyethanol, 1-bromohexane, 2-hydroxy-2-methylpropiophenone, and sodium iodide were
purchased from Sigma-Aldrich (Milauwakee, W1). Lithium trifluoromethanesulfonimide
(LiTf,N) was purchased from 3M (St. Paul, MN). All reagents and solvents were obtained in the
highest purity available and used without additional purification. Cylinders of CO,, CH4, Np,and
H, were purchased from Airgas (Randor, PA) and were of at least 99.99% purity. Supor-200
(porous poly(ether sulfone)) filters were purchased from Pall Corporation (Port Washington,
NY). *H and *C NMR spectra were acquired using a Bruker Avance-I11 300 (300MHz). FT-IR
spectra of 1 and 2a-c were obtained with a model 960M0027 Matteson Satelite spectrometer
with samples supported on Ge crystal substrates. FT-IR spectra of pre- and post-polymerized

samples were obtained with a Nicolet Magna-IR 760 with samples on a porous UHMW PE
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support substrates (Solupor E075-9H01A, donated by DSM Solutech, Netherlands). DMA
experiments were performed using a TA Instruments Q800 DMA. Glass transition temperature
(Tg) was determined from polymer samples with approximate dimensions 12 x 5 x 1 mm.
Sample temperature was ramped at 3 °C/min from —80 to 50 °C with a frequency of 1 Hz and a
strain of 0.05% in tension. The Ty was assigned as the temperature at the tan § curve maximum.
The rubbery modulus values were determined at a temperature 25°C above the Tq and the Ty

width was measured as the full width at half height (FWHH) of the tan & peak.

5.2.2. Synthesis of monomers 1 & 2 and RTIL 3
Monomers 1 and 2a-c were synthesized according to Scheme 5.1. RTIL 3 was

synthesized according to known literature procedures [65].
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Scheme 5.1: Synthesis of monomers 1 and 2a-c.
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5.2.3. Synthesis of monomers 1, 2a and 2b

The methods described below detail the synthesis of monomer 1 and are directly
applicable to the synthesis of monomers 2a — 2c.Tetra(ethylene glycol) (40.01 g, 206 mmol) was
dissolved in THF (137 mL) and added to a single-neck, 500 mL round-bottomed flask equipped
with a magnetic stir bar and placed in an ice bath. Sodium hydroxide (28.84 g, 721 mmol) was
then dissolved in deionized water (137 mL) and added to the 500mL flask while stirring the THF
solution. P-toluenesulfonyl chloride (p-TsCl) (86.4 g, 453 mmol) was dissolved in THF (135
mL) and added to a volumetric dropping funnel, which was then equipped to the neck of the 500
mL flask. The p-TsCl was added dropwise for approximately 3 h, after which time the dropping
funnel was removed and replaced with a glass stopper. The reaction was then allowed to warm
up to room temperature and stir for an additional 24 h. The reaction was then quenched with 1.2
M HCI, (685 mL) and the product (a clear, slightly yellow oil) was extracted into EtOAc (350
mL) and washed with deionized water (2 x 500 mL), saturated NaHCO3 (2 x 500 mL), and
deionized water (2 x 500 mL). The organic phase was then dried over anhydrous MgSQO, and
filtered. EtOAc was removed via rotary evaporation followed by vacuum (< 20 mtorr) for 24 h at
room temperature to afford (ii) (Scheme 5.1) as a clear, viscous oil (88.7 g, 176 mmol).
Compound ii (17.5 g, 34.7 mmol) was dissolved in acetone (130 mL) and added to a 250 mL
Erlenmeyer flask equipped with a magnetic stir bar. With the solution stirring, Nal (11.45 g,
76.3 mmol) was added and a white precipitate (sodium tosylate) was observed almost
immediately. The reaction was allowed to stir for 24 h at room temperature before filtering to
remove the solid precipitate. Acetone was then removed from the filtrate via rotary evaporation
and the product was extracted into Et,O (200 mL) to facilitate precipitation of excess Nal. The

Et,O was then filtered over a plug of silica and removed via rotary evaporation followed by
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vacuum (< 20 mtorr) for 24 h at room temperature to afford (v) as clear, yellow liquid (13.6 g,
32.9 mmol)). Compound v (13.6 g, 32.9 mmol) was dissolved in CH3CN (52 mL) and added to a
250 mL single-neck, round-bottomed flask equipped with a magnetic stir bar and reflux
condenser. N-vinylimidazole (7.74 g, 82.3 mmol) was added to the flask and the reaction was
heated to reflux (approximately 85 °C) and stirred for 48 h. The reaction was then cooled and the
product was precipitated in Et,O (275 mL) and placed in the freezer (-4 °C) for 12 h. The Et,O
was then decanted, and the product was extracted into deionized water (200 mL) and washed
with EtOAc (4 x 60 mL) and Et,O (1 x 60 mL). The aqueous phase was then transferred to a 500
mL erlenmyer flask equipped with a magnetic stir bar and, LiTf;N (20.8 g, 72.4 mmol) was
added. An oil precipitate was observed immediately, and the reaction was allowed to stir for 3 h
at room temperature. The aqueous phase was then decanted and the product was extracted into
EtOAc (250 mL) and washed with deionized water (100 mL) until addition of AgNOj3 to an
aliquot of the aqueous phase did not result in precipitate formation (i.e., no presence of halide).
The organic phase was then dried over anhydrous MgSO, and stirred with activated charcoal for
12 h before filtering over a small plug of basic alumina. EtOAc was then removed via rotary
evaporation followed by vacuum (< 20 mtorr) for 24 h at room temperature to afford monomer 1

a clear, viscous oil (27.3 g, 91.2% yield).

5.2.3.1. Monomer 1
Yield: 91.2%. *H NMR (300 MHz, DMSO-dg): ¢ 2.50 (quintet, 2H), 3.50 (m, 8H), 3.79 (t, 4H),
4.37 (t, 4H), 5.44 (dd, 2H), 5.95 (dd, 2H), 7.31 (dd, 2H), 7.86 (t, 2H), 8.19 (t, 2H), 9.40 (t, 2H).

3C NMR (75.48 MHz, DMSO-dg): 6 49.1, 67.8, 69.4, 69.5, 108.7, 118.8, 119.4 (q, CFs), 123.6,
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128.7, 135.6. FT-IR: 1658, 1572, 1553, 1450, 953, 923, 839, 791, 763, 741 cm™. HRMS (m/z):

calculated as [A]*[B]’, 628.1329; found, 628.1319.

5.2.3.2. Monomer 2a

Yield: 97.1%. *H NMR (300 MHz, DMSO-dg): & 3.28 (s, 3H), 3.71 (t, 2H), 4.39 (t, 2H), 5.43
(dd, 1H), 5.96 (dd, 1H), 7.32 (dd, 1H), 7.88 (t, 1H), 8.20 (t, 1H), 9.44 (t, 1H). *C NMR (75.48
MHz, DMSO-de): 6 49.1, 58.1, 69.3, 108.7, 118.86, 119.5 (q, CF3), 123.6, 128.8, 135.7. FT-IR:
1659, 1572, 1553, 1478, 1453, 1013, 955, 920, 837, 791 cm™. HRMS (m/z): calculated as [A]*,

153.1023; found, 153.1016.

5.2.3.3. Monomer 2b

Yield: 94.8%. *H NMR (300 MHz, DMSO-dg): & 3.23 (s, 3H), 3.48 (m, 8H), 3.80 (t, 2H), 4.38 (t,
2H), 5.44 (dd, 1H), 5.97 (dd, 1H), 7.32 (dd, 1H), 7.89 (t, 1H), 8.20 (t, 1H), 9.40 (t, 1H). **C
NMR (75.48 MHz, DMSO-dg): 6 49.2, 58.0, 67.8, 69.5, 71.2, 108.6, 121.6, 119.5 (g, CF3),
123.7,128.8, 135.7. FT-IR: 1658, 1572, 1553, 1453, 956, 924, 851, 790, 762, 740 cm™. HRMS

(m/z): calculated as [A]", 241.1547; found, 241.1543.

5.2.3.4. Monomer 2c

Yield: 96.6%. *H NMR (300 MHz, DMSO-dg): & 0.86 (t, 3H), 1.27 (m, 6H), 1.81 (quintet, 2H),
4.18 (t, 2H), 5.42 (dd, 1H), 5.94 (dd, 1H), 7.28 (dd, 1H), 7.93 (t, 1H), 8.19 (t, 1H), 9.46 (t, 1H).
3¢ NMR (75.48 MHz, DMSO-dg): 0 13.7, 21.8, 25.1, 29.0, 30.5, 49.2, 108.5, 119.1, 119.5 (q,
CF3), 123.2, 125.9, 128.9. FT-IR: 1657, 1573, 1553, 1469, 1460, 954, 918, 848, 769, 763 cm™.

HRMS (m/z): calculated as [A]", 179.1543; found, 179.1540
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5.2.4. Polymerization and fabrication of cross-linked poly(RTIL)/RTIL films

To a 10-mL vial, the desired amounts of 1, 2 (a,b, or c) and 3 were added to give a total
of 1.2 g. For example, to fabricate the membrane listed in Table 5.1, entry 2 (below), it would be
necessary to measure out 0.577 g of 1, 0.083 g of 2b, and 0.540 g of 3. Photo-initiator (2-
hydroxy-2-methylpropiophenone) (0.012 g, 1 wt. %) was added, and the contents were
thoroughly mixed. A 47-mm porous support (Pall Supor-200) was placed on a hydrophobically-
treated (RainX®) quartz glass plate, and the pre-polymerized mixture was poured onto the center
of the support. A second, hydrophobically treated quartz glass plate was used to gently sandwich
the membrane and spread the monomer/RTIL mixture over the entirety of the support surface.
The membrane was placed under a UV lamp (Spectroline Model XX-15A) with an intensity of 1
mW/cm? for 3 h, then flipped and irradiated for an additional hour. Excess polymer gel was
removed from the outer edges of the supported film with a Kimwipe. FT-IR spectroscopy of the
cross-linked composite films indicated that vinyl group conversion ranged from 70 to 85%.

Average membrane thickness was measured with a digital micrometer.

5.2.5. Single gas permeability, diffusivity and solubility measurements and theory

Ideal (i.e., single gas) permeability and diffusivity values were measured using a constant
volume-variable pressure, or time-lag, apparatus. A full description of this experimental setup is
described elsewhere [35, 66]. All experiments were performed at room temperature with an
upstream pressure of 2 atm and vacuum (< 10 mtorr) as the initial downstream pressure. SILMs
were tested with a transmembrane pressure drop of 0.8 to 1 atm. Permeability of each gas was

measured at random three separate times on a single membrane, (i.e. three separate CO,, Ha, N,
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and CH, experiments). Complete details on performing these experiments and data analysis can
be found in previous papers in the literature[35, 66]. Transport through the cross-linked gels
tested was assumed to follow a solution-diffusion mechanism,[12, 13] whereby the separation of
a species i from a mixture of gasses is based on relative differences in kinetic transport (i.e.,
diffusivity, D;) and thermodynamic affinity (i.e., solubility, S;) in the membrane. The
permeability of a species i (P;) through dense materials is related to solubility (S;) and diffusivity

(D) of gas species, i by the relationship shown in Eq. (1) [12, 13]:

Pi = Si X Di (1)
where, P; = Aj—pi_l 2

cm3(STP) - cm

P[=]barrer,1 barrer = 10710 em? s -em Hg

In Eq. (2), Jj is the steady state volume flux (STP) of species i, | is the membrane thickness, and
Api is the average transmembrane partial pressure drop. The quantity J; was determined by Eq.
(3) where, p; is the downstream pressure (psia), t is the experimental time, V is the downstream

volume, A is the effective membrane surface area, and T is the absolute temperature.

J; = (%) vV 273.15K (cm3(STP)) (3)

dt ) AegfT  14.696 psi cm?2s

The quantity (dpi/dt) in Eq. (3) was determined from the slope of the linear (i.e. steady state)
portion of the p; vs t curve. The permeability selectivity in materials that follow a solution

diffusion mechanism is defined as [12, 13]:
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Permeability Selectivity (ai/j) = D.
]

Pi _
Pj S

j
The selectivity is typically determined as the ratio of the permeability of the more permeable
species to the permeability of the less permeable species. As shown in Eq. (4), permeability

selectivity can be written as the product of diffusivity and solubility selectivity. The time-lag

apparatus allows for single gas diffusivity (D;) measurements according to Eqg. (5), where, | is the

membrane thickness, and (0) is the “time-lag” [29, 67].

The time-lag was determined by extrapolation of the linear, steady state, portion of the p; vs t
curve to the t-axis, where the intercept is equal to . The slope of this line is equal to the
quantity (pi/t) in Eqg. (3). Once D; and P; were determined, single gas solubilities (S;) were

calculated from Egs. (1) and (5).

5.3. Results and discussion
5.3.1. Choice of studied di- and mono-functional monomers and RTIL

Our systematic choice of the two types of monomers studied here was motivated by the
general trends measured both experimentally and theoretically for a wide number of cross-linked
copolymer networks [61, 63, 68, 69]. For example, it is well known that length, or molecular
weight, of cross-linking monomer can have an adverse effect on homogeneous network

formation. Shorter cross-linking monomers tend to result in low network double bond conversion
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and facilitate the formation of “wasted cross-links,” i.e. loops or cycles [61, 63, 68, 69]. We also
took into consideration that oligo(ethylene glycol) functionality on the polymer tends to enhance
CO; permeability and selectivity [20, 36, 70]. Monomer 1 (Fig. 5.2) was the outcome of an
attempt to avoid some of the well-known drawbacks of using a short cross-linker and
simultaneously incorporate ethylene oxide units into the structure. The synthesis of 1 is fairly
straightforward, but analogous monomers with greater than three oligo(ethylene oxide) groups
are substantially more difficult to synthesize and isolate. In an attempt to keep copolymer
composition as consistent as possible, monomer 2b was synthesized as a “non-cross-linking
analogue” to 1 and incorporated into polymer structure as we systematically reduced 1.
Monomers 2a and 2c were synthesized and evaluated as control experiments to analyze the effect
of mono-functional monomer substituent on separation performance. The vinyl polymerizable
group was chosen for several reasons. It is substantially easier to synthesize compared to styrene-
or acrylate-functionalized RTIL monomers. Our group has also found vinyl RTILs, especially
cross-linking monomers, to be considerably more shelf/temperature stable than the styrene- or
acrylate-based monomers. Vinyl monomers also have the “highest functional density”, that is all
extraneous or non-ionic functionality is kept to a minimum; for example, the molecular weight of
the vinyl group is 27.04 g/mol compared to 117.17 and 99.1 g/mol for styrene and ethyl acrylate
polymerizable groups, respectively. We chose to perform this study with [emim][Tf,N] (3)
because of its ease of synthesis and purification, favorable CO, SILM performance, its ubiquity
among the RTIL gas separation community, and because it contains the same anion as 1 and 2a-
C.

The effect of RTIL loading and copolymer composition on CO, separation performance

was studied by varying the content of RTIL 3, the amount of cross-linking monomer from 5-100
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mol % of total monomer, and by varying the substituent on the mono-functional monomer (2a-

c). The range of composite films examined in this work is summarized in Table 5.1.

Table 5.1 Summary of compositions of the studied cross-linked films. In this study, membrane
compositions are given by the identifier X-Y-Z, where X is the mol % of 1 out of total monomer,
Y is the type of mono-functional monomer (if any, i.e., 2a-c), and Z is the wt. % of 3 out of the
total mass of 1, 2, and 3.

Monomer (mol %)
Membrane 1 2a 2b  2c 3 (wt%)

1. 100-45 100 - - - 45
2. 80-2b-45 80 - 20 - 45
3. 60-2b-45 60 - 40 - 45
4. 40-2b-45 40 - 60 - 45
5. 20-2b-45 20 - 80 - 45
6. 10-2b-45 10 - 90 - 45
7. 5-2b-45 5 - 95 - 45
8. 100-65 100 - - - 65
9. 80-2b-65 80 - 20 - 65
10. 60-2b-65 60 - 40 - 65
11. 40-2b-65 40 - 60 - 65
12. 20-2b-65 20 - 80 - 65
13. 15-2b-65 15 - 85 - 65
14. 100-75 100 - - - 75
15. 80-2b-75 80 - 20 - 75
16. 60-2b-75 60 - 40 - 75
17. 40-2b-75 40 - 60 - 75
18. 20-2a-45 20 80 - - 45
19. 20-2a-65 20 80 - - 65
20. 20-2c-45 20 - - 80 45
21. 20-2¢-65 20 - - 80 65

Throughout this study, we refer to membranes by the identifier X-Y-Z, where X is the mol % of
1 out of total monomer present, Y denotes the type of monofunctional monomer, if any (i.e., 2a,
2b or 2c), and Z denotes the amount of free RTIL 3 by wt. % out of total weight of all species in
the membrane. For example, a membrane composed of 40 mol % 1 with monomer 2b and

contains 65 wt. % of 3 would be identified by 40-2b-65. It is important to note that below a
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minimal amount of 1, the RTIL mixtures do not form a solid, tractable membrane after UV-
initiated polymerization. This minimal amount was found to be highly dependent on the loading
level of RTIL 3. Samples 5-2b-45 15-2b-65, and 40-2b-75 (Table 5.1) represent the approximate
limits at 45, 65, and 75 wt %, respectively. The ideal (i.e., single gas) permeabilities of CO,, N,
CH,, and H; were calculated according to Egs. (2) and (3). Ideal CO,/N,, CO,/CHy, and CO,/H;
selectivities were then calculated according to Eq. (4). Ideal CO, permeability and selectivity
data for 100-45, 100-65, and 100-75 are plotted and summarized in Figs 5.4 and 5.5,
respectively, as “Robeson Plots” [14]. Robeson Plots of membranes 1-7 and membranes 14-17

(Table 5.1) can be found in Appendix C.
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Figure 5.3. Ideal CO, permeability and selectivity of 100-45, 100-65 and 100-75 (see Table 5.1)
graphed in (a) CO2/N,, (b) CO,/CH,4 and (c) CO2/H, Robeson Plots. The values next to the
corresponding data points denote the composition of the membrane. The SILM performance of
RTIL 3 (®) is also plotted. Experimental error is within the data points and represents +/- one
standard deviation. The upper bound shown in (c) was drawn according to a model prediction
developed in a previous paper [71]. The prediction was made by setting the value of f to 0, which
is consistent with rubbery polymers that do not possess non-equilibrium excess free volume [17,
71].
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Figure 5.4. Ideal CO, permeability and selectivity of 100-65, 80-2b-65, 60-2b-65, 40-2b-65, 80-
2b-65, 20-2b-65, and 15-2b-65 (see Table 5.1) graphed in (a) CO2/N,, (b) CO,/CH,4 and (c)
CO,/H; Robeson Plots. The values above or below the corresponding data points denote the mol
% of 1 out of total monomer in the membrane. The SILM performance of RTIL 3 (@) is also
plotted. Experimental error is within the data points and represents one standard deviation. The
upper bound shown in (c) was drawn according to a model prediction developed in a previous
paper [71]. The prediction was made by setting the value of f to 0, which is consistent with
rubbery polymers that do not possess non-equilibrium excess free volume [17, 71].

The solid black line on these log-log plots represents the current upper limit to the so called
“flux-selectivity tradeoff.” Robeson’s upper limits were determined by statistical evaluation of
large sets of polymer membrane separation data and were adapted for the CO2/N, and CO,/CH,
plots here (Figs. 5.3 and 5.4) [14]. The upper bound is a very useful bench mark by which to
gauge the separation performance of new membrane materials. The upper bound shown in the
CO,/H; plots was drawn according to a model prediction developed in a previous paper [71]. The
prediction was made by setting the value of f to 0, which is consistent with rubbery polymers that

do not possess non-equilibrium excess free volume [17, 71]. Unlike in the upper bound slopes
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shown in the CO,/N; and CO,/CH, Robeson plots, the slope of the CO,/H, upper bound is
positive. This is a consequence of the reduced size-sieving nature of polymers as they become
more rubbery and permeable, which causes CO,/H; diffusivity selectivity to approach unity. The
ideal CO, permeability and selectivity data of all studied membranes are also tabulated in Table
C.1in Appendix C.

Diffusivity and solubility data are summarized in Table 5.2 for CO, and CH, in
membranes 1 and 8 — 14 (Table 5.1). The complete set of tabulated data for CO, and CH,4
diffusivity, diffusivity selectivity, solubility, and solubility selectivity can be found in Table C.2
in Appendix C. The diffusivity of N, and H, were difficult to accurately measure with our

apparatus and are not reported in this study.

Table 5.2. CO, and CH, diffusivity and solubility as well as CO,/CHj, diffusivity and solubility
selectivity of selected membranes, RTIL 3, and a homopolymer of 2b 24

Membrane Mol % (1) D(CO,) x 10’ D(CH,) x 10’ D(CO,)/D(CH,)  S(CO,) S(CHs)  S(CO,)/S(CH,)

100-45 100 23+03 0.94 +0.09 24 43+0.2 0.48+0.05 9.0
100-65 100 54+0.5 20x0.1 2.7 49+0.3 0.67+0.02 7.3
100-75 100 9.0+£0.6 43+03 2.1 44+0.2 0.45+0.05 9.8
INeat 3 - 13+1 45104 2.6 6.6+04 1.2+0.1 5.7
80-2b-65 80 57+0.7 23+0.1 2.5 53+0.6 0.64+0.02 8.3
60-2b-65 60 7.2+0.8 3.6+03 2.0 45+03 0.48+0.04 9.4
40-2b-65 40 7.3+0.7 3.1+0.2 24 49+0.2 0.57%.03 8.6
20-2b-65 20 70+ 0.5 3.6+0.2 1.9 4.2+0.2 0.45+0.04 9.3
15-2b-65 15 53+05 1.0+0.1 5.3 7.0+03 2.7+0.08 2.6
90-2b-65 0 56+0.5 1.7+0.5 34 6.1+03 1.2%0.1 4.9

*Diffusivity in cm’s™*
*Solubility in cm®(stp)cmatm™
°Error represents +/- one standard deviation

ISILMs that were tested at 1 atm transmembrane pressure drop
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5.3.2. Effect of RTIL 3 content on CO, separation performance

Adjusting the content of RTIL 3 in the 100 mol % cross-linker (1) membranes had a
dramatic effect on ideal CO, permeability and in the case of CO,/H,, a marked effect on ideal
selectivity. Furthermore, the permeability of all the gel membranes studied here is much
improved compared to the neat polymer membranes consisting only of monomers 1 or 2b
precursors (i.e., poly(1) and poly(2b)). The data shown in Fig 5.3 have also been plotted with
neat polymer performance in Fig. C.5. As the content of free RTIL 3 was increased from 45 to
65 wt. %, the CO, permeability increased from 130 to 350 barrers (Fig. 5.3a-c). By subsequently
increasing the content of 3 to 75 wt. %, the CO, permeability was further increased to 520
barrers. With such large observed enhancements in permeability, it was expected to also observe
a decrease in selectivity from the 45 wt. % to 75 wt. % membranes. As clearly seen in both Figs.
5.3a and 3b, no decrease was observed for CO2/N, and CO,/CHj, selectivity (Figs. 5.3a and 5.3b,
respectively). A similar observation has been made previously in papers investigating lower
RTIL membrane compositions [38-40]. Surprisingly, an increase in CO,/H; selectivity was
observed (Fig. 5.3c) with enhanced CO, permeability.

Upon inspection of CO, diffusivity and CO, solubility data for test membranes 100-45,
100-65, and 100-75, it is clear that improvement in diffusivity was the dominating factor for the
observed permeability enhancement in these membranes. For example, the measured CO,
diffusivities for samples 100-45, 100-65, and 100-75 were 2.3 x 107, 5.4 x 10" and 9.0 x 10’
cm?s™, respectively (Table 5.2). The CO, permeability of membrane 100-75 was four times
larger than the membrane 100-45, which is the same enhancement measured for CO, diffusivity
between the same two membranes. CO, solubility, on the other hand, remained relatively

constant and was measured to be 4.3, 4.9, and 4.4 cm®(stp) cm®atm™ for membranes 100-45,
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100-65, and 100-75, respectively. Clearly, by increasing the amount of free RTIL 3 incorporated,
the membranes gained more “liquid-like” diffusivity, which applied to all studied gases. Notice
that the CH, diffusivity of sample 100-75 was approximately 4.6 times larger compared to 100-
45, similar to the observed enhancement in CO,, diffusivity. However, polymer morphology may
also play a more subtle role in the observed permeabilities. It is well known that cross-link
density increases with the concentration of di-functional (i.e., cross-linking) monomer 1 [18, 42,
69, 72]. With respect to the system studied here, for example, it is reasonable to assume that the
cross-link density decreases from samples 100-45 to 100-75 as more free RTIL (i.e., diluent)
effectively reduces the cross-linking monomer concentration. At present, it is unclear how this
network property affects RTIL (i.e., 3) or gas diffusivity. Previous papers have investigated the
effects of cross-link density on membrane properties and gas transport, but all of those studies
were on pure polymer systems [18, 73, 74].

The effect of free RTIL 3 content on CO, permeability selectivity was less
straightforward than the effect on CO, permeability, particularly for the CO,/H, separation pair.
Whereas N, and CH, are both larger than CO, (kinetic diameters of 3.64, 3.8, and 3.3 A,
respectively [12]), H. is substantially smaller (2.6 A [12]). Consequently, the CO./H, diffusivity
selectivity will be less than unity in the absence of a CO,-facilitating agent. However, as RTIL
content was increased, an increase in CO,/H, permeability selectivity was clearly observed (Fig.
5.3c). This suggests that possibly two cooperative phenomena are occurring. The first is that the
CO,/H, diffusivity selectivity is enhanced due to the increasing presence of the liquid component
(3) and “opening” of the three-dimensional polymer network. In other words, the membranes
become less size-selective, allowing the larger molecule (i.e., CO,) to diffuse more freely. The

second is that the membranes become dominantly more CO,/H; solubility selective with
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increasing free RTIL content. As can be seen in Fig. 5.3c, the permeability selectivity of 100-75
is nearly identical to that of the neat liquid. It has been demonstrated in previous papers that the
favorable CO; permeability selectivity of SILMs is dominated by differences in solute solubility,
rather than differences in diffusivity [28-31]. CO,/H, solubility selectivity, in particular, has been
shown to be significantly large for imidazolium-based RTILs (e.g., >>10) [27, 65]. This would
certainly indicate that the CO,/H, solubility selectivity of 3 would overwhelmingly dominate the
overall separation performance in membrane 100-75. The notion that the membrane selectivity
performance approaches that of the neat liquid upon increasing RTIL content seems to resonate
with the two other separation pairs in this study. However, in the case of CO,/N, and CO,/CHy,
the diffusivity selectivity effect is competitive, rather than cooperative as in the case of CO,/H,.
That is to say, a reduction in “size selectivity” with increasing content of RTIL 3 allows the
larger gases (N2 and CHj in this case) to diffuse more freely. However, this competitive effect
appears to be compensated by the increasing solubility-selective nature of the membranes. For
example, in Fig. 5.3a, we observed that the CO,/N, permeability selectivity remained nearly
unchanged from membranes 100-45 to 100-75 and approached that of the neat RTIL. However,
the permeability selectivity of 100-75 was slightly larger (by 19 %) than that of the neat RTIL
(37 compared to 31). In Fig. 5.3b, we observed only a slight reduction in CO,/CH, permeability
selectivity as free RTIL content was increased. Similar to the case of CO,/Ny, the permeability
selectivity of the 75 wt% membrane was larger (25%) than the neat RTIL (20 compared to 16).
We suspect that the presence of ethylene oxide units in 1 act to enhance the CO; solubility
selectivity compared to the neat alkyl-functionalized RTIL. Inspection of data presented in Table

5.2 suggests that this may be the case. The solubility selectivity values of membranes 100-45,
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100-65, and 100-75 was 9.0, 7.3 and 9.8, respectively, compared to 5.7 for the SILM of neat

RTIL 3.

5.3.3. Effect of cross-link content on CO, separation performance

To investigate the effect of reduced cross-linking monomer (1), membranes that
contained 20, 40, 60, 80, 85, 90, and 95 mol % of 2b and the balance of 1 were examined. The
effect of reduced cross-linking monomer concentration was investigated at all three loading
levels of 3 (i.e., at 45, 65, and 75 wt. %). The ideal CO, permeability and permeability selectivity
of the 65 wt. % RTIL membranes (entries 8-13, Table 5.1) are summarized in Fig. 5.4a-c. The
trends and analysis made here for these apply directly to the observations made for the
membranes shown in entries 1-7 (45 wt. % RTIL) and 14-17 (75 wt. % RTIL), which are also
summarized in Robeson Plots in the Supplemental Information. Reducing the content of 1
generally resulted in a CO, permeability enhancement (Fig. 5.4a-c). Although, these
enhancements were found to be much more incremental than those observed for increasing free
RTIL content. Reducing the amount of cross-linking monomer 1 in the membranes was also
found to generally have little, if any, effect on ideal CO, permeability selectivity. However,
below a certain concentration of 1, a reversal of the general, intuitive, trends stated above were

observed.

5.3.3.1. Effect of cross-link content on ideal CO, permeability
As can be seen in Fig. 5.4a-c, as the mol % of 1 was reduced from 100 mol % to 40 mol
%, the CO, permeability was significantly enhanced. For example, the ideal CO, permeability of

membrane 40-2b-65 was measured to be 470 barrers, while the permeability of membrane 100-
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65 was 350 barrers. The enhancement between sequential membranes (e.g., 80-2b-65 and 60-2b-
65) was much more incremental. For example, the ideal CO, permeability of membrane 80-2b-
65 was 390 barrers compared to 430 barrers for 60-2b-65. As expected, reducing the amount of
added cross-linking monomer 1 improved permeate diffusivity. The CO, and CH, diffusivity
values of 80-2b-65 were 5.4 x 107 and 2.0 x 10”7 cm?s™, respectively. For sample 40-2b-65, on
the other hand, the CO, and CHy diffusivity values were found to be 7.3 x 107 and 3.1 x 107 cm?
s, respectively. As discussed previously with increasing free RTIL 3 content, the observed
permeability enhancements with reduced concentrations of 1 were due largely in part to
enhancement of CO, diffusivity, rather than solubility. From Table 5.2, it can be seen that both
CO; and CHy solubility changed little, if any, with decreasing cross-linking content.

Two anomalous behaviors, however, were observed upon further reduction in cross-link
content. First, an unexpected drop in gas permeability was measured for membranes 40-2b-65
and 20-2b-65, as seen in Fig. 5.4a-c. The permeability went from 470 barrers for 40-2b-65 to
390 barrers for 20-2b-65. Second, the permeability greatly increased from membranes 20-2b-65
to 15-2b-65 at a measured 490 barrers. Upon reducing the amount of of cross-linking monomer,
one would normally expect a lowering of polymer glass transition temperature (Tg), an increase
in fractional free volume and, consequently, improved diffusivity for all permeate gases [75].
The unexpected reversal in permeability was observed in the series of membranes containing 45
wt. % and 75 wt. % of free RTIL 3 as well. When the membranes contained 45 wt. % 3, the
reversal in permeability occurred between 20 mol % and 10 mol % 1 (Fig. C.2). Interestingly, no
improvement in permeability was observed with reduced cross-linking monomer when the
membrane contained 75 wt. % free RTIL 3 (Fig. C.1). At the lowest tested concentrations of

cross-linking monomer 1 we observed a sharp rise in CO, permeability for all three series of
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membranes (i.e., 45, 65, and 75 wt. % 3). To better illustrate these anomalies, the CO,
permeability of the membranes shown in entries 1-17 (Table 5.1) have been plotted vs. mol % of
cross linking monomer 1 in the pre-polymer mixture (Fig. 5.5a-c). Previously, we defined mol %
of 1 above as moles of 1 divided by moles of 1 and 2; here we define the mol % as 1 divided by
the total moles of monomer plus moles of diluent, i.e., RTIL 3. This was done to allow for ease
of comparison to similar plots in prior polymer gel papers that document similar phenomena as a

function of varying cross-linking monomer content [55, 68, 69, 76].
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Figure 5.5. CO, permeability of membranes 1-17 (see Table 5.1) vs mol % of cross-linking
monomer 1 in the entire pre-polymer mixture with (a) 45 wt % (@), (b) 65 wt % () and (c) 75
wt% @) RTIL 3. Mol % here is defined as moles of 1 divided by total moles of 1, 2 and 3. The
molar compositions listed in Table 5.1 are defined as moles of 1 (or 2) dived by total moles of 1
and 2. The lines connecting data points in a-c are only meant to guide the eye. Error bars shown
represent +/- one standard deviation.
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Although the observed permeability trends shown in Fig. 5.4a-c are unusual, they are not
entirely unexpected. A handful of studies in the literature have documented such seemingly
anomalous behavior with cross-linked copolymer networks similar to those investigated here [55,
68, 69, 74, 77]. The superposition of the “cross-linking effect” and the “copolymer effect,” for
example, has been shown to result in unexpected trends of Ty (or another polymer property) with
cross-linking monomer concentration [55, 68, 69, 74, 76, 78]. The “cross-linking effect” refers to
the increase in T4 due to a loss in long-range segmental motion as polymer chains become more
restricted with increased cross-links between chains. The “copolymer effect” refers to the change
in T4 with changing copolymer composition of the linear chain segments. For example, in the
absence of any cross-linking, the T, of 80-2b-45 would likely differ from 5-2b-45 by virtue of
compositional differences alone (i.e., 80 % of 1 vs. 5 % of 1). It has been shown that the
copolymer and cross-linking effects are independent and additive on the total change in T¢[55,

76, 78]. This effect has been expressed mathematically as shown by Eq. (6) [55]:

AT, = AT, + AT, (6)

where, ATy is the overall change in Ty, A, Ty is the change in Ty due to increasing cross-link
density and AcTyis the change in Ty due to the change in copolymer composition [55]. As Eq. (6)
implies, depending on the magnitudes of A, Ty and AcTy as well as the sign of AcT4, ATy may not
necessarily be positive in all cases. In other words, the two effects could very well be opposing
[55, 69]. We suspect that the cross-linking and copolymer effects influence CO, permeability in

copolymer RTIL gel membranes in the same way that they affect glass transition temperature.
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Upon inspection of Fig. 5.5a-c, it was noticed that the anomalous behaviors occurred
around the same concentrations of cross-linking monomer 1. The sudden drop in permeability
with increasing concentration of 1 occurred at approximately 4 mol %, 5 mol %, and 9 mol % of
1, respectively. Likewise, a sudden increase in permeability was found to occur at approximately
9 mol % 1 as seen in Figs. 5.5a and 5.5b, and at approximately 11 mol % 1 in Fig. 5.5¢. Based on
previous papers on the sometimes opposing cross-linker and copolymer effects in cross-linking
systems [55, 68, 69], the above observations seem to suggest that the cross-linking effect
dominates the permeability behavior at the lower concentrations of cross-linker. Small increases
in cross-linker content at low concentrations can result in an otherwise unexpected rapid change
(i.e., increase) of cross-link density, glass transition temperature [55, 68, 69], and in this case,
CO;, permeability.

To investigate this effect further, a Soxhlet extraction was performed on 100-65, 80-2b-
65, 60-2b-65, 40-2b-65, 20-2b-65, and 15-2b-65 (membrane entries 8-13, Table 5.1) to
determine the soluble-fraction (sol-fraction) (i.e., free, non-cross-linked) of the polymerized
networks (see Appendix C for methods and Table C.3 for results). The sol-fraction of 15-2b-65
was found to be approximately 0.93 by mass, or in other words, an excess of about 28%. If all
monomer were incorporated into the polymer gel network, we would expect about a 0.65 sol-
fraction — the mass due to the presence of free RTIL 3 only. The higher than expected sol-
fraction strongly suggests that very little macrogelation, or inter-polymer cross-linking, occurs
upon polymerization of 15-2b-65. The sol-fraction of membrane 20-2b-65, however, was found
to be 0.80 by mass, or an excess of about 15%. This suggests that 20-2b-65 is significantly more
cross-linked than 15-2b-65 and lends qualitative evidence that the “cross-linking effect” was

perhaps dominantly responsible for the reduction in CO, permeability observed between
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membranes 15-2b-65 and 20-2b-65. These extraction results also suggest that a substantial
amount of “wasted cross-links” formed during polymerization. These are inhomogeneities (e.g.,
the formation of primary or secondary loops or cycles with pendant vinyl groups) [42, 56, 57, 59,
61, 69], which tend to lead to microgelation, rather than macrogelation and uniform network
formation [42, 56, 57, 59, 61, 69]. We found by FT-IR analysis that the degree of vinyl group
conversion of membranes 100-65, 80-2b-65, 60-2b-65, 40-2b-65, 20-2b-65, and 15-2b-65 was
nearly constant, regardless of cross-linker content (between 71 and 75% (Table C.3)). The fact
that there remained a significant degree of unsaturation also suggests that the formed polymer
networks are considerably inhomogeneous [59]. Microgel formation can lead to “trapping” of
radicals and pendant double bonds in regions of high polymer density and viscosity (i.e.,
microgels); this has been shown to be the case, particularly in the dilute cross-linker
concentration regime and with shorter cross-linking monomer length, similar to 1 studied here
[59, 60, 72]. Soxhlet extraction of membranes 100-65, 80-2b-65, 60-2b-65, and 40-2b-65
revealed nearly identical sol. mass fractions of about 0.71, or an excess of 6-7%. This indicated
that these membranes had developed fully formed polymer networks; although, not necessarily
homogeneous as mentioned above. It is likely that the observed small excess sol fractions are due
to unreacted monomer “pools,” which tend to form in heterogeneous polymer gel networks [59,
72, 79]. In the case of our unique copolymer gel networks, these “pools” would be a mixture of
unreacted monomer and free RTIL 3.

To better understand the anomalous permeability behavior of the studied cross-linked
RTIL gels, Ty and storage modulus (G’) of the membranes in entries 8-13 (Table 5.1) were
measured using dynamic mechanical analysis (DMA). These data are plotted in Fig. 5.6. The

cross-link density of these membranes was not calculated, but it is proportional to G’ [54, 63,

157



69]. Thus, G’ provides a relative and qualitative measure of cross link density, or average

molecular weight between cross-linking elements, M. (e.g., G« M) [54, 63, 69].
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Figure 5.6. (a) Glass transition temperature, T4 (°C), and (b) storage modulus, G’(Pa), of
membranes 100-65, 80-2b-65, 60-2b-65, 40-2b-65, 80-2b-65, 20-2b-65, and 15-2b-65 (Table
5.1). The values next to the corresponding data points denote the membrane composition (see
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Table 5.1). Error given represents +/- one standard deviation. Error is within the data point if no
error bars are shown.

The storage modulus in sample 40-2b-65 is clearly much higher than in 20-2b-65 (Fig. 5.6b),
implying that the 40 mol % cross-linker membrane was substantially more cross-linked. We also
noticed that the value for T4 remained unchanged between membranes 20-2b-65 and 40-2b-65
(Fig. 5.6a). This certainly suggests that opposing cross-linking and co-polymer effects are
occurring at low concentrations of 1. However, based on the measured CO, permeability of
membrane 20-2b-65, we expected the Ty of this sample to be higher, (i.e., similar to the T of 80-
2b-65). Recall that the sol-fraction of sample 20-2b-65 was 0.80 by mass, or about 15 % more
than expected. This indicates the presence of unreacted monomers 1 and 2b, which likely reside
in “pools” or “channels” along with RTIL 3 [59, 72, 79]. Since these monomers are substantially
more viscous than RTIL 3, they would significantly increase diffusional resistance in these RTIL
channels. It is well known that gas diffusivity and permeability is a strong function of RTIL
viscosity [23, 28, 29, 31, 80]. We suspect the anomalous drop in CO, permeability at low
concentration of cross-linker 1 is due to the combined effects of increased cross-link density and
the presence of viscous, unreacted monomers.

We suspect that the “copolymer effect” gives rise to the unexpected increase in
permeability observed from samples 10-2b-45 to 20-2b-45, 20-2b-65 to 40-2b-65, and 60-2b-75
to 100-75 as seen in Fig. 5.5a, 5.5b and 5.5¢, respectively. This presupposes that the T is
inherently lower or, in this case, CO, permeability is inherently higher in the homopolymer (non-
cross-linked) of 1 compared to the homopolymer of 2b. From a chain-packing or free-volume
standpoint, it is arguable that one would find this to be the case [81, 82]. If cross-linker 1 were

considered to be monofunctional (i.e., only one vinyl group is reactive), the pendant side groups
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on a homopolymer of 1 would be considerably bulkier compared to those on a homopolymer of
2b. Researchers have shown that incorporation of bulky side groups to the polymer backbone
tends to enhance gas permeability (i.e., reduce Tg) [81, 82]. No observed change in T4 between
membranes 20-2b-65 and 40-2b-65 (Fig. 5.6a), despite clear increase in cross-link density (Fig.
5.6b), also provides further evidence for the “co-polymer effect.”

As cross-linker (1) concentration was increased beyond membranes 20-2b-45 and 40-2b-
65, we observed a steady decrease in CO, permeability (Fig. 5.5a and 5.5b, respectively). This
trend suggests that the number of effective cross-links in the resulting polymer networks was
increased with increasing concentration of 1. As mentioned previously, the double bond
conversions of membranes 100-65, 80-2b-65, 60-2b-65, 40-2b-65, 20-2b-65, and 15-2b-65 were
approximately the same (e.g., 71-74%) as determined by FT-IR spectroscopy. In other words,
the relative number of double bonds incorporated into the polymer network was nearly the same
regardless of cross-linker 1 content. As the amount of added 1 in the copolymer system was
increased, however, the average monomer functionality approaches the value of 2 (i.e., all
difunctional monomer). This clearly indicates that an increasing number of pendant double
bonds participates in network-forming (i.e., cross-linking) reactions as 1 was systematically
increased. Similar observations have been well documented by others for cross-linked copolymer
networks [60, 62, 69, 72]. The steady increase observed for Ty (Fig. 5.6a) and storage modulus
(Fig. 5.6b) clearly implicates the “cross-linking effect” as being more dominant with increased
concentration of 1. Furthermore, by comparison of Fig. 5.6a with Fig. 5.5b, it is quite evident
that the steady increase in T4 brought about the observed decline in CO, permeability for
membranes 40-2b-65 to 100-65. We suspect a similar trend also lead to the steady decline in

CO;, permeability observed for membrane 20-2b-45 to 100-45 (Fig. 5.5a). In Fig. 5.5c.,
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however, only an increase was observed in CO, permeability beyond sample 60-2b-75. Notice
that the mol % of cross-linker 1 in Figs. 5.5a and 5.5b was approximately 9 mol % before the
“cross-linking effect” causes a steady decline in permeability. In actuality, the maximum
permeability before the onset of the “cross-linking effect” could very well exist between 9 and
13 mol %, or between 20-2b-45 and 40-2b-45 (Fig. 5.5a) and between 40-2b-65 and 60-2b-65
(Fig. 5.5b). The fact that the mol % of 1 in Fig. 5.5c never exceeds 13 mol % (due to 75 wt. %
free RTIL 3) suggests that the above stated range of 9-13 mol % is likely where this turnover of

the two competing effects occurs.

5.3.3.2. Effect of cross-link content on Ideal CO, permeability selectivity

As seen in Fig. 5.4a-c, a rather dramatic reduction in ideal CO, selectivity occurred when
a minimal amount of cross-linking monomer 1 was used, e.g., in membrane 15-2b-65. For
example, the CO,/N; selectivity of membrane 40-2b-65 was 37 compared to 26 for membrane
15-2b-65 (Fig. 5.4a). Similar selectivity reductions can be seen for CO,/CH,4 and CO,/H, (Figs.
5.4b and 5.4c, respectively). To better understand this effect, we have plotted ideal CO,
permeability vs. mol % of cross-linking monomer in the pre-polymer mixture in Fig. 5.7a-c. It is
important to note that very similar behavior was observed for the membranes that contained 45
wt. % and 75 wt. % of free RTIL 3. However, for the sake of brevity we limit the focus of
discussion here to the membranes shown in Table 5.1 entries 8-13, i.e. 65 wt. % free RTIL 3.

Additional figures can be found in Appendix C.

161



P(CO,)/P(N,)

P(CO,)/P(CH,)

40

35

30

25

22

20

18

16

14

12

40-2b-65  60-2b-65
20-2b-65

80-2b-5 100-65

15-2b-65

(a)

5 10 15

Mol % of cross-linking monomer (1) in
pre-polymer mixture

40-2b-65 . o 80-2b-65 100-65

20-2b-65

15-2b-65

(b)

5 10 15

Mol % of cross-linking monomer (1) in
pre-polymer mixture

162

20

20



12

40-2b-65

N
60-2b-65
L
A 20-2b-65
=_ 10 + 80-2b-65
o
O 100-65
~— g9 15-2b-65
(Al
(c)
8
0 5 10 15 20

Mol % of cross-linking monomer (1) in
pre-polymer mixture

Figure 5.7. Ideal (a) CO,/N,, (b) CO,/CH,4 and (c) CO,/H, permeability selectivity of 100-65,
80-2b-65, 60-2b-65, 40-2b-65, 80-2b-65, 20-2b-65, and 15-2b-65 (see Table 5.1) vs mol % of
cross-linking monomer 1 in the pre-polymer mixture for. Mol % here is defined as moles of 1
divided by total moles of 1, 2 and 3. The molar compositions listed in Table 5.1 are defined as
moles of 1 (or 2) dived by total moles of 1 and 2. The SILM performance of a membrane
containing no cross-linkner (0-2b-65) (A) is also plotted. The lines connecting data points in
figures a-c are only meant to guide the eye. The values next to the corresponding data points
denote the membrane composition (see Table 5.1). Error given represents +/- one standard
deviation.

The values for CO,/N, and CO,/CHj, selectivity remained relatively constant as the content of
cross-linker 1 was reduced from samples 100-65 to 40-2b-65 (Figs. 5.7a and 5.7b). CO,/H,
selectivity, on the other hand, was found to increase as the amount of 1 was reduced from 18 mol
% to about 9 mol % (Fig. 5.7c). We suspect that the observed increase is a result of enhanced
CO; diffusivity and, subsequently, CO,/H, diffusivity selectivity. A clear increase in CO,
diffusivity can be seen from membrane 100-65 (5.4 x 107 cm?®s™) to membrane 40-2b-65 (7.3 x
107" cm?™) (Table 5.2). This would imply that the polymer matrix becomes less size-selective

upon reduced cross-linking (i.e., becomes more rubbery). In Section 3.1., we discussed a similar

observation for CO,/H, permeability selectivity as free RTIL content was increased. In that case,
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the steady increase in selectivity was likely due to two cooperative effects: an “opening” of the
polymer matrix (i.e., via reduced cross-linking) as the initial concentration of cross-linking
monomer 1 became more dilute and an increase in the solubility selective nature as the content of
free RTIL 3 was increased. The second of these two effects is likely not applicable here since the
content of 3 remained constant. The first of these two effects, however, would seem to apply to
the trend observed in Fig. 5.7c.

The significant reduction in CO, permeability selectivity below ca. 9 mol % 1 observed
for all gas separation pairs does not follow a specific trend. It is reasonable to assume that the
CO, selectivity becomes more “RTIL-like” since both CO,/N, and CO,/CHjy selectivity of
membrane 15-2b-65 are nearly identical to that of the pure RTIL 3 (Figs. 5.4a and 5.4b). This is
not the case with CO,/H, selectivity (Fig. 5.4c.), where we expect to observe an increase if
membrane selectivity is indeed more “RTIL-like.” The CO,/CH, diffusivity and solubility
selectivity for neat RTIL 3 was 2.6 and 5.7, respectively, but that of membrane 15-2b-65 was 5.3
and 2.6, respectively. Thus, the dominant selectivity mechanisms are switched for these two
membranes, indicating sample 15-2b-65 is not inherently “RTIL-like.” The dominant factor of
selectivity for membranes 100-65 to 20-2b-65 was also based on solubility, rather than
diffusivity, similar to RTIL 3.

Clearly the reduction in CO,/CH4and CO,/N, permeability selectivity is due to the
significant drop in solubility selectivity of membrane 15-2b-65 (Table 5.2). The reduction in
CO4/H; permeability selectivity (Figs. 5.7c and 5.4c), on the other hand, is likely due to the
increased diffusivity selectivity of membrane 15-2b-65 (Table 5.2). The reduction in CO,
diffusivity and increase in CO,/CH, diffusivity selectivity (Table 5.2) implies that the

membranes become more size-selective at the lowest concentrations of cross-linking monomer 1.
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This, of course, would result in favored diffusion of small molecule penetrants (i.e., Hy)
compared to larger ones (i.e., CO,). The data in Table 5.2 would also imply that a reduction in
CO,/H; solubility selectivity simultaneously occurs as well.

To gain more insight into the unusual selectivity trend we observed with reduced cross-
linker content, a control membrane containing no cross-linker was fabricated and tested (as a
SILM, since a solid was not formed). To allow for comparison of the results summarized in
Table 5.2 and Fig. 5.7, this control membrane contained 2b and 65 wt % free RTIL 3 (i.e., 0-2b-
65). The performance of control membrane 0-2b-65 represents the extreme limit for CO,
permeability and selectivity as the amount of cross-linking monomer 1 is reduced. Membrane 0-
2b-65 is composed of linear homopolymer dissolved in RTIL 3, since no solid was formed. The
ideal CO,/N,, CO,/CH,4, and CO,/H, permeability selectivities of membrane 0-2b-65 were found
to be 30, 16, and 9.7, respectively. We noticed that the selectivity performance of 0-2b-65 lies
between that of membranes 20-2b-65 and 15-2b-65 (Figs. 5.7a-c). The values for CO, and CH,4
diffusivity were also quite similar between samples 0-2b-65 and 15-2b-65 (Table 5.2). Thus, we
suspect that membranes 15-2b-65 and 0-2b-65 are structurally and morphologically similar (i.e.,
linear polymer dissolved in liquid). Diffusivity and selectivity data (Table 5.2) also suggests that
the morphology of sample 15-2b-65 is quite different from membranes 20-2b-65 to 100-65,
where higher concentrations of 1 were used. Based on prior studies [59, 72, 79], it is likely that at
higher cross-linker concentrations (e.g. > ~5 mol %), the membrane structure is composed of
heterogeneous regions of dense, polymer microgels and highly fluid RTIL/monomer channels,
which would act as conduits for gas diffusion. If this were the case, one would expect much
lower transport resistance in the RTIL domains compared to dense microgel regions. This would

imply that heterogeneous RTIL-gel membranes would have CO, separation performance
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characteristics more similar to the pure free RTIL, rather than to the polymer, at higher
concentrations of 1. The solubility and diffusivity selectivity data for membranes 100-65 to 20-
2b-65 in Table 5.2 strongly suggests that separation performance of these membranes is, in fact,
more “RTIL-like” than 15-2b-65 and 0-2b-65. Recall that the wt. % of sol in 20-2b-65 and 15-
2b-65 was 80 % and 93 %, respectively, which indicated little occurrence of macrogelation in
20-2b-65 and almost none in 15-2b-65. Perhaps at these lower concentrations of 1, the
disconnect between the two regimes became less distinct to the point where RTIL “pools” no
longer exist, but rather polymer and RTIL are mutually intermixed with one another. The
similarity in performance between membranes 0-2b-65 (which has no cross-linker) and 15-2b-65
suggests that this is likely the case.

The reason as to why the membranes became more dominantly diffusivity-selective at
low concentrations of cross-linking monomer 1 still remains somewhat unclear. We hypothesize
that the membranes are more liquid- than solid-like in nature, and the presence of the polymer
component acted to drastically increase liquid (i.e. RTIL 3) viscosity. This may explain why we
observed a reduction in CO, diffusivity and an increase in CO,/CHj, diffusivity selectivity for
membranes 15-2b-65 and 0-2b-65 compared to 40-2b-65. In membranes 15-2b-65 and 0-2b-65,
we suspect that much longer and more uniformly dispersed poly(ethylene) units (i.e., linear
polymer backbone) exist in the membrane. This may have led to the dramatic rise in CH,
solubility and subsequent loss in CO,/CHy, solubility selectivity observed for these two

membranes (Table 5.2).
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5.3.4. Effect of monofunctional monomer substituent on CO, permeability and selectivity

To investigate the effect of the mono-functional monomer substituent on cross-linked
membrane performance, monomers 2a and 2c¢ were synthesized and copolymerized with cross-
linking monomer 1 to afford four membranes. The CO, diffusivity, solubility, permeability and
permeability selectivity of these membranes is summarized in Table 5.3, along with the

performance of analogous films composed of just 2b (80 mol %) and 1 (20 mol %).

Table 5.3. CO diffusivity, solubility, permeability and permeability selectivity of selected
membranes in this study.**¢¢

Membrane Mol %1 Wt. %3 D(CO,)x 10’ S(CO,) P(CO,) P(CO,)/P(CH,) P(CO,)/P(N,) P(CO,)/P(H,)

20-2a-45 20 45 28+0.2 49+03 180*10 22 35 6.6
20-2b-45 20 45 40+03 47%03 250+10 22 35 6.7
20-2c-45 20 45 42+03 43+02 24010 17 31 7.1
20-2a-65 20 65 6.9+0.6 41+0.2 37020 19 34 9.8
20-2b-65 20 65 70+ 05 42+0.2 390+20 19 36 10
20-2¢-65 20 65 82+06 39+0.2 420+20 18 32 9.6

*Diffusivity in cm?s™
*Solubility in cm®(stp) cmatm™
‘Permeability in barrer

“Error represents +/- one standard deviation

The effect of monomer substituent was investigated at two loading levels of RTIL 3, 45 wt. %
and 65 wt. %. At the lower loading of RTIL 3 (45 wt. %), there was no significant difference in
CO; permeability between samples 20-2b-45 (250 barrers) and 20-2c¢-45 (240 barrers). A slightly
lower CO; permeability 0f180 barrers, however, was observed for membrane 20-45-2a
compared to 20-2b-45. This would suggest that the shorter substituent on monomer 2a allows for

more efficient packing of polymer chains at this concentration of 3 compared to the membrane
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with 2b. The lower diffusivity of membrane 20-2a-45 (2.8 x10”" vs 4.0 x10” cm?s™) also
suggests this is the case. At higher RTIL 3 loading, however, the length of the substituent on the
mono-functional monomer appears to have a lesser influence on permeability and diffusivity. For
example, the CO; permeability of membrane 20-2a-65 was 370 barrers compared to 390 barrers
for 20-2b-65. Likewise, the chemical nature of the substituent (i.e., polar vs. apolar) seems to
make only a minimal difference at the higher loading of free RTIL 3. As seen in Table 5.3, the
permeability of membrane 20-2c-65 is 420 barrers.

The length of the monomer substituent has no observable effect on CO, permeability
selectivity at the lower loading level of 3, as seen by comparison of membranes 20-2a-45 to 20-
2b-45 in Table 5.3. A noticeable, although marginal, difference in selectivity, for CO,/N, and
CO,/CHy in particular, was observed for membrane 20-2c-45. CO,/CH4 and CO,/N;
permeability selectivity for this membrane was 17 and 31, respectively, compared to 22 and 35
for 20-2b-45. We suspect that the enhanced CO, selectivity of membranes 20-2b-45 and 20-2a-
45 is due to the presence of polar ethylene oxide units, which are known to improve CO,
solubility [20, 70]. At the higher loadings of RTIL 3 (65 wt. %), the length of the monomer
substituent has no effect on CO,/CH, permeability selectivity and little, if any, effect on CO,/N,
permeability selectivity. For example, the CO,/N, permeability selectivity for membranes 20-2a-
65 and 20-2b-65 was found to be 34 and 36, respectively. As seen with the lower loading level of

3, membrane 20-2b-45 was only marginally more selective than 20-2¢-45 (Table 5.3).
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5.4. Conclusions

A series of cross-linked, poly(vinylimidazolium)-RTIL gel membranes were synthesized.
These membranes contained three distinct components: di-functional (i.e. cross-linking) RTIL
monomer, mono-functional RTIL monomer (if copolymerized), and free, non-polymerizable
RTIL (emim Tf,N). The effect of free RTIL loading on ideal CO, permeability and ideal
CO,/N,, CO,/CH,4, and CO,/H, permeability selectivity was investigated by evaluating
membranes fabricated with di-functional monomer and 45, 65, or 75 wt. % free RTIL. The effect
of cross-link content on copolymer membrane separation performance was also investigated by
varying copolymer composition from 5-100 mol % di-functional monomer at all three levels of
RTIL loading. The substituent on the mono-functional monomer (i.e., non-cross-linking) was
varied in length and structure to investigate the effect of this component on cross-linked
copolymer gel membrane CO, separation performance.

CO; permeability dramatically increased and ideal CO,/N, and CO,/CH,4 permeability
selectivity remained nearly constant with higher loading of free RTIL. However, ideal CO,/H;
permeability selectivity was significantly improved as the content of free RTIL in the
membranes was increased. The membrane containing 75 wt. % free RTIL certainly possessed the
most impressive CO, permeability (520 barrers). While ideal CO,/N, and CO,/CH,4 permability
selectivities for this membrane were good (37 and 20, respectively), ideal CO,/H, permeability
selectivity was quite remarkable (12). There are very limited examples of membranes possessing
CO;, permeabilities exceeding 100 barrers and CO,/H, selectivities over 10 [16, 17, 51].

Decreasing the amount of cross-linking monomer generally resulted in enhanced
diffusivity for all studied gases. The ideal CO,/N, and CO,/CH, permeability selectivity

remained nearly constant, while CO,/H; selectivity was slightly improved with decreasing
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concentration of cross-linking monomer. However, each system (45, 65, or 75 wt. % RTIL)
displayed somewhat anomalous permeability and selectivity behavior below critical
concentrations of cross-linking monomer. For example, CO, permeability was found to decrease
when the concentration of di-functional monomer went below a certain amount. We suspect that
these unexpected trends were due to a significant degree of residual unsaturation,
inhomogeneous network formation, and competition between the “cross-linking” and “co-
polymer” effects on CO, permeability. Ideal CO, permeability was found to dramatically
increase at the lowest concentrations of di-functional monomer due to a large soluble-fraction
(i.e. non-cross-linked) of polymer and unreacted monomer. However, ideal CO; permeability
selectivity for all gas pairs was greatly reduced at the lowest studied concentrations of di-
functional monomer. We attributed these observations to a radical morphological change in
copolymer network structure when minimal di-functional monomer was used.

Copolymer membrane separation performance was affected very minimally by varying
the length or chemical composition of the mono-functional monomer substituent. Shortening the
length of the substituent resulted in a slight reduction in ideal CO, permeability and no
observable effect on ideal CO; selectivity. Replacing the substituent with an apolar, n-hexyl
appendage affected CO, permeability very little, but slightly reduced ideal CO, selectivity. This
indicated that the presence of ether-oxygen groups in the mono-functional monomer contributes
to enhanced, “PEO-like” CO; selectivity. However, it is unclear as to how the mono-functional
monomer structure impacts network formation during polymerization.

The studied cross-linked poly(RTIL)-RTIL gels have certainly demonstrated much
promise as a configuration that both “stabilizes” the liquid RTIL and possesses “liquid-like” CO,

separation performance. We have recognized that performance of these membranes can be
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improved by the “simple choice” of a more CO,-selective RTIL, and we are currently
investigating several RTIL candidates that substantially improve membrane performance. As
described in this work, these membranes are considerably straightforward to fabricate; this fact
belies the complex nature of network formation and resulting membrane properties. While it is
certainly important to investigate the RTIL aspect (i.e., gels of different RTILs), it is perhaps
more critical to gain a fundamental understanding of these cross-linked poly(RTIL)-RTIL
membranes with respect to network formation and gel properties. Only then can researchers truly
tailor these materials for enhanced CO; separation performance and, more critically,
optimization of liquid stability at higher pressures. Clearly the CO, separation performances
presented here, however impressive, are meaningless if liquid stability is compromised at
elevated pressures. The industrial viability of these materials will depend not only on
demonstrated long-term pressure stability, but also on the ability to form thin (e.g. <1 pm)
poly(RTIL)-RTIL gel films. Progress toward both of these ends will require a comprehensive

understanding of material-property relationships.
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Chapter 6

Conclusions and Recommendations

6.1 Summary of thesis work

In Chapter 2 it was demonstrated that group contribution theory and regular solution
theory can be used in combination to interpret the CO, solubility and CO,/light gas solubility
selectivity performance of imidazolium-based RTILs. More importantly, it was demonstrated
that this simple model can be used to predict RTIL solubility parameter and, subsequently, CO,
solubility and selectivity of newly synthesized RTILs; one need only to obtain the RTIL density.
It was shown that CO, solubility is reduced while CO; selectivity is enhanced when RTIL
solubility parameter is increased. Increasing the solubility parameter can be achieved by
appending the cation with functional groups that possess large molar attraction constants, such as
nitriles, alkynes, or ethers. This design concept was explored and validated further in a recent
review [1]. As there are certainly millions upon millions of possible RTIL structures, this model
will no doubt assist in substantially narrowing the field of “promising” RTIL candidates.
However, it seems clear that radical changes in RTIL solubility parameter (i.e. CO, selectivity)
are difficult to achieve via addition of an increasing number of functional groups on the cation or
anion. Adding more functionality will result in an increase in molar volume, which effectively
“dilutes” the effect of further functionalization. The optimal approach toward developing highly
CO,-selective RTILs may be to functionalize RTILs that have inherently small molar volumes

(e.g., RTILs with small anions: BF,, dca, OTf, tcm, etc).
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An important consequence of appending polar substituents (i.e., high molar attraction
constants) to the cation is generally enhanced RTIL-RTIL interactions and increased RTIL
viscosity [2]. It is well-known that RTIL gas diffusivity and permeability are strong functions of
RTIL viscosity [2-5]. Highly viscous RTILs generally have poor CO, permeabilities and reduced
CO,/H, diffusivity selectivities, due to their enhanced size-selective nature. As bulk liquids,
functionalized RTILs may be synthesized that possess excellent CO, selectivity, but their
permeability may suffer significantly due to their viscous nature. This highlights a very
important tradeoff inherent to the design of higher solubility parameter, more CO,-selective,
RTILs. In addition to minimizing RTIL molar volume as described above, it also recommended
to focus the design of new RTILs that possess minimal bulk viscosities. RTILs that will prove
optimal for membrane-based separations will likely possess large solubility parameters (e.g., >
27 MPa'’?) and low viscosities (e.g., < 20 cP). In the near term, imidazolium-based RTILs with
nitrile-functionalized anions appear to be promising candidates for use in composite and gel
configurations (Ch. 3-5) [6, 7]. However, there will no doubt be other significant tradeoffs in
material properties to consider that have not been discussed here, such as hydrophobicity and
thermal and chemical stability. Perhaps many of these tradeoffs can be balanced by blending
RTILs that possess disparate material properties.

The synthesis and performance of new, main-chain poly(imidazolium) membranes was
presented in Chapter 3. These polymers were fabricated by the Sn2 step growth polymerization
of bisimidazole and dialkylhalide monomers followed by subsequent anion exchange to the Tf,N
anion. Main-chain poly(imidazolium)s are a unique class of linear, step-growth polymerization
polymers since the reaction mechanism does not involve the condensation of a small molecule

bi-product, such as HCI or H,O, which typically hinder continued polymerization [8]. However,
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the Sn2 mechanism is certainly slower compared to the reaction of an acid chloride with an
alcohol or an amine (i.e., as in the step-growth polymerization of poly(ester)s or poly(amide)s)
[8, 9]. It was demonstrated that CO, separation with these membranes was moderate in terms of
CO; permeability and CO/light gas selectivity. However, the CO, permeability of these
preliminary materials was improved by incorporation of “free RTIL.” It was also shown that the
CO; separation performance of these polymers was quite moderate in comparison to previously
studied photo-polymerizable, chain-addition poly(RTIL)s. However, there is much room for
improvement upon main-chain poly(imidazolium) performance. Replacement of the n-decyl
spacer group with an oligo(ethylene glycol) spacer could certainly improve linear chain
flexibility (i.e., permeability) and CO,/light gas selectivity, for example [10]. The greatest value
in main-chain imidazolium polymers is, perhaps, their unique ability to homogenously blend
with liquid RTILs. New polymeric materials that possess this quality are of great value, since the
performance of composite structures has been shown to be very promising (Ch. 4 and 5) [11-13].
Main-chain poly(imidazolium)s may also offer unique material properties that are not available
in poly(olefin)-based, chain-addition poly(RTIL)s. This initial study serves as a demonstration
and new platform upon which future studies of main-chain poly(imidazolium)s should certainly
be based.

The synthesis and CO2/light gas membrane separation performance for a series of photo-
polymerized, vinyl-based poly(RTIL)s was presented in Chapter 4. This study investigated the
effect of poly(RTIL) polymer backbone (e.g., poly(ethylene) vs. poly(styrene) and
poly(acrylate)) on CO, permeability and selectivity. This study also investigated the structure-
permeability relationships of vinyl-based poly(RTIL)s by varying the imidazolium monomer

substituent from n-alkyl to oligo(ethylene glycol), fluoroalkyl, and disiloxane. It was
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demonstrated that vinyl-based poly(RTIL)s are generally less selective than analogous styrene-
and acrylate-based poly(RTIL)s. However, depending on monomer substituent, the vinyl-based
poly(RTIL)s were shown to be substantially more permeable. This was the case for n-hexyl- and
disiloxane-functionalized poly(RTIL)s. Although these relatively permeable vinyl poly(RTIL)s
do not possess favorable CO,/N, or CO,/CH,4 permeability selectivity, it was shown that
inclusion of 20 mol % “free RTIL” improves CO, permeability and CO, selectivity. It is
incredibly rare to observe an improvement in polymer membrane permeability coupled with an
improvement in permeability selectivity (or vice versa). It was demonstrated that this type of
enhancement is possible if the parent polymer is less selective than the inherent CO, selectivity
of the neat liquid RTIL. The results of this work have established a new approach toward
poly(RTIL) design and performance. The development of future poly(RTIL)s should be focused
on increasing neat polymer permeability, rather than selectivity. Since the difference in current
vinyl poly(RTIL) and SILM permeability is nearly an order of magnitude (i.e., 100 barrers vs.
1000 barrers), a large amount of free RTIL will be needed to improve permeability to a level that
can be considered competitive. This will likely result in mechanical stability issues due to the
presence of high liquid volumes. The difference in vinyl poly(RTIL) and SILM CO, selectivity,
on the other hand, is only a factor of about 1.5-3. Developing more permeable “parent
poly(RTIL)s” will require less free RTIL to improve membrane permeability to a point that can
be considered competitive (i.e., approaches or exceeds the “upper bound” [14]). Since the
difference in CO; selectivity between poly(RTIL)s and SILMs is substantially less than the
difference in permeability, minimal amounts of free RTIL (e.g. < 50 wt %) can possibly result in
large improvements in selectivity. Based on the work presented in Chapter 4, vinyl-based

poly(RTIL)s are good candidates to further improve parent polymer permeability. The
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disiloxane-functionalized poly(RTIL) is especially promising. However, there are certainly other
polymer moieties, such as PEO and PDMS, which possess inherently higher CO, permeability
and/or selectivity. There may be much value in functionalizing these polymers with RTIL units
(e.g. imidazolium) to allow compatibility and stability with free liquid RTIL.

The synthesis and CO; separation performance of cross-linked poly(RTIL)-RTIL gel
membranes was presented in Chapter 5. The “free RTIL” component in these membranes was
stabilized by the cross-linked, copolymer network formed during photo-copolymerization of di-
functional and mono-functional RTIL monomers. The effect of free RTIL content was
investigated by varying the loading at three levels (45, 65, and 75 wt % RTIL). The membrane
permeability was drastically improved by increasing the liquid RTIL loading. However, little
change in CO,/N; and CO,/CH,4 permeability selectivity was observed. The measured CO,/H,
selectivity, on the other hand, was found to substantially improve with increasing liquid loading.
The permeability of the studied membranes was generally increased by reducing the amount of
di-functional (i.e. cross-linking) monomer. However, below certain concentrations (which
depended on free RTIL content) of di-functional monomer the permeability was found to
decrease. This anomalous behavior was likely due to heterogeneous network formation and
competition between the “copolymer effect” and “cross-linking effect” on CO, permeability. The
measured CO; selectivity remained relatively unchanged with reduced di-functional monomer
concentration, although CO,/H; selectivity was found to increase slightly. However, at the
lowest concentrations of cross-linking monomer, a drastic reduction in CO, selectivity was
observed. This was attributed to a radical change in membrane morphology as the membranes

went from highly cross-linked to linear a linear polymer matrix mixed with free RTIL.
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The studied cross-linked poly(RTIL)-RTIL gels have certainly demonstrated much
promise as a configuration that both “stabilizes” the liquid RTIL and possesses “liquid-like” CO;
separation performance. We have recognized that performance of these membranes can be
improved by the “simple choice” of a more CO,-selective RTIL, and we are currently
investigating several RTIL candidates that substantially improve membrane performance. As
described in this work, these membranes are considerably straightforward to fabricate; this fact
belies the complex nature of network formation and resulting membrane properties. While it is
certainly important to investigate the RTIL aspect (i.e., gels of different RTILS), it is perhaps
more critical to gain a fundamental understanding of these cross-linked poly(RTIL)-RTIL
membranes with respect to network formation and gel properties. Only then can researchers truly
tailor these materials for enhanced CO; separation performance and, more critically,
optimization of liquid stability at higher pressures. Clearly the CO, separation performances
presented here, however impressive, are meaningless if liquid stability is compromised at
elevated pressures. The industrial viability of these materials will depend not only on
demonstrated long-term pressure stability, but also on the ability to form thin (e.g. < 1 pm)
poly(RTIL)-RTIL gel films. Progress toward both of these ends will require a comprehensive

understanding of material-property relationships.

6.2 Recommendations for future work

6.2.1. Cross-linked poly(RTIL)-RTIL gel membrane performance with highly CO,-selective
RTILs

Chapter 2 of this work as well as recent studies [7], strongly suggest that the CO,-selectivity of

poly(RTIL)-RTIL gel membranes can be significantly improved by incorporating a more
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selective “free” RTIL liquid component. It is recommended to investigate the CO, separation
performance of poly(RTIL)-RTIL gels for a series of promising RTILs. Based on these studies a
summary of highly CO,-selective RTIL candidates is shown in Fig. 6.3. The RTILs that contain
nitrile-functionalized anions are of particular interest since they possess inherently low
viscosities. One important aspect of this study should be to determine the correlation between

RTIL viscosity and CO, separation performance, particularly CO, permeability.
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Figure 6.1. RTILs to investigate for enhanced CO; selectivity in cross-linked, poly(RTIL)-RTIL
gel membranes.
6.2.2. New poly(RTIL) architectures for enhanced CO, permeability and/or selectivity

Two polymers that have inherently desirable qualities for CO, separation performance
are poly(ethyle oxide) (PEO) [10, 15-17] and poly(dimethylsiloxane) (PDMS) [18-20]. PEO has
been shown to be very selective for CO,/light gas separations and possess very good CO;
permeability (ca. 100-700 barrers) [10, 15-17]. PDMS, on the other hand is well known for its
substantially high permeability for all gases, and inherently low CO,/light gas selectivity. The
CO, permeability and CO,/CH,4 permeability selectivity for PDMS is about 4500 barrers and 3.7,
respectively [21]. The already impressive performance of these materials can be greatly
enhanced by blending them with a CO,-selective RTIL. However, both polymers, particularly

PDMS, are not known to form stable (i.e., homogeneous) composite structures. Furthermore,
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PEO and PDMS on their own do not possess ionic moieties that will strongly interact with a free
liquid RTIL component and effectively “stabilize” the RTIL within the polymer matrix. It is
therefore highly recommended to focus future research efforts on synthesizing ionically-
functionalized (e.g., imidazolium-functionalized) PEO and PDMS polymers.

Synthesis of epoxide-funcitonalized imidazolium RITL monomers is the most obvious
route toward PEO-based poly(RTIL)s. These monomers can be subsequently polymerized via
well-known, cationic or anionic chain-addition mechanisms. A very attractive polymerization
mechanism would involve the use of photo-acids to initiate cationic polymerization. This method
would eliminate the need for air/water-free techniques and having to handle highly reactive and
dangerous lewis acid initiators.

Functionalization of PDMS with RTIL moieties may difficult. There is one report
describing the synthesis of imidazolium-functionalized silicone macromers [22], and no known
reports on ionically-functionalized PDMS. However, that initial report does demonstrate that
structures like that shown in Fig. 6.1 are possible. Furthermore, there are a vast number of
affordable, reactive silicones available on the market. Functionalization of an acrylate-terminated
silicone oil would be optimal, as it would allow for facile, radical photo- or thermal-curing and

membrane formation.
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Figure 6.2. Possible structure of an imidazolium-functionalized PDMS.

187



It is also highly recommended to investigate the synthesis of bisepoxide RTIL monomers,
which can be cured with multifunctional amines to form cross-linked, step-growth polymer
networks. It would be advantageous, of course, to incorporate free RTIL into these systems for
enhanced membrane transport characteristics. This is a well-known and highly robust
polymerization system that has been used industrially and residentially for a considerable time
now. The curing (i.e., polymerization) of epoxide-amine resins is not sensitive to oxygen or
water. Curable bis(epoxide) RTIL monomers would then have a huge advantage compared to
radically- or ionically-initiated polymerization systems, which are highly oxygen and water
sensitive, respectively. The structures of possible bis(epoxide) imidazolium monomers are shown
in Fig. 6.2. Curable bis(epoxide)-RTIL resins may offer an incredibly robust method to form

composite structures that may not be attainable with the polymer systems presented in this thesis

work.
l_\
|>/\/g§/N\/\(|
0] X@ 0]
[\ 2X© [\
N N O N N
(l)>/\/®§/ \/\O/\/ \/\O/\/ \7@\/\<(|)

Figure 6.3. Possible structures for amine-curable bis(epoxide) RTIL monomers

6.2.3. Study of the effect of readily tunable membrane components on cross-linked poly(RTIL)-
RTIL gel network structure, properties, pressure stability, CO, permeability, and CO,
permeability selectivity.

As described in Chapter 5, cross-linking monomer molecular weight (i.e., size) and
concentration can have wildly varying effects on polymer network formation and resulting gel

properties. Future studies investigating the various fundamental aspects of poly(RTIL)-RTIL
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network formation are highly recommended. It may be synthetically challenging to synthesize
di-functional RTIL monomers of increasing molecular weight. However, there are many
commercially available PEG-diacrylate cross-linking monomers that can be used instead. It is
then highly advisable to use acrylate-based RTIL mono-functional co-monomers, rather than
vinyl-based co-monomers. This eliminates any undesirable co-polymerization effects that could
occur based on reactivity differences between the two monomers. The four most easily
controlled aspects of poly(RTIL)-RTIL gel formation are cross-linker molecular weight, cross-
linker concentration, initiator concentration, and free RTIL loading. A study that investigates
these effects on the following properties will be of great value for future optimization of
poly(RTIL)-RTIL gel performance: glass transition temperature (Tg), elastic modulus (G’),
heterogeneity (width of Tan(8) peak), double bond conversion, CO, diffusivity, CO,
permeability selectivity, membrane pressure stability, and RTIL diffusion (via solid state NMR).
Gaining an understanding of network properties and their relation to membrane pressure stability
is, perhaps, of utmost concern for the studied gel membranes. Demonstrated, long term pressure
stability, particularly for CO,/H, separations, will be needed to bring these materials closer to

industrial viability.

6.2.4. Temperature and pressure effects on CO, permeability and CO, permeability-selectivity of
cross-linked poly(RTIL)-RTIL gels

It has been demonstrated that CO,/light gas solubility selectivity of imidazolium based
RTILs generally improves with decreasing temperature [23]. It is not known, however, what the
effect of reduced temperature will have on the CO, permeability and permeability selectivity of

cross-linked poly(RTIL)-RTIL gel membranes. It is expected that RTIL viscosity will increase
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with reduced temperature, which will very likely reduce gas permeate diffusivity. It is unclear
how the competing effects of increased CO, solubility and decreased CO diffusivity will
contribute to overall CO; permeability and CO, permeability selectivity. Furthermore, the
membranes studied in Chapter 5 may very well be susceptible plasticization at elevated CO,
pressures, particularly at lower temperatures. Increased pressure may, in fact, offset the effect of
reduced diffusivity at lowered temperatures [17]. A comprehensive study investigating both
temperature and pressure effects will be of great value. This is particularly important in the
interest in separating of CO, from H;, where higher pressures (~500-800 psig) are typical to
syngas streams and current separation techniques involve lowered temperatures. A reasonable
range of pressures to study would be between 2 and 35 atm. Temperatures should studied

between -20 and 20 °C.

6.2.5. Thin film development for new poly(RTIL)-RTIL composite materials

It is genuinely important to demonstrate competitive CO, permeability and permeability
selectivity of newly developed poly(RTIL)-RTIL composite materials (i.e., performance
approaches or exceeds upper bound[14]). However, new polymer membrane materials will likely
not be considered industrially viable until the formation of thin, defect-free films is
demonstrated. Permeance (gas permeation units, GPU), rather than permeability, is the true
metric by which industrially viable membranes are measured. The gas permeance of a membrane
scales with membrane thickness: the thinner the membrane, the higher the permeance.
Permeance can easily be calculated by dividing the permeability in barrers by the membrane
thickness in micrometers. For example, a membrane with a permeability of 100 barrers will have

a permeance of 50 GPU, if the membrane is 2 um thick. To be considered “equivalent” with
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current membrane technologies, poly(RTIL)-RTIL materials need to possess a CO, permeance of
at least 100 GPU. This implies that membrane thickness for some of the more permeable
materials studied in this thesis must be on the order of 1-5 um. To be highly competitive with
current technologies, poly(RTIL)-RTIL membrane thicknesses will likely need to be sub-1 pm.

It is highly recommended to immediately begin a concerted effort toward developing
defect-free, thin-film deposition techniques for promising poly(RTIL)-RTIL composite
materials. As discussed above, it is important to demonstrate thin film formation, but with even 1
% of surface area defects (e.g., pin-holes), CO,/light gase selectivity will be greatly diminished
[24, 25].Thus, films must not only be thin, but highly defect-free [24, 25]. For the linear, soluble
polymers presented in Ch. 3 and 4, current industrial thin film techniques would apply quite well
[24, 25]. However, the cross-linked poly(RTIL)-RTIL membranes presented in Ch. 5 may be
quite difficult to process. A casting technique is not a viable option since these are cross-linked,
insoluble networks. The only available option is to perform the polymerization step on a thin
monomer/RTIL film. This is technologically challenging due to issues with oxygen inhibition
during the polymerization of a thin monomer film. The formation of a thin monomer film will
also be difficult, since the liquid monomer will tend to penetrate any porous substrate. “Wet-
casting” techniques [25] may help overcome this issue, as many RTILs studied here are
hydrophobic.

A different approach toward the cross-linking of poly(RTIL)-RTIL membranes may be
necessary to allow for thin film processing. Forming a linear copolymer that contains a limited
number of curable pendant groups may be one alternative approach. The linear poly(RTIL) could
then be blended with “free RTIL” and co-dissolved in a casting solvent. Once a thin film is

formed, a final photo- or thermally-intiated cure step could cross-link the polymer network via
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the reactive pendant groups. This technique would require a RTIL co-monomer that contains two
reactive groups: one which is used to form linear polymer, and one that is used to form the final
cross-links. Chemical groups which are polymerizable by orthogonal reaction techniques, such
as radical chain-addition and cationic chain-addition, can be appended to the same imidazolium
RTIL monomer. Vinyl and epoxide groups are two chemically orthogonal polymerizable units

that could be suited for this application.
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Appendix A

Scanning Electron Microscope (SEM) Images of the Three
Polymer Membranes Studied in Chapter 3

A side-on view of freeze-fractured membranes studied in this work are shown in Figs. A.1-A.3.
The membrane thicknesses were estimated using the scale bar provided by the SEM image
capture software. These images serve as examples. Several images were used to obtain accurate

thickness estimates.

Figure A.1.Electrion micrograph of Polymer 1
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Figure A.2. Electrion micrograph of Polymer 2

18 kU

Figure A.3. Electrion micrograph of Polymer 2-RTIL composite
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Appendix B

'H and *C NMR Spectra of Poly(1a) through Poly(1f) in
Chapter 4
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Figure B.1. *H NMR sprectrum (a) and **C NMR spectrum (b) of poly(1a) in CDsCN
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Figure B.2. '"H NMR sprectrum (a) and **C NMR spectrum (b) of poly(1b) in CDsCN
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Figure B.3. *H NMR sprectrum (a) and **C NMR spectrum (b) of poly(1c) in CDsCN
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Appendix C

Supplementary Figures, Tables, and Methods for Chapter 5

C.1. Supplementary Figures
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Figure C.1. Ideal CO, permeability and selectivity of 100-75, 80-2b-75, 60-2b-75, 40-2b-75,
(Table 1) graphed in (a) CO2/Ny, (b) CO,/CHy,4, and (c) CO,/H, Robeson Plots. The values above
or below the corresponding data points denote the mol % of 1 out of total monomer in the
membrane. The SILM performance of RTIL 3 (@) is also plotted. Experimental error is within
the data points and represents +/- one standard deviation. The upper bound shown in (c) was
drawn according to a model prediction developed in a previous paper [71]. The prediction was
made by setting the value of f to 0, which is consistent with rubbery polymers that do not possess
non-equilibrium excess free volume [17, 71].

100 - (@)
U
Pper BOUnd (20

— 08

N
<
EE Em m B
“N 5 ®
o 40 =
O
~—
(a8

10 ‘
100 1000

P(CO,) (barrer)

227



100

* (b)

P(CO,)/P(CH,)

10

100 1000
P(CO,) (barrer)

c)
dicted) (
Bound (pre e
10 - go e
. 50 4@ 10 5
m

P(CO,)/P(H,)

100 | | | - 11000
P(CO,) (barrer)

Figure C.2. Ideal CO, permeability and selectivity of 100-45, 80-2b-45, 60-2b-45, 40-2b-45,
20-2b-45, 10-2b-45, 5-2b-45 (Table 1) graphed in (a) CO,/N,, (b) CO,/CH,, and (c) CO,/H,
Robeson Plots. The values above or below the corresponding data points denote the mol % of 1
out of total monomer in the membrane. The SILM performance of RTIL 3 (@) is also plotted.
Experimental error is within the data points and represents +/- one standard deviation. The upper
bound shown in (c) was drawn according to a model prediction developed in a previous paper
[71]. The prediction was made by setting the value of f to 0, which is consistent with rubbery
polymers that do not possess non-equilibrium excess free volume [17, 71].
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Figure C.3. Ideal (a) CO2/N,, (b) CO,/CHy,, and (c) CO,/H, permeability selectivity of 100-75,
80-2b-75, 60-2b-75, 40-2b-75 (see Table 1) vs mol % of cross-linking monomer 1 in the pre-
polymer mixture for. Mol % here is defined as moles of 1 divided by total moles of 1, 2 and 3.
The molar compositions listed in Table 1 are defined as moles of 1 (or 2) dived by total moles of
1 and 2. The lines connecting data points in figures a-c are only meant to guide the eye. The
values next to the corresponding data points denote the membrane composition (see Table 1).
Error given represents +/- one standard deviation.
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Figure C.4. Ideal (a) CO2/N,, (b) CO,/CHy,, and (c) CO,/H; permeability selectivity of 100-45,
80-2b-45, 60-2b-45, 40-2b-45, 20-2b-45, 10-2b-45, 5-2b-45 (see Table 1) vs mol % of cross-
linking monomer 1 in the pre-polymer mixture for. Mol % here is defined as moles of 1 divided
by total moles of 1, 2 and 3. The molar compositions listed in Table 1 are defined as moles of 1
(or 2) dived by total moles of 1 and 2. The lines connecting data points in figures a-c are only
meant to guide the eye. The values next to the corresponding data points denote the membrane
composition (see Table 1). Error given represents +/- one standard deviation.
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Figure C.5. Ideal CO, permeability and selectivity of 100-45, 100-65, 100-75, neat poly(2b),
and neat poly(1) graphed in (a) CO2/N,, (b) CO,/CHy4, and (c) CO,/H, Robeson Plots. The values
next to the corresponding data points denote the composition of the membrane. The SILM
performance of RTIL 3 (@) is also plotted. Experimental error is within the data points and
represents +/- one standard deviation. The upper bound shown in (c) was drawn according to a
model prediction developed in a previous paper [71]. The prediction was made by setting the
value of f to 0, which is consistent with rubbery polymers that do not possess non-equilibrium
excess free volume [17, 71].
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C.2. Supplementary Tables

Table C.1. Ideal CO, permeability (barrer) and ideal CO, permeability selectivity for studied

membranes

Membrane P(CO,) P(CO,)/P(N,)  P(CO,)/P(CH,;) P(CO,)/P(H,)

1. 100-45 130 *10 36 22 6.7
2. 80-2b-45 140 +10 35 22 6.7
3. 60-2b-45 190 #10 37 22 7
4. 40-2b-45 180 +10 34 21 6.9
5. 20-2b-45 250 =10 35 21 7.5
6. 10-2b-45 210 #10 34 20 7.7
7. 5-2b-45 290 £10 27 14 7.3
8. 100-65 350 =*20 34 20 9.3
9. 80-2b-65 400 +20 34 20 9.7
10. 60-2b-65 430 +20 37 20 11
11. 40-2b-65 470 +20 37 20 11
12. 20-2b-65 390 +20 36 19 10.
13. 15-2b-65 490 +20 27 14 9.1
14. 100-75 520 +30 37 20 12
15. 80-2b-75 440 +20 36 19 11
16. 60-2b-75 410 *20 35 18 11
17. 40-2b-75 490 +20 32 18 11
18. 20-2a-45 180 10 35 22 6.6
19. 20-2a-65 370 20 34 19 9.8
20. 20-2c-45 240 =10 31 17 7.1
21. 20-2c¢-65 420 +20 32 18 9.6
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Table C.2. CO, and CH, diffusivity (cm?s™ ) and solubility (cm®*(STP) cm™ atm™) as well as
CO,/CH, diffusivity and solubility selectivity of studied membranes

Membrane Mol % (1) D(CO,) x 10’ D(CH,) x 10° D(CO,)/D(CH,)  S(CO,) S(CH,)  S(CO,)/S(CH,)
1. 100-45 100 2303  0.94+0.09 2.4 43+0.2 0.48+0.05 9.0
2. 80-2b-45 80 2.5%0.2 1.0+0.1 2.5 43+0.2 0.48+0.05 8.9
3. 60-2b-45 60 2.9+03 1.1+0.1 2.7 48+0.4 057+0.06 8.4
4. 40-2b-45 40 32103 1.3+0.1 2.4 43+0.2 0.49+0.05 8.9
5. 20-2b-45 20 4.0%03 1.5+0.2 2.6 47+0.4 058+0.06 8.0
6. 10-2b-45 10 3.1+0.3 1.3+0.2 2.3 51+0.4 0.58+0.06 8.7
7. 5-2b-45 5 46+03 0.88+0.09 5.2 48+005 1.8%0.2 2.7
8. 100-65 100 5.4+0.5 2.0£0.1 2.7 49+0.3 0.67+0.02 7.3
9. 80-2b-65 80 5.7+0.7 23101 2.5 53+0.6 0.64+0.02 8.3
10. 60-2b-65 60 72408 36403 2.0 45+0.3 0.48+0.04 9.4
11. 40-2b-65 40 73107 31402 2.4 49+0.2 0.57+.03 8.6
12. 20-2b-65 20 70+ 05  3.6+0.2 1.9 42+0.2 0.45+0.04 9.3
13. 15-2b-65 15 53+05 1.0£0.1 5.3 7.0£03 2.7+0.08 2.6
14.  100-75 100 9.0+0.6 43103 2.1 4.4+0.3 0.45+0.05 9.8
15. 80-2b-75 80 8.6+0.8 35404 2.5 3.9+0.3 0.51+0.05 7.6
16. 60-2b-75 60 7.5+0.7 33103 2.3 42+0.4 053+0.05 7.9
17. 40-2b-75 40 53104 23402 2.3 7.1+0.5 0.93+0.09 7.6
18. 20-2a-45 20 2.8+0.2 1.2+0.2 2.5 49+0.3 0.56+0.06 8.8
19. 20-2a-65 20 6.9+0.6 3.1+03 2.2 41+0.2 0.47+0.05 8.8
20. 20-2c-45 20 42+03 1.9+0.2 2.2 43+0.2 0.53+0.05 8.1
21. 20-2c-65 20 82106  4.0+03 2.1 3.9+0.2 0.46+0.05 8.5

Table C.3. Mass soluble-fraction as determined by Soxhlet extraction and vinyl group double
bond conversion as determined by FT-IR spectroscopy for membranes 8-13.

Mass Sol- Vinyl Group

Membrane fraction Conversion
8. 100-65 0.71 0.71
9. 80-2b-65 0.71 0.72
10. 60-2b-65 0.71 0.74
11. 40-2b-65 0.73 0.75
12. 20-2b-65 0.80 0.74
13. 15-2b-65 0.93 0.74
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C.3. Methods for determination of soluble mass fraction of cross-linked membranes

A detailed schematic of the experimental apparatus used to perform the extraction is
shown in Scheme C.1. The masses of all membranes were measured and recorded prior to
extraction. MeOH (300 mL) was then added to a 500-mL 1-neck, round-bottomed flask equipped
with a magnetic stir bar. Membranes were then placed in a coarse, glass Soxhlet thimble, and
then placed into the Soxhlet extractor. The extractor was then adapted to the 500-mL flask as
shown in Scheme C.1. A reflux condenser was then adapted to the top of the Soxhlet extractor,
and the base of the extractor and the vapor tube were adequately wrapped with insulating
material (absorbent cotton). The MeOH was then stirred and heated sufficiently so that the
Soxhlet extractor would fill up and flush at approximately 5-10 min intervals. The extraction was
allowed to proceed for 36 h at which time the membranes were removed and allowed to dry at
ambient conditions for 1 h. The membranes were then further dried in vacuo for 24 h at room
temperature and their mass was recorded. To calculate sol-fraction, the dry support mass (Supor-
200) was subtracted from the initial and final membrane masses. The dry support mass was
found by measuring and averaging the mass of three separate Supor-200 support filters. Sol-

fraction was calculated according to Eq. (S1):

. Final mass—dry support mass
Sol — fraction =1 — — Y PP (S1)
Initial mass—dry support mass
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Scheme C.1. Soxhlet extraction setup used to remove membrane sol-fractions
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Appendix D

Improving CO, Permeability Selectivity in Cross-linked
Poly(RTIL)-RTIL Membranes by Incorporating Highly
Selective RTILs: Preliminary Data

D.1. Summary of Methods and Preliminary Results

In Chapter 5 it was demonstrated that cross-linked poly(RTIL)-RTIL gels possess
excellent CO, permeability and CO,/light gas permeability selectivity. However, the best
performing membranes of that study did not exceed the current upper bounds for CO2/N, and
CO,/CHy, separations (Figs. 5.3a and 5.3b). One conclusion that came out of that study was that
the liquid RTIL-selectivity has a fairly substantial impact on overall membrane selectivity when
the membrane contains large amounts of “Free RTIL.” The RTIL used in Chapter 5 (emim Tf,N)
is certainly not the most CO,-selective RTIL available, although it is considerably easy to
synthesize and isolate. As discussed in Chapter 6, there are numerous RTILs that have
demonstrated enhanced CO; selectivity as a bulk liquid. RTILs that possess nitrile-functionalized
anions, in particular, have shown very high CO; selectivites and relatively low bulk viscosities
(Fig. 6.1). These are two highly desirable properties for membrane-based separations, as
discussed in Chapter 6. Based on the known CO, solubility selectivities of many of these “highly
selective” RTILs, there is a good possibility that poly(RTIL)-RTIL gel membranes can be
formulated to exceed the current upper bound for CO,/N; separation, as well as greatly improve
CO,/H; separation. To test this possibility, a preliminary study has been performed with the

RTIL 1-ethyl-3-methylimidazolium dicyanamide (emim dca). No examination of CO,/CH,4
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separation was performed, since the CO,/CHj, solubility of emim dca is very similar to emim
Tf,N.

A membrane containing 75 wt. % emim dca (Fig. 6.1) and 25 wt. % cross-linking
monomer (1, Fig. 5.2) was fabricated and tested for CO,/N, and CO,/H; separation performance.
Experimental conditions for membrane fabrication and testing were identical to those described
in Section 5.2. The synthesis of emim dca was performed according to known literature
procedures [1]. Since emim dca is inherently hygroscopic, much care was taken to ensure that
the formed membranes did not sit out in open air for more than a minute or two. The results of
this membrane are shown in Fig. D.1. The separation performance of the membrane 100-75
(Table 6.1) from Chapter 6 is plotted as well for comparison. The measured values for CO,

diffusivity and solubility for the two gel membranes plotted in Fig. D.1 are shown in Table D.1.
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Figure D.1: Ideal CO, permeability and selectivity of 100-75 (Table 5.1), where the “free RTIL”
is emim Tf,N () and emim dca () graphed in (a) CO2/N; and (b) CO,/H, Robeson Plots.
The SILM performance of RTIL 3 (@) (emim Tf;N, Ch. 5) is also plotted. Experimental error is
within the data points and represents +/- one standard deviation.

Table D.1. CO, diffusivity (D(CO)) and solubility (S(CO,)) of poly(RTIL)-RTIL gel
membranes containing emim dca and emim Tf,N. ab

poly(RTIL)-RTIL D(CO,)  S(CO,)

75wt. % dca 17+2  2.0+0.2
75 wt. % Tf,N 9+1 4.4+0.5

*Diffusivity in cm?s™ x 10’

bSolubility in cm®(stp)em®atm™

A large improvement in CO2/N, and CO,/H, permeability selectivity was observed for
the dca-containing membrane (Fig. D.1). With a measured CO2/N, permeability selectivity of 59,
the dca membrane clearly exceeds the current upper bound (Fig. D.1a). Compared to the Tf,N-
containing membrane, the CO,/N, and CO,/H, permeability selectivities of the dca membrane

were improved by 60% and 33%, respectively. Only a slight reduction in CO, permeability
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(16%) was observed for the dca membrane compared to the Tf,N membrane. From Table D.1 we
noticed that the CO, diffusivity of the dca membrane is nearly double that of the Tf,N
membrane. This is likely a consequence of lowered viscosity in emim dca compared to emim
Tf,N [1, 2]. The CO, solubility of the dca membrane was quite a bit lower than that of the Tf,N
membrane (Table D.1). This highly suggests that the dca-containing gel is significantly more
solubility-selective than the Tf,N-containin membrane [3, 4]. The reduction in CO; permeability
for the dca membrane is likely due to the observed drop in CO; selectivity.

It is important to point out that the membrane containing 75 wt. % emim dca also
contains a significant amount of Tf,N anion from the cross-linking monomer. Thus, the dca
membrane studied here contains a mixture of emim dca and emim Tf,N by virtue of the free
nature of anions in the polymer gel system. By mol. %, the dca-membrane contains 70% dca and
30% Tf,N anions. It is reasonable to assume that this mixed-anion membrane will perform
differently than a cross-linked membrane that contains only dca anions. Likewise, the
performance may very well depend on the ratio of dca to Tf,N anion. To investigate the “mixed
anion” effect on gel membrane separation performance, further studies will have to be
performed.

This preliminary report clearly demonstrates the value in using highly CO,-selective
RTILs in cross-linked poly(RTIL)-RTIL formulations. Furthermore, it validates the future
studies that are recommended in 6.2.1. In the near-term, large improvements in poly(RTIL)-
RTIL gel performance will likely be achieved by “simple” choice of RTIL. It will be important
to understand the permeability-property relationships of these new formulations, particularly in
terms of RTIL viscosity. The effect of free RTIL chemistry on network formation and properties

should also be carefully considered [5].
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Appendix E

Synthesis and Characterization of First-Generation Epoxide-
Functionalized RTIL monomers

E.1. Summary

In 6.6.2. it was recommended to investigate the synthesis and CO, separation
performance imidazolium-functionalized PEO materials. The motivation for this work comes
from the fact that PEO-based polymers have inherently good CO, permeability and CO,/light gas
selectivity compared to poly(olefin)-based materials [1-3]. One proposed synthetic route towards
imidazolium-functionalized PEO is presented in Scheme E.1. However, this approach first
requires the development of a successful synthetic route toward epoxide-functionalized
imidazolium RTIL monomers. The general structure of such epoxide-RTIL monomers is shown
in Fig. E.1. It was also recommended in 6.6.2. to investigate the synthesis of amine-curable bis-
epoxide RTIL monomers for cross-linked poly(RTIL)-RTIL gel membrane applications.
Structures of these proposed monomers are shown in Fig. 6.3. The synthetic route toward mono-

and bis-epoxide monomers should be very similar.
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Scheme E.1. Synthetic route toward imidazolium-functionalized PEO materials
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Figure E.1. Structures of proposed mono-epoxide (1) and bis-epoxide (2) imidazolium RTIL
monomers

Methods toward synthesizing 1¥-generation epoxide RTIL monomers are presented here
that have been developed in conjunction with this thesis work. The structure and purity of
epoxide-functionalized imidazolium monomers are also verified with *H and **C NMR
spectroscopy, HRMS, and elemental analysis. The synthetic route toward monomers 1 and 2 are

summarized in Scheme E.2.

Step 1 Step 2 @)
_ —
[\ LiTf,N
Br” X + NN > 2 - /%%/N\/\/
N7 CH4CN, reflux DI H,0, RT © N(SO,CFs),
48 h 3h
(2)
Step 3 ) Cl HO,
m-CPBA NN o o
> o \/\<, CPBA =
CH5CN, RT, 30 h m- =
© N(SO2CF3); o)
Step 4
Step 5 Step 6
1. NaH .
=\ 2. 4-bromobutene N/ — \N P _ LiTfoN .
NoNH T TRF 200G, 10 X "7 CHN, reflux DI H,0, RT
2. THF, 65 0C, 24 h 48 h 3h
(i) Step 7 (2)
/\ m-CPBA o
\/\/,C)-IDVN\/\/ :h ?)/\/CI},I)Q/N\/\@
© N(SO,CFz), CHCN.RT, 30 © N(SO,CF3),

Scheme E.2. Synthetic route toward monomers 1 and 2 (Fig. D.1)
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E.2. Experimental
E.2.1. Materials

4-bromobutene was purchased from TCI America (Portland, OR). Meta-
chloroperoxybenzoic acid (76% w/w) was purchased from Sigma-Aldrich (Milauwakee, WI). All

reagents were obtained in the highest purity available and used without further purification.

E.2.2. Synthesis of Monomer 1

The reaction steps 1 and 2 as well as steps 4 through 6 (Scheme E.2.) were performed
according to published literature procedures [4-7]. The Following procedure details the methods
used to isolate monomer 1. These procedures are directly applicable to the synthesis of monomer
2. Note, the stoichiometric ratio of peroxyacid to alkenyl group is two to one in reaction steps 3
and 7 (Scheme E.2).

M-CPBA (10.9 g (76 % w/w), 48 mmol) was added to a 100-mL, single neck, round-
bottomed flask equipped with a magnetic stir bar. Compound ii (10g, 24 mmol) was dissolved in
CH3CN (24 mL) and added to the 100-mL flask. A glass stopper was used to seal the flask and
the reaction was stirred at room temperature for 35 h. A white precipitate was observed within 3
h of initiating the reaction. The acetonitrile was then removed via rotary evaporation at 22 °C.
The reaction was then quenched with Et,O (150 mL), and the RTIL product precipitated as a
clear oil. The RTIL product was stirred vigorously in Et,O for 8 h, and the Et,O phase was
decanted. Additional Et,O was added (200 mL), and the product was vigorously stirred for an
additional 8 h. The Et,O was decanted and the Et,O wash step performed described above was
repeated twice more. After the last wash, the Et,O was decanted and the RTIL product was dried

in vacuo at room temperature for 24 h. Monomer 1 was isolated as a clear, slightly yellow oil.
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Yield: 7.17g (68.9%). Elemental Analysis: Carbon 27.72%, found 27.36% ; Nitrogen 9.70%,
found 9.08%; Hydrogen 3.02%, found 3.08% . HRMS: A = +1.2 ppm. *H and **C NMR spectra

of monomer 1 are shown in Fig. E.2. *H NMR spectrum of monomer 2 is shown in Fig. E.3.
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Figure E.2. 'H NMR (a) and *C NMR (b) spectra (300 MHz, in D-DMSO) of epoxide
monomer 1.
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Figure E.3. *"H NMR spectrum (300 MHz, in D-DMSO) of epoxide monomer 2.
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