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Free Volume Manipulation Techniques of Polymer Membranes for Gas Separations

Sharon Lin

Abstract

Gas separations are ubiquitous in today’s industries and society, playing a role in many key
applications such as oxygen generation for medical procedures and natural gas separations for
power generation and petrochemicals. In the United States, separation processes consume about
16 quadrillion BTU of energy per year, with nearly half of that energy consumption coming from
energy-intensive and thermally-driven processes such as distillation. Using non-thermally-driven
processes, such as polymer membranes, for gas separations could reduce energy costs by up to
90% and save the United States over 4 billion USD per year.

Recently, polymers of intrinsic microporosity (PIMs) have shown promise as a platform
for energy-efficient gas separations due to their rigid and contorted chemical structures, which
increase the amount of free volume and gas throughput. The combination of high permeability and
good selectivity exhibited by many PIMs have placed them near or above the Robeson upper bound,
a standard metric used to compare polymer membrane performance. However, free volume that is
generated from PIMs is done in a “bottom-up” manner where the rigid and contorted chains cause
free volume formation. The size and distribution of free volume elements, therefore, are not
selectively controlled.

In this thesis, alternative methods to free volume generation are explored. The first method
involves a “top-down” approach, where thermally labile functional groups are attached to a
polymer backbone. After film formation, the functional groups are thermally removed well below
the glass transition temperature to systematically template free volume elements of a desired size
and distribution within the polymer matrix. The effect of various thermal treatments on both the
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packing structure and gas transport properties was analyzed, and the results suggest that polymer
chain mobility occurring below glass transition temperatures can disrupt the templated free
volumes. Therefore, more robust polymer systems that can preserve the free volume architecture
after thermal treatment from this approach are needed.

The second method is a “bottom-up” approach similar to that used by PIMs, but with a new
chemical structure consisting of a flexible polymer backbone and rigid side chains that form a
“bottlebrush”-like structure. The polymers were generated via ring-opening metathesis
polymerization (ROMP), and their gas transport properties were examined in ideal and realistic
industrial conditions. These polymers, referred to as ROMP polymers, showed excellent gas
transport properties, as well as unprecedented plasticization and physical aging resistance. The
excellent stability exhibited by ROMP polymers was attributed to the rigid side chains. The effect
of side-chain length on the gas transport properties of a methoxy-functionalized ROMP (OMe-
ROMP) was also studied. In this case, increasing side-chain length led to increased free volume
and plasticization resistance. Lastly, to further probe their plasticization resistance, sorption
measurements and mixed-gas tests using realistic industrial conditions were conducted on OMe-
ROMP samples with different side-chain lengths. Overall, this thesis focuses on alternative
methods to free volume generation in polymer membranes that can be used for energy-efficient

gas separations.

Thesis Supervisor: Zachary P. Smith, Assistant Professor of Chemical Engineering
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Chapter 1. Introduction

Gas separations are ubiquitous in today’s industries and society, playing a key role in a wide
variety of applications.!? For example, gas separations can involve nitrogen separation for inerting
and food packaging, oxygen generation for medical applications, and natural gas purification for
power generation and petrochemicals.® However, in the United States, the separations industry
alone accounts for approximately 50% of all industrial energy consumption, and nearly half of that
is due to thermally-driven separation technologies such as distillation.*® Since distillation
processes rely on liquid—vapor phase changes, the energy required to overcome heats of
vaporization leads these processes to be incredibly energy-intensive.* Cryogenic distillation, a
technique similar to conventional distillation that is run at low temperatures to separate mixtures
based on boiling point, is often used for air separations.® In this process, nitrogen (boiling point =
77.4 K) is removed as the distillate while argon (boiling point = 87.3 K) and oxygen (boiling point
=90.2 K) are removed as the bottoms and further purified by a second column.® While cryogenic
distillation can produce outlet streams of more than 99% purity,’ there are large operating costs
associated with cooling and pressurizing the column for condensing gases.38

Other techniques employed in industry today include pressure swing adsorption (PSA),
temperature swing adsorption (TSA), and chemical absorption. In PSA and TSA, gas mixtures are
fed through an adsorbent bed, where the strongly-adsorbing gases will remain in the column while
the less adsorbing gases will pass through.® Adsorbents are often solid-state materials such as
zeolites and activated carbons that contain extremely high internal surface areas.'® While PSA
relies on changes in pressure to regenerate the column (by inducing desorption),'* TSA uses
elevated temperatures for regeneration.'> While the efficacy of PSA and TSA highly depend on

the gas mixture composition and adsorbent used, purities of around 98% can often be reached for
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applications such as CO,-based separations, nitrogen enrichment, and oxygen purification.t3
However, there are energy costs associated with desorption of gas from the adsorbent after every
cycle. Because gas throughput generally scales linearly with the amount of adsorbent required,
both PSA and TSA are often used for smaller-scale applications with lower purity requirements.*®
Chemical absorption is another technology that is often used for separations, especially
CO2-based separations.'® Here, an amine-based chemical absorbent reacts with CO2 to generate
a carbamic acid.*”'® The carbamic acid will then decompose at elevated temperatures, releasing
the captured CO. and regenerating the amine for further purification steps. Some examples of
liquid amines that are used in chemical absorption include monoethanolamine (MEA),
diethanolamine (DEA), and methyldiethanolamine (MDEA).X°® While chemical amine absorption
can produce streams that are up to 99% pure,?® drawbacks include the need to use elevated
temperatures (> 100 °C) that require large energy inputs for amine regeneration, the risk of amines
degrading under the presence of oxygen and heat that results in corrosive mixtures, and the
possibility of amines forming nonreversible salts when exposed to trace amounts of SO, or
NOx.3162122 Gjven the high energy costs and complications of current methods implemented today
in industry, utilizing energy-efficient and simple alternatives for separations is highly desired.
Polymer membranes are one such promising alternative. Unlike distillation, polymer
membranes do not rely on phase changes for separations, and thus the energy costs associated with
overcoming heats of vaporization are significantly mitigated.? The implementation of polymer
membranes, which are oftentimes more mechanically simple in terms of operation, can also reduce
spatial requirements that are typically needed for conventional separation processes.>*2?3 By using

polymer membranes in place of conventional separation processes like distillation, energy costs
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can be reduced by up to 90%, eliminating 100 million tons of CO; and saving $4 billion in energy
costs per year in the United States.*

In this chapter, the current market for gas separation membranes will be discussed in more
detail. Then, the mechanisms of gas transport in polymer membranes will be discussed, as well as
the metrics to determine polymer membrane efficacy for separations. Next, common issues with
polymer membranes that preclude their widespread use in industry will be discussed. Then, the
concept of free volume in polymer membranes will be introduced, along with emerging materials
and techniques for free volume manipulation (FVM). Lastly, the outline of this thesis will be

presented.

1.1.Current Market for Gas Separations

In 1963, Loeb and Sourirajan introduced a phase inversion process for fabricating membranes,?
in which a polymer is dissolved in an organic solvent and then submerged in a non-solvent to form
a selective and dense polymer film on a porous and asymmetric support. During this process, the
solvent rapidly evaporates, causing the polymer to vitrify.?>? Because this method enables the
formation of thin films (e.g., ~100 nm thickness), which allows for high gas flux, virtually all
polymer membranes for gas separations have been formed in this manner.? In addition, different
geometries such as hollow fibers or spiral wound membranes that can be formed from this phase
inversion approach, maximizing membrane surface area in a given cylindrical volume.? This
feature is particularly beneficial because a high surface-area-to-volume ratio will reduce the size
of pressure vessels needed to treat a given flowrate of gas.?%’

Currently, four major commercial applications for gas separations exist that represent 80—

90% of the gas separation membrane industry.® These four applications are hydrogen recovery,
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natural gas treatment, nitrogen production, and vapor recovery, and their relevant gas pairs and
approximate market sizes (in millions USD) are presented in Table 1.1. Given the nine-fold
increase in the market size from 2002 to 2018, as well as the projected increase in 2022, the market

for gas separation membranes is expected to continue its strong growth.

Table 1.1. Four major commercial applications for gas separation membranes, relevant gas pairs

involved, and approximate market size for 2002, 2018, and 2022 (projected).>>28

Application Relevant gas Approximate Market Size (millions USD)
pairs 2002 2018 2022
(projected)
Hydrogen recovery | Ho/N2, H2/CHa, | 25 200 -
H>/CO
Natural gas | CO2/CHa, 30 300 -
treatment H2S/CHa,
He/CH4
Nitrogen O2/N: 75 800 -
production
Vapor recovery CsHe/Nz2, 20 100 -
CoH4/No,
CoH4/Ar,
C3+/CHag,
CHa4/Njy,
gasoline/air
Total - 150 1400 2610

In 1979, Monsanto was the first company to provide a membrane system for hydrogen
recovery from purge gas (nitrogen, argon, and methane).?”?° This system, consisting of
polysulfone hollow fibers named Prism® membranes, can achieve up to 95% recovery of hydrogen
(H2).%° Today, hydrogen separation membranes are used not only for hydrogen recovery from
purge gas, but are also used for adjusting molar compositions of syngas feeds in oxo-chemical

synthesis (H2/CO) and refinery off-gas purification (Hz/CHa).32528:31
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Natural gas usually consists of methane (CH4) and carbon dioxide (CO), but also many
other compounds such as ethane and larger hydrocarbons, hydrogen sulfide (H.S), inert gases such
as helium and argon, and trace components of many others including BTEX aromatics (benzene,
toluene, ethylbenzene, and xylenes).'® To deliver this complex mixture to U.S. pipelines requires
that the mixture is treated such that it contains less than 2% CO, 120 ppm water, and 4 ppm HS.8
The first membranes for natural gas purification were developed in the 1980s, with W.R. Grace
and Separex (now both part of UOP) developing spiral-wound membranes and Cynara (now part
of Schlumberger) developing hollow fiber cellulose acetate-based membranes.’® Currently,
membranes occupy only 10% of the natural gas purification market due to low selectivity, while
chemical amine absorption occupies the rest of the market.?'® However, due to the complications
involved with chemical amine absorption, including energy and maintenance costs, there is
potential for more selective membranes to be developed. In the past 15-20 years, polyimide
membranes (by Air Liquide) and perfluoropolymer membranes (by ABB/MTR) have also been
developed.®?-34

Nitrogen purification via air separations is typically performed using cryogenic distillation
and PSA, though membranes have also been developed for this application.%>252835 |n the 1980s,
Generon developed a poly(4-methyl-1-pentene) (TPX) membrane for air separations.?® Since then,
new hollow fiber membranes such as polyimides by Praxair, polyimide and polyaramide
membranes by Medal, and tetrahalogenated bisphenol-based polycarbonates by Generon, were
developed and commercialized.?®3°

For vapor recovery, which typically involves the removal of light hydrocarbons from
petrochemical process streams (consisting of about 20-30% of various hydrocarbons in nitrogen),

silicone rubber is the most widely used membrane for separations.?® The first commercial vapor
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separation plants were installed in 1988 by MTR, GKSS, and Nitto Denko.?® Since then, silicone
rubber continues to be the dominant material.

While there have been successes with current commercial membranes, there is still room
for improvement within current applications mentioned above as well as in emerging applications.
As stated earlier, membranes currently only occupy about 10% of the natural gas purification
market.!® This is largely due to the current membranes in use having low gas permeability
(production) and selectivity (purity) capabilities. Therefore, membranes with better performance
will be beneficial in increasing their use in this market. In addition, there is potential for membrane
technology to be used in other separations, mainly olefin/paraffin separation, carbon capture from
flue gas or syngas streams, and vapor/vapor separations.'

In terms of olefin/paraffin separations, ethylene and propylene are the two largest
hydrocarbon feedstocks in the chemical industry due to their use in the synthesis of several vinyl
monomers and polymers such as ethylene oxide and polyethylene from ethylene and acrylonitrile
and polypropylene from propylene.®” In order to obtain compounds such as ethylene and propylene
for further syntheses, separations from paraffins (such as ethane and propane, respectively) is
necessary.®® In 2017, the global production capacity of ethylene and propylene was 169 and 116
MMt (metric million tons) per year, respectively,® indicating the high demand for such
compounds. Currently, the technology used to separate olefin/paraffin mixtures is cryogenic
distillation, which often require 100-150 stages since the components’ boiling points only differ
by 4-5 °C.1838 While this is an area of interest for membranes, the purity and throughput
requirements necessary to replace distillation are far higher than what today’s membrane materials

can provide.
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Another area of interest for membranes is that of carbon capture, which can be
accomplished through various enabling separation processes, such as purification of gas effluent
from steam methane reforming and subsequent water gas shift reaction (CO2/H.), oxycombustion
processes (O2/N2), and CO; capture for sequestration from postcombustion flue gas (CO2/Nz).?
Production of H streams from the water—gas shift reaction in the first application can be used as
fuel or as a hydrogen source in a refinery, while in the last application, CO2 can be captured in
order to reduce CO2 emissions to the atmosphere.! The leading method for post-combustion carbon
capture that has been demonstrated in industry is amine absorption, but due to high
operating/capital costs, large footprint, and toxicity of amines used, membranes have potential to
replace amine absorption as the dominant technology.! For other carbon capture processes, the
largest hurdle that precludes membranes from being used for pre-combustion carbon capture is the
high operating temperature needed for economical separation. For steam reforming reactions,
operating temperatures of 700 °C are needed, while for water—gas shift reactions, temperatures
between 300 and 500 °C are preferred, and commercial membranes are unstable under these
conditions.*

The last application that will be discussed is the separation of organic mixtures. The use of
membranes has been considered for the separation of water from solvents such as ethanol,
isopropanol, and acetone since these solvents form azeotropes with water at purities less than what
is required, which means that distillation is no longer a simple option.* In 1982, GFT built the
first membrane ethanol dehydration system using crosslinked poly(vinyl alcohol) membranes.?
While most plants were pervaporation-based, there has been an increase towards using vapor

permeation systems with zeolite membranes.® While it is considerably easier to perform
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water/solvent separations since water is significantly smaller than the nonpermeating organic

solvent, it is currently unclear whether polymer or zeolite membranes will dominate the industry.*

1.2. Transport in Polymer Membranes

Gas transport in polymer membranes is governed by the sorption—diffusion model.** A detailed
discussion and derivation of the sorption—diffusion model can be found elsewhere,*! but a general
summary is given as follows. In this model, it is assumed that permanent pores in the membrane
do not exist, so molecules travel by means of both diffusion and sorption.*! Gas molecules will
sorb into the high-pressure side of the membrane, diffuse through the membrane via a
concentration (or chemical potential) gradient, then desorb on the low-pressure side of the
membrane.*! During the diffusion step, stochastic molecular chain fluctuations of the polymer
backbone result in the opening and closing of transient gaps in the polymer matrix that are
otherwise known as free volume elements, through which gas molecules will diffuse.*
The permeability of a penetrant, P;, through the membrane is defined as:

1
P, = _Jib (1.1)
Piu — Pia

Where J; is the penetrant flux, [ is the membrane thickness, and p; ,, and p; 4 are the upstream and

downstream pressures, respectively.>3 Permeability is often expressed in units of barrer (1071° cm®
(STP) cm/(cm? s cmHg)).2® In non-ideal cases, the upstream and downstream pressures are
replaced by their respective fugacities.®> The penetrant flux can also be described using the
following equation:

Piu — Pia

Ji = D;S; (1.2)
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Where D; is the diffusion coefficient, and S; is the sorption coefficient. By combining Equations
1.1 and 1.2, the following relationship can be established:
P, = D;S; (1.3)
Therefore, permeability is a function of both diffusion and sorption coefficient.*!
The ideal separation ability (ideal selectivity) of a membrane is expressed through the

following equation:

_ P DS (1.4)
TR T '

Where species i is generally the more permeable of the two such that «;; is greater than 1. As
shown above, the ideal selectivity can be decoupled into diffusivity selectivity and sorption
selectivity. Mixed-gas selectivities can also be determined by assessing gas-phase composition of
the permeate using gas chromatography, mass spectrometry, among other techniques.*

The sorption coefficient can be determined using direct sorption experiments which
involve measuring the concentration of gas sorbed in the membrane as a function of equilibrium
pressure.*? There are various models to describe the sorption behavior of a polymer membrane,**44
but one of the most common models used is the dual-mode sorption model.*® The dual-mode

sorption model describes sorption as an addition of Henry and Langmuir sorption, shown below:

(1.5)

Where C is the concentration of gas sorbed into the polymer membrane, kj, is Henry’s constant, p
is the equilibrium pressure, Cj; is the Langmuir sorption capacity, and b is the Langmuir affinity
coefficient.* In terms of the sorption coefficient, the above equation can be rewritten as follows:

S—C—k + Cisb
p b 1+bp

(1.6)
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The sorption coefficient at infinite dilution (S°), which physically represents the affinity of the
first gas molecule to sorb into the polymer, can be obtained by taking the limit of the above
equation as pressure approaches zero:*?

5% =1limS = kp + Chb (1.7)
p—)

1.3.Current Issues in Polymer Membranes

Ideally, a membrane will have both high permeability and selectivity in order to maximize purity
while cutting back on material costs. However, a trade-off relationship exists between the two
parameters, such that materials that exhibit high permeability generally have low selectivity, and
vice versa. This experimental trade-off was first identified by Robeson,*®#” who collected a large
database of membrane permeabilities and selectivities for a number of common gas pairs in plots
that are known as Robeson upper bound plots. Since then, Freeman established a theoretical basis
for this trade-off,*® and a number of other upper bounds have been developed to account for new
data.49‘52

Figure 1.1 shows an example of a Robeson upper bound for the CO2/CHj4 gas pair. In such
plots, the gas pair selectivity is plotted as a function of gas permeability for all polymers available
in literature, and an upper bound line is established beyond which no data will appear. The
performance of new materials developed is often compared against Robeson upper bound plots.
However, data points plotted on the upper bound are pure-gas data obtained with a narrow range
of testing conditions (usually 1 atm and 35 °C). In industrial settings, feed pressures and
temperatures are often higher than what is tested in the laboratory scale. Separation performance
in mixtures can also differ significantly from that for pure gases, especially when the gases

involved are condensable. For example, in a CO2/CH4 mixture, competitive sorption between CO>
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and CH4 and swelling effects from high pressures of CO, can drastically alter the separation
performance.?®®® Therefore, while upper bound performance is an indication of viability in
industrial applications, other considerations must be taken into account, such as membrane

stability and separation performance in mixtures.
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Figure 1.1. CO,/CH4 Robeson upper bound plot. Each gray square represents a homogeneous,

solution-processable polymer material. The black line represents the 1991 upper bound,*® while

the red line represents the 2008 upper bound.*’

Membrane stability is another issue that precludes membranes from being the dominant
method for gas separations in industry. In polymer-based membranes, plasticization is a
phenomenon that occurs when the presence of a highly condensable gas (e.g., CO2, C3Hs, C3Hs,
H2S, etc.) results in increased polymer translational motion.>**® Condensability of a gas is related
to its critical temperature, where more condensable gases will have higher critical temperatures,

and vice versa. While polymer swelling leads to an increase in gas permeability, selectivity is often
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compromised as a result. In a laboratory setting, a membrane’s susceptibility to plasticization is
often measured using high pressure pure-gas tests, in which the feed pressure of condensable gas
is increased while monitoring permeability. During these tests, the permeability will initially
decrease at lower pressures. The pressure at which the permeability reaches a minimum and
subsequently begins to increase with increasing pressure is commonly known as the “plasticization
pressure”.>® Since permeability is a function of both diffusivity and sorption, the plasticization
pressure is an indication of when the increase in diffusion coefficient overtakes the decrease in

sorption coefficient as pressure increases (Figure 1.2).5~%
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Figure 1.2. Graphical representation of CO. diffusion coefficient, sorption coefficient, and
permeability as functions of CO> feed pressure. The feed pressure at which the CO> permeability

begins to increase is known as the “plasticization pressure”.
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Some polymers have not shown a plasticization pressure within the pressure range tested,
suggesting plasticization resistance.®°%° However, plasticization pressure alone is not a sufficient
measure of plasticization resistance since it does not take into account the changes in gas selectivity
(which will decrease if plasticization is occurring), as well as changes in permeability of the non-
plasticizing gas in a mixed-gas test. Therefore, mixed-gas tests have also been employed to
determine the plasticization behavior of a material. For example, when running a CO2/CH4 mixed-
gas test, polymer chain translation due to the presence of CO2 can cause CH4 permeability to
increase, also known as “CHs-creep,” and can more directly identify plasticization effects, even
when CO2 permeability does not show a plasticization pressure.®® In contrast to CO,, permeability
of CH4 in pure-gas tests rarely reveals plasticization effects since CH4 dissolution in polymers is
significantly lower than that of CO,, as correlated with metrics of condensability, such as critical
temperature (T, ¢y, = 190.55 K and T, ¢o, = 304.19 K). Thus, CHa4 provides a better probe for
assessing plasticization when co-permeating with CO2, whereas pure-gas CHa permeation would
not typically reveal information about plasticization phenomena.

Physical aging is another phenomenon that preclude glassy polymer membranes from
being used in industry. A polymer is in its “glassy” state when it is at a temperature below its glass
transition temperature (Tg), and a polymer is in its “rubbery” state when it is at a temperature above
its Tg. While polymers in their glassy state are more viscous and “solid-like”, rubbery polymers
are elastic and “liquid-like”. When polymers are cooled from their rubbery to glassy state, the
polymer chains access a meta-stable packing state that is out of equilibrium.®® However, over time,
the polymer chains will rearrange slowly toward their equilibrium packing state, which will result
in a decrease in overall free volume as shown in Figure 1.3.5” This phenomenon results in an

increase in permselectivity, but a decrease in permeability.5="°

35



glassy rubbery

>

/

/
Vexcess V4

Polymer specific volume

/
/
/ \V,

>
T, Temperature

Figure 1.3. Graphical representation of change in volume as a function of temperature.
represents observed specific volume of the glassy state, V; represents specific volume of the

hypothetical rubbery state (equilibrium), and V... is the non-equilibrium excess volume.

1.4.Concept of Free Volume

As discussed earlier, the sorption—diffusion model assumes that no permanent pores exist in the
membrane.*! However, transient gaps, known as free volume elements, exist in the membrane
which allow molecules to pass through. These free volume elements refer to the void space not
occupied by the polymer chains.

Fractional free volume (FFV) is a common metric to describe the amount of free volume

present in a polymer membrane.?® To calculate the FFV, the following equation is used:
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Vep = V.
FFV =22

a (1.8)

Where V;,, is the specific volume (the inverse of polymer density) and V, is the van der Waals

volume. V, is most often estimated using a group contribution method.”*="* Correlations between

free volume and permeability have been established as such:

P = Aexp (— %) (1.9

Where A and B are adjustable parameters. Therefore, as FFV increases, it is expected that
permeability will increase as well.

While FFV measurements can give an indication of how much free volume is within a
polymer membrane, such measurements do not provide any information on free volume size or
distribution. A number of techniques have been developed to interpret the amount of free volume
in a polymer matrix, such as X-ray diffraction, ?*Xe nuclear magnetic resonance (NMR)
spectroscopy, and molecular dynamic (MD) simulations.?®

One technique that can provide information on the free volume size and distribution of
polymer membranes is known as positron annihilation lifetime spectroscopy (PALS). In a typical
PALS experiment, positrons emitting from a source (such as 22Na) may either annihilate as a “free”
particle or interact with the electrons present in the material to form a positronium, which is a
bound state of an electron and a positron.”® Whether the spin orientation of the positron and
electron are antiparallel or parallel, either a para-positronium (pPs) or an ortho-positronium (oPs)
will form, respectively.”®’” While the lifetime of the pPs is around 125 ps, the lifetime of the oPs
is significantly longer.”® Under vacuum, the oPs will have a lifetime of about 142.1 ns.”® However,
“pick-off” annihilation during collision with electrons in the polymer matrix will significantly

shorten the lifetime.”® The average free volume element size can be correlated to the lifetime of
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the oPs, as oPs trapped in larger free volume elements will have longer lifetimes due to the reduced
electron density that will delay annihilation. By assuming that the free volume elements inside
polymers are spherical and that there exists a homogeneous electron layer with a thickness of AR =
R, — R (in which R is the radius of the free volume element and AR is an empirical parameter
determined to be 1.66 A),”>"6 the Tao-Eldrup equation, below, can be used to correlate the oPs

lifetime (z,p) to the average free volume element radius: "

1 R 1 (ZnR)]‘l
R,

Tops > R0+2T[Sln

(1.10)
Besides the oPs lifetime, the oPs pick-off annihilation intensity, I,ps, can also be
determined from PALS experiments. I,p is proportional to the probability of oPs formation in a
polymer,8® and thus can be assumed to be correlated to the amount of free volume elements. By
observing hundreds of thousands to millions of oPs lifetime events, free volume size distributions
can be generated via various computer programs such as PATFIT, 2! PAScual,® and MELT.®
PALS has been regarded as an effective way to measure the average free volume element
size in polymers due to the small size of the positronium probe (1.59 A).”® However, several
considerations must be taken into account when analyzing PALS data. As mentioned earlier, the
Tao-Eldrup equation is valid when assuming free volume elements are spherical. In addition, the
oPs may not be able to access every free volume element with equal probability.” The inhibition
of Ps formation, which would lead to lower intensities, may also occur when the positron is
exposed to polar groups such as —OH or —C=0.% In these cases, the positron may be trapped in
the negatively charged portion of the dipole existing in the polar group.®® Ps quenching can also

occur in the presence of oxygen, which would shorten z,ps in porous polymers such as

PTMSP 8485
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1.5.Emerging Materials for Gas Separations

Since the development of PIM-1 by Budd and McKeown, 288" polymers of intrinsic microporosity
(PIMs) have garnered much interest in the gas separations field due to their ultrahigh gas
permeability with minimal losses in selectivity compared to commercial polymers. Figure 1.4
below shows a CO2/CH4 Robeson plot with some high-performing emerging polymers indicated
in color, which have all been discovered within the past twenty years. The high-performing
polymers (PIM-1, PIM-TMN-SBI, and PIM-TMN-Trip) all possess high permeability with
minimal loss in selectivity, compared to the commercial polymers listed in the Robeson plot
(cellulose triacetate, polysulfone, and Matrimid®). In particular, both PIM-1 and PIM-TMN-Trip

exceeded the 2008 Robeson upper bound limit for CO2/CH,.88:8
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PIM-TMN-Trip

CO,/CH, ideal selectivity
O_.

1¢ooD0APD

10°

10’ 10’ 10° 10° 10* 10°
CO, permeability (barrer)
Figure 1.4. CO2/CH4 Robeson plot containing some commercial polymers and some high-
performing polymers tested recently. Light gray dots indicate other polymer data.

As shown in Equation 1.9, increases in FFV often lead to increases in permeability. The

ultrahigh permeabilities of the emerging polymers can therefore be attributed to high FFV. For
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instance, the FFV value of PIM-1 ranges from 0.24 to 0.26.2° PIM-TMN-SBI has been reported to
have an FFV value of 0.276 + 0.004, while PIM-TMN-Trip has an FFV of 0.309 + 0.005.% In
contrast, the FFV values of cellulose triacetate, polysulfone, and Matrimid® are 0.157,% 0.158,%
and 0.11,% respectively.

The high FFV values of the aforementioned materials can be attributed to their rigid and
contorted structures, which hinder polymer chain packing and allow for larger free volume
elements to be formed. The structures of PIM-1, PIM-TMN-SBI, and PIM-TMN-Trip are shown
in Figure 1.5. Compared to commercial membranes such as cellulose triacetate, polysulfone, and
Matrimid® (Figure 1.5), the structures of PIM-type polymers are considerably bulkier, with
ladder-type bonds between each repeat unit. However, the free volume elements in PIM-type
polymers are generated in a “bottom up” fashion, in which the rigidity and contortion of PIM
polymers form free volume elements as the polymers vitrify through solvent casting. As such, the
size and distribution of free volume elements cannot be selectivity controlled, and alternative
methods are currently being studied to freely manipulate both the size and distribution of free

volume elements in polymer membranes for gas separation applications.
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Figure 1.5. Chemical structures of (a) cellulose triacetate, (b) polysulfone, (c) Matrimid®, (d)

PIM-1, () PIM-TMN-SBI, and (f) PIM-TMN-Trip.

1.6.Dissertation Outline

In this dissertation, alternative strategies to generate free volume elements in polymer membranes
and their effects on gas transport will be discussed. Future directions and outlook for such
alternative strategies are also discussed. In Chapter 2, a simple thermal treatment to generate
porogens in a 6FDA-HAB polyimide functionalized with t-BOC was introduced. Characterization
techniques including thermal gravimetric analysis (TGA), dynamic scanning calorimetry (DSC),
nuclear magnetic resonance (NMR) spectroscopy, FFV, PALS, and pure-gas permeation tests were
used to determine the effects of thermal deprotection on polymer free volume and gas transport
properties.

Chapter 3 presents a new design strategy for polymers in gas separations, namely polymers

synthesized via ring-opening metathesis polymerization (ROMP). Unlike in rigid PIMs, pore
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generation in ROMP polymers occurs due to rigid side chains on a flexible poly(norbornene)
backbone. The gas transport properties of two ROMP polymers, CF3-ROMP and OMe-ROMP,
named for their chemical functionality, are compared to those of PIM-1, which is a current state-
of-the-art polymer in gas separations. The resistance of CF3-ROMP and OMe-ROMP to two
common issues found in polymer-based membranes, CO»-induced plasticization and physical
aging, are also analyzed in detail.

Chapter 4 extends on the work presented in Chapter 3 by introducing the concept of
uniform side-chain length. Previously, both CF3-ROMP and OMe-ROMP were synthesized from
oligomers with varying side-chain lengths. In this work, OMe-ROMP with uniform side chains of
lengths ranging from n = 2 to n = 5 repeat units were synthesized and characterized. Brunauer—
Emmett-Teller (BET) surface areas and pure-gas permeation tests were used to determine the
effect of both side-chain length and dispersity on chain packing and gas transport properties, and
the findings are discussed in this chapter. The effect of side-chain length on CO; plasticization
resistance is also investigated.

Chapter 5 expands on the idea of side chain uniformity with additional studies that further
probe free volume and plasticization resistance. Specifically, FFV and pure-gas CO, and CH4
sorption measurements were conducted to determine the effect of side-chain length on chain
packing. In addition, CO2/CH4 mixed-gas tests at varying compositions and pressures are also
discussed in detail to further elucidate the unprecedented CO> plasticization resistance of ROMP
polymers.

Lastly, Chapter 6 presents conclusions and recommendations for further studies on the

various methods of free volume manipulation (FVM) discussed in this dissertation.
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Chapter 2. Free volume manipulation of a 6FDA-HAB polyimide

using a solid-state thermal protection/deprotection strategy

Reprinted with permission from Lin, S.; Joo, T.; Benedetti, F. M.; Chen, L. C.; Wu, A. X.; Mizrahi
Rodriguez, K.; Qian, Q.; Doherty, C. M.; Smith, Z. P. Free Volume Manipulation of a 6FDA-HAB
Polyimide Using a Solid-State Protection/Deprotection Strategy. Polymer 2021, 212, 123121.

Tert-butoxycarbonyl (t-BOC) is a thermally labile moiety that can be used to protect hydroxyl
groups on polymers. In this study, t-BOC was appended onto a polyimide consisting of 2,2’-bis-
(3,4-dicarboxyphenyl) hexafluoropropane dianhydride (6FDA) and 3,3’-dihydroxy-4,4’-diamino-
biphenyl (HAB), after which the polymer was formed into self-standing films. Solid-state thermal
treatments were performed to systematically remove t-BOC moieties to alter the physical packing
structure and concomitant gas transport properties of the polymer. Despite performing
deprotection reactions well below the glass transition temperature of 6FDA-HAB (~300 °C), this
free volume manipulation (FVM) approach produced only subtle differences in polymer density,
fractional free volume, average free volume element size, and gas transport properties relative to
the unprotected polymer. While these findings suggest that thermally removing covalently bound
functional groups from polymer films can be used to manipulate free volume and gas transport
performance for glassy polymers, more robust polymer systems than linear polyimides are required

to preserve the nascent free volume architecture generated from this approach.

43



2.1. Introduction

Polymer membranes have shown great promise for applications in energy-efficient gas separations,
such as nitrogen enrichment, oxygen generation, and natural gas sweetening.»*?® In order to be
suitable for gas separations, membrane materials should be solution-processable, highly permeable,
and selective.® A general strategy to improve permeability is to generate high free volume materials,
and along these lines, “bottom up” approaches such as synthesizing rigid and contorted backbones
have resulted in impressive advancements in materials performance.?® Most notably, polymers of
intrinsic microporosity (PIMs) have continued to surpass upper bound performance limits by
incorporating bulky groups into the polymer backbone such as Troger’s base and
triptycene.?34988.93-% Thermally rearranged (TR) polymers have also been used to tune free
volume size and distribution.®”-*° An alternative strategy, however, is to use a “top down” approach
to modify free volume from thermal decomposition of functional groups in the solid state.

In the 1980s and 1990s, researchers in the field of lithography began to investigate high
glass transition temperature materials such as polyimides.®® Of note, Omote et al. demonstrated
that a polyimide (6FDA-AHHFP) that contained hydroxyl functional groups could be
functionalized with tert-butoxycarbonyl (t-BOC), cast into a film, and then thermally- or UV-
treated in the presence of an acid to remove t-BOC.X* A more recent study by Fukumaru et al.
demonstrated that thermally removing t-BOC groups from functionalized films of poly(p-
phenylene benzobisoxazole) (PPBO) could generate porosity.'%? Merlet et al. also showed that the
thermal removal of t-BOC from a poly(phenylquinoxaline) (PPQ) backbone could lead to the
generation of free volume elements in the polymer matrix.’%*1% In the field of gas separations,
Chung and coworkers have used this approach to generate free volume elements by thermally

treating polyimide films to remove labile functional groups such as cyclodextrine'®-1%7 or various
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saccharides.' Zhou et al. and Islam et al. both reported increases in permeability after thermally
removing sulfonic acid groups from a polyimide at temperatures above the glass transition
temperature of the polymer.2®1% Maya et al. investigated in situ pyrolysis and thermal
crosslinking of carboxylic acid functionality on a polyimide that led to changes in free volume
distribution.!*! In addition, Martinez-Mercado et al. reported that short thermal treatments (i.e. <
3.5 h) at moderate temperatures (160-180 °C) of a poly(oxindole biphenylylene) film with
a —CH2OH group led to higher gas permeabilities.!'? There are also indications of applying this
“top down” approach in the patent literature.**®

While the aforementioned studies indicate some success in post-synthetically generating
free volume using thermal treatments, other studies report a decrease in free volume. In a study by
Sanchez-Garcia et al., it was found that thermally removing t-BOC from poly(oxindole
biphenylylene) resulted in decreases in fractional free volume (FFV) and permeability, but an
increase in selectivity.!'* Similar results were reported by Hernandez-Martinez et al.**> Notably,
thermal treatment can accelerate densification of glassy polymer films, which leads to decreased
FFV and permeability.}*6-121 Therefore, a systematic study is needed to evaluate the role of
deprotection in the glassy state and concomitant changes in morphology and transport without
competing effects such as cross-linking, which are common features of other studies.%>-
109,111,113,115

In this study, we seek to extend the “top down” approach of free volume manipulation
(FVM) to further understand the effects of thermal treatment on gas transport properties of glassy
polymers with thermally labile functional groups. The model polymer selected for this study is a
6FDA (2,2’-bis-(3,4-dicarboxyphenyl) hexafluoropropane dianhydride)-based polyimide because

these polymers have been studied as promising membrane materials for many years.'?>12> More
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specifically, we investigated 6FDA-HAB,'?-12% which combines 6FDA with a diamine, HAB
(3,3’-dihydroxy-4,4’-diamino-biphenyl), that contains hydroxyl groups that can react with di-tert-
butyl-dicarbonate to generate a BOC-protected polyimide. BOC protection of 6FDA-HAB, as
shown in Scheme 2.1, results in a polyimide that will henceforth be referred to as “6FDA-HAB-t-

BOC”.
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Scheme 2.1. BOC protection of 6FDA-HAB. The ortho-positioned functional groups are shown

in purple for 6FDA-HAB and in red for 6FDA-HAB-t-BOC.

After being cast into a film, 6FDA-HAB-t-BOC can be thermally treated to deprotect the
t-BOC group, as presented in Scheme 2.2. The thermal decomposition of t-BOC results in two
gaseous products, CO, and isobutylene.!>4 In this way, the original 6FDA-HAB chemical
structure is recovered, but what remains is a polymer in an altered morphological state. By
deprotecting 6FDA-HAB-t-BOC films using different treatment temperatures and times, this study
seeks to systematically investigate the effects of treatment conditions on the free volume

architecture of a linear polyimide.
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Scheme 2.2. BOC deprotection of 6FDA-HAB-t-BOC.

2.2. Experimental

2.2.1. Materials

The aromatic dianhydride, 2,2’-bis-(3,4-dicarboxyphenyl) hexafluoropropane dianhydride (6FDA,
99.86%), was purchased from Chem-Impex International, Inc. and underwent vacuum sublimation
at 235 °C for approximately 1 h before use. The diamine, 3,3’-dihydroxy-4,4’-diamino-biphenyl
(HAB, >99.0%), was purchased from TCI Chemicals and dried under vacuum at 60 °C overnight
before use. Di-tert-butyl-dicarbonate (> 99%) was purchased from Sigma-Aldrich and used as
received. Anhydrous 1-methyl-2-pyrrolidinone (NMP, 99.5%), anhydrous o-dichlorobenzene (o-
DCB, 99%), methanol (> 99.9%), pyridine (99.9%), dimethylacetamide (DMAc, > 99.5%), N,N-
dimethylformamide (> 99.9%), and n-heptane (> 96%) were obtained from Sigma-Aldrich and
used as received. Chloroform (> 99.8%) was purchased from Macron Fine Chemicals and used as
received. Deuterated dimethyl sulfoxide (DMSO-ds, 99.9%) was purchased from Cambridge

Isotope Laboratories, Inc. and used as received.

47



2.2.2. Synthesis of 6FDA-HAB polyimide and BOC protection

A three-neck flask fitted with an overhead mechanical stirrer was purged with nitrogen (Airgas,
99.999%) for 30 min to remove water vapor. HAB (8.008 mmol) and 30 mL of anhydrous NMP
were added to the flask and stirred to dissolution. An equimolar amount of 6FDA (8.008 mmol)
and an additional 20 mL of anhydrous NMP were added to the flask to generate a ~10.6 w/v%
solution. The solution was then left stirring overnight, forming a viscous poly(amic acid).

Thermal imidization in solution was used to form a polyimide from the poly(amic acid). In
this procedure, 12.5 mL of 0-DCB was added to the reaction flask to form an ~8.5 w/v% solution.
A reverse Dean-Stark trap with an overhead air condenser was then used to assist in the removal
of water vapor with 0-DCB acting as an azeotropic agent. The solution was heated to 180 °C for
24 h to convert the poly(amic acid) to a polyimide.

After imidization, the polymer was precipitated from the reaction solution using methanol
that was stirring in a blender to produce a light brown and fibrous precipitate. In order to extract
solvent, the precipitated 6FDA-HAB polyimide was filtered and rinsed with methanol before
stirring in fresh methanol for an additional 24 h. The polyimide was filtered again, rinsed with
fresh methanol for a second time, and stirred in fresh methanol for another 24 h. This solvent
extraction procedure was performed one additional time. The polyimide was then placed on a glass
dish and dried under full vacuum at 200 °C and 225 °C for 24 h and 48 h, respectively.

To generate 6FDA-HAB-t-BOC, an equimolar amount of pyridine (which acted as a
catalyst for BOC protection) and di-tert-butyl-dicarbonate (24.025 mmol) was added directly to
the reaction solution after imidization. The reaction was allowed to proceed for 24 h at 35 °C. The

polymer was then precipitated (as a light tan precipitate) and washed in an identical fashion to that

48



of 6FDA-HAB. After the last methanol wash, 6FDA-HAB-t-BOC was placed on a glass dish and

left to dry at room temperature in a chemical fumehood for 48 h.

2.2.3. Film fabrication and thermal treatment of 6FDA-HAB-t-BOC films

6FDA-HAB was dissolved in DMACc (1 w/v%) for 24 h at 90 °C, similar to a previously reported
procedure.®® The solution was then filtered through a 5 um Whatman PTFE syringe filter (GE
Healthcare Life Sciences) onto a 5 cm diameter flat-bottomed glass dish and heated at 60 °C for
48 h under —10 inHg (-34 kPa) vacuum, following a similarly reported procedure.®® During this
process, vaporized solvent from the headspace of the vacuum oven was occasionally removed by
pulling vacuum while opening the vacuum pump vent to maintain an oven pressure of —10 inHg
(-34 kPa). Solvent was collected using a solvent trap submerged in liquid nitrogen. The formed
films were then exposed to full vacuum for 1 h and then heated at 200 °C and 225 °C for 24 h and
48 h, respectively, to remove residual solvent. The 6FDA-HAB films, which were 10-15 um in
thickness, were removed from the glass dish by submersion in deionized water for 10 min.

Since the boiling point of DMAc is 165 °C, which is above the reported BOC deprotection
temperature of 150 °C, a solvent with a lower boiling point of 61 °C, chloroform (3 w/v%), was
required to cast 6FDA-HAB-t-BOC so that the solvent could subsequently be removed without
BOC deprotection. It should be noted that 6FDA-HAB was found to be insoluble in solvents with
boiling points lower than that of DMAc. The 6FDA-HAB-t-BOC solution was filtered through a
0.45 um PTFE syringe filter (VWR, 28145-497) onto a 5 cm diameter flat-bottomed glass dish.
The glass dish was covered with aluminum foil and another glass dish as a cover, thereby enabling

film formation via slow solvent evaporation inside a chemical fumehood for 72 h. The films, which
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were 10-35 pum in thickness, were removed from the glass dish by submersion in deionized water
for 10 min, and the film was heated at 90 °C under full vacuum for 16 h to remove residual solvent.

Three treatment temperatures were selected to study the effects of temperature on BOC
deprotection and the resulting polymer properties. 6FDA-HAB-t-BOC films were held at 130 °C,
140 °C, or 160 °C using a forced air convection oven with a temperature accuracy of +1 °C (Lab
Safety Supply, #32EZ25). Since 130 °C and 140 °C are both below the prominent deprotection
temperature of t-BOC, these experiments allowed for slower deprotection. The hold times
considered at both of these temperatures were identical. However, because 160 °C is above the
prominent deprotection temperature of t-BOC, hold times considered for this temperature were
shorter. The oven was pre-heated to the designated temperature before placing a 6FDA-HAB-t-
BOC film onto a flat glass dish inside the oven. Thermal treatment protocols are shown in Table
2.1, and samples are thus named according to their treatment protocol (i.e., samples treated at

130 °C for 1 h are labeled as “t-BOC-130-1h").

Table 2.1. Thermal treatment protocols for 6FDA-HAB-t-BOC films.

Temperature (°C) Hold times
130 1h,2h,16h
140 1h,2h,16h
160 5 min, 15 min, 16 h

2.2.4. Characterization
'H nuclear magnetic resonance (NMR) spectroscopy was performed using a Bruker Avance
Neo402 spectrometer to confirm the chemical structures of all samples in this study. 6FDA-HAB

and 6FDA-HAB-t-BOC, in their powder form, as well as 6FDA-HAB-t-BOC and thermally-
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treated 6FDA-HAB-t-BOC films, were dissolved in DMSO-ds (10 w/v%). Percent conversion (%)
for each sample undergoing thermal treatment was determined by comparing relative peak
integrations of BOC to hydroxyl functional groups. Percent conversion and the corresponding
uncertainty are reported as the average and standard deviation, respectively, of at least 3
measurements. Heteronuclear single quantum correlation (HSQC) was run on a Bruker Avance
Neo500 spectrometer for t-BOC-130-1h dissolved in DMSO-ds (10 w/v%) to confirm the presence
of isobutylene. A *H NMR spectrum of a solution of DMSO-ds and dosed-in isobutylene gas
(Airgas, > 99%) was also collected to further confirm isobutylene presence.

The molecular weight of 6FDA-HAB was determined using a Waters gel permeation
chromatograph with a polystyrene (PS) reference and a mobile phase of DMF with 0.01 M lithium
bromide. Chloroform GPC was performed on 6FDA-HAB-t-BOC using a Tosoh EcoSEC HLC-
8320 gel permeation chromatograph with Dual TSKgel SuperH3000 columns, a PS reference, and
a mobile phase of chloroform with 0.75% ethanol preservative.

Thermogravimetric analysis (TGA) was performed on all samples using a TA Instruments
TGAS550. Samples were heated from room temperature at a rate of 10 °C/min up to 800 °C in a
nitrogen atmosphere. Nitrogen gas was flushed at a flow rate of 20 mL/min over the TGA balance
and 40 mL/min in the sample chamber. TGA scans for 6FDA-HAB and thermally treated samples
were normalized by their weight percent at 100 °C to eliminate the mass loss of atmospheric
moisture that can strongly associate with polar groups in the polyimides.

The glass transition temperature (T4) of 6FDA-HAB and 6FDA-HAB-t-BOC films was
measured using a TA Instruments DSC250 differential scanning calorimeter (DSC). Samples were

heated at 10 °C/min from 25 °C to 350 °C under a nitrogen atmosphere with a flowrate of 50
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mL/min. Three scans were taken for each sample, and the T4 was taken as the midpoint in the step
change in heat capacity of the third scan.

Fourier transform infrared spectroscopy (FTIR) in attenuated total reflection (ATR) mode
was performed using a Bruker ALPHA FT-IR Spectrometer. The spectra have a resolution of 4
cm1, and 256 scans per sample were performed in the range of 400-4000 cm ™2,

Density was measured using a Mettler Toledo density measurement kit (ME-DNY-4).
Because of its slow uptake in polyimide samples, n-heptane was used as the buoyant liquid [43].
The density and corresponding uncertainty for each sample were taken as the average and standard
deviation, respectively, of at least 3 measurements.

Positron annihilation lifetime spectroscopy (PALS) was performed on an automated
EG&G ORTEC fast-fast coincidence system under vacuum at room temperature. During a PALS
experiment, positrons from a radioisotope source enter the material and will either annihilate in
the presence of free electrons or form a positronium (Ps) atom.” The Ps atom can exist either as a
parapositronium (pPs) or an orthopositronium (oPs) atom.” Since Ps atoms can only form in areas
of low electron density such as within the free volume elements of amorphous polymers,106:130-132
PALS can be used to determine the average free volume element size from correlations with the
oPs lifetime. To conduct a PALS experiment, a Mylar envelope containing a ?Na radioisotope
source was placed in between two stacks of polymer films, and the envelope-film stack was
wrapped in aluminum foil. At least 5 files of 4.5 x 10° integrated counts per file were collected for
each sample, and data was analyzed with a three-component model using LT9.13® The three
components consisted of the pPs atom, the free positron, and the oPs atom.” The lifetime of the
pPs atom was fixed at 7; = 0.125 ns,’® while the lifetimes of the free positron (7, ~ 0.4 ns) and oPs

atom (z3), as well as the intensities (I) of all three components, were fit using least squares
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optimization by the LT9 program. The error for 75 for each sample was taken as the standard
deviation of the 75 values calculated from each file. The average size of free volume elements was
calculated using a spherical assumption for free volume shape and the Tao-Eldrup equation:’®7°

1 R 1 2nR

-1
=1 —-——4+ ——sin|— 2.1
3773 R0+2nsm<R0>] 21

in which R is the radius of the free volume element, AR is an empirical parameter determined to
be 1.66 A, and R, = R + AR.™7® Since low intensities were found for some samples, which may
indicate oPs inhibition from the polar hydroxyl functionality,’®®° we do not report calculated free

volume size distributions.

2.2.5. Pure-gas permeability measurements

Pure-gas permeabilities were evaluated at ~1 bar (100 kPa) for He, Hz, CHa4, N2, O, and CO; at
35 °C for each sample using an automated constant-volume, variable-pressure system from
Maxwell Robotics. All gases were ultra-high purity and purchased from Airgas. Cut films of
approximately 1 cm? were placed on top of a hole in the center of a circular brass disk and secured
using epoxy (Devcon 5 min Epoxy), which was left to cure for at least 30 min. The samples were
then sealed in a stainless steel permeation cell (Millipore), which was immersed in a water bath
that was temperature controlled by an immersion circulator (ThermoFisher SC150L). Before
testing permeation, the testing chamber was dosed with ~2 bar (200 kPa) of helium gas to remove
dissolved atmospheric gases. The sample was then held under vacuum at 35 °C for 8 h. Before
switching to a new permeating gas, samples were again dosed with ~2 bar of helium and held
under vacuum for at least six time lag-equivalents. Each sample was tested at least twice to confirm

reproducibility.
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Pure-gas permeability (P) was calculated using the following equation:

V,l d d
P=mrla0), = (@), @22)
pZART dt SS dt leak

where V, is the downstream volume, [ is the film thickness, p, is the upstream pressure, A is the

area of film exposed to the gas, R is the ideal gas constant, T is the absolute experimental

temperature, (Z—’t’) . is the rate of pressure rise in the permeate at steady state, and (%)leak is the

S,

leak rate.** The ideal gas selectivity (a; ;) was taken to be the ratio of the pure-gas permeabilities

of the more permeable gas, i, to that of the less permeable gas, j (i.e., %). Diffusion coefficients
]

2
for each gas were determined using the time-lag method, D = é—e, in which @ is the time lag.*®*

Sorption coefficients were calculated using the sorption—diffusion model (S = %).41 Error bars for

permeability, diffusion coefficients, and sorption coefficients were determined by error
propagation.*® Time-lag values obtained for He and H, were within the resolution of acquisition
time (i.e., 1-2 s) of the permeation systems, and thus could not be accurately determined. We
therefore only include diffusion and sorption coefficients calculated from the time-lag method for
N2, Oz, CH4, and COg, which all yielded time-lags greater than 6.2 s, which is significantly longer

than the acquisition time of the permeation system.

2.3. Results and Discussion

2.3.1. Characterization of 6FDA-HAB polyimide and BOC-protection
Fully assigned *H NMR spectra of both 6FDA-HAB and 6FDA-HAB-t-BOC powder samples are
reported in Section A.1. In the *H NMR spectrum of 6FDA-HAB-t-BOC, there is a singlet at 1.25

ppm, which corresponds to the protons in the t-BOC functional group. The presence of this singlet
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and the absence of a hydroxyl proton singlet at 10.08 ppm indicate successful BOC protection.
GPC analysis indicated that BOC protection had a minimal impact on molecular weight (Section
A.l).

TGA scans of 6FDA-HAB and 6FDA-HAB-t-BOC powder are shown in Figure 2.1. In
the TGA scan of 6FDA-HAB, two distinct regions of mass loss are clearly observed. The first
region, which begins at approximately 400 °C, is attributed to thermal rearrangement of the
polyimide (labeled as “TR” in Figure 2.1), while the second region, which begins at approximately
500 °C, is attributed to thermal degradation.’”*® The process of thermal rearrangement, a
decarboxylation process, leads to structural changes in polyimides that contain ortho-positioned
functional groups, such as 6FDA-HAB.Y In the TGA scan of 6FDA-HAB-t-BOC, a third distinct
region of mass loss is clearly observed starting at approximately 150 °C. This mass loss, which
was determined to be 25.9 wt%, is associated with the removal of t-BOC from the polymer
backbone. 01114115 This finding correlates well with the theoretical weight percent of t-BOC on
the polymer backbone, which is 24.8 wt%. The stable sample weight across a broad temperature
range between BOC deprotection and the TR region of the polyimide indicates that these two
processes occur independently, which makes this system ideal for exclusively studying the effects

of t-BOC removal without competing chemical reactions.
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Figure 2.1. TGA scans of (a) 6FDA-HAB and (b) 6FDA-HAB-t-BOC powder. Distinct regions

of mass loss are labeled accordingly.

From DSC, the T4 of 6FDA-HAB was found to be approximately 300 °C, while the Tq of
the deprotected 6FDA-HAB-t-BOC sample was approximately 306 °C (Section A.1). Given the
rather broad temperature range for these transitions, the Ty values between the two samples are
roughly equivalent. Guo et al. previously reported differences in Ty for acetate-functionalized
variants 6FDA-HAB,?8 but acetate moieties are more thermally stable than t-BOC, and hence, are
not removed below the polymer Tg. Thus, for our work, similar values of Ty for 6FDA-HAB and
the deprotected 6FDA-HAB-t-BOC are expected because both samples have an identical chemical

structure.

2.3.2. Thermal treatment of 6FDA-HAB-t-BOC films

Optically transparent films of 6FDA-HAB, 6FDA-HAB-t-BOC, and thermally treated 6FDA-
HAB-t-BOC are presented in Section A.1. Upon heating, the optically clear 6FDA-HAB-t-BOC
turns slightly yellow, indicating a shift in color that more closely matches that of 6FDA-HAB.
FTIR measurements also indicated that thermal treatments resulted in the conversion of 6FDA-
HAB-t-BOC to 6FDA-HAB (Section A.1).
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'H NMR was used to track the extent of deprotection for each thermal treatment condition,
as shown in Figure 2.2. Spectra for 6FDA-HAB and 6FDA-HAB-t-BOC are included for
reference. It is important to note that the 6FDA-HAB-t-BOC spectrum was obtained from films
that had previously been heated at 90 °C under full vacuum to remove solvent. All *H NMR spectra
shown in Figure 2.2 were normalized by the proton in the polymer backbone labeled “B” in Figure
A.1. The ratios of peak integrations were used to determine the percent conversion of 6FDA-HAB-
t-BOC to 6FDA-HAB, and these results are tabulated in Table 2.2. From this analysis, we can
confirm that film formation and solvent removal for 6FDA-HAB-t-BOC resulted in minimal
deprotection, as a small peak at 10.08 ppm can be seen in the *H NMR spectrum of the 6FDA-
HAB-t-BOC film, indicating approximately 4% * 0.5% hydroxyl functionality. The concomitant
decrease in the t-BOC proton singlet peak at 1.25 ppm and the increase in the hydroxyl proton
singlet peak at 10.08 ppm indicate that more t-BOC was removed with increasing time at a set
temperature. As expected, for 1 or 2 h hold times, thermal treatments at 140 °C removed similar
or more t-BOC than thermal treatments at 130 °C. For thermal treatments of 16 h, conversion was
always approximately 95%, regardless of temperature, indicating a conversion limit for these
samples.

Two additional peaks were occasionally observed in NMR spectra at 1.69 ppm and 4.66
ppm, which are associated with isobutylene. While the thermal decomposition products of t-BOC
are CO- and isobutylene, the timescales of diffusion for these two molecules are vastly different.
Time-lag experiments, which will be presented later, suggest that CO. diffuses completely from
the film during thermal treatment, while these *H NMR results show the presence of some
isobutylene after deprotection. HSQC spectroscopy was performed on t-BOC-130-1h to confirm

the presence of isobutylene (Section A.2). 'H NMR was also performed on a solution of
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isobutylene gas dosed in DMSO-dg to further confirm the presence of isobutylene in thermally
treated samples (Section A.2). Interestingly, the intensities of the isobutylene peaks decrease at
longer conversion times and become negligible after 16 h treatments at each temperature because
enough time was provided for isobutylene molecules to diffuse out of the film. An estimation of
isobutylene content (Section A.3) revealed that only trace amounts of isobutylene remained in
some samples prior to characterization. Within the uncertainty of our analysis procedure (£1%),
no detectable isobutylene remained in six of our nine thermally treated samples prior to permeation
testing. For the three samples with detectable isobutylene content, the highest content was about 3
wit% for t-BOC-160-5min. Therefore, experiments were run without further treatment to avoid

complications that could result from physical aging and thermal annealing.

Table 2.2. Percent conversion of 6FDA-HAB-t-BOC films that underwent thermal treatment, as

determined from *H NMR.

Treatment Temperature (°C) Hold time Percent conversion (%)
130 1h 88.5+£0.5
2h 93 +1
16 h 95.7+0.9
140 1h 93 +1
2h 95 +1
16 h 955+0.1
160 5 min 87 2
15 min 95.0+0.5
16 h 94 +1

58



(a) |—— 6FDA-HAB-t-BOC H,0 (b) | — 6FDA-HAB-t-BOC H.0
DMSO DMSO
——130°C1h ——140°C1h
130°C 2 h ——140°C 2 h
130°C 16 h 140°C 16 h
— | ——6FDA-HAB — | ——6FDA-HAB
= i 2 uli
8 8
= 1 n Ll 1 l = l n| Ll * 1
2 2
E E 1 Il ll J
l ud ll : l il ll
12 10 8 6 4 2 0 12 10 8 6 4 2 0
Chemical shift (ppm) Chemical shift (ppm)
(c) |—— 6FDA-HAB--BOC H.0)
i ; DMS0
— 160 'C 5 min
—— 160 °C 15 min
160°C 16 h
—~ |——6FDA-HAB
= i
(U]
= 0 gl |
2 :
S | )
1=
] ul ll
S
12 10 8 6 4 2 0

Chemical shift (ppm)
Figure 2.2. 'H NMR spectra for 6FDA-HAB-t-BOC films undergoing thermal treatments at
(@) 130 °C, (b) 140 °C, and (c) 160 °C. Peaks that are labeled with a “*”” are associated with the
protons in isobutylene. *H NMR spectra of 6FDA-HAB and 6FDA-HAB-t-BOC are added for

reference.

TGA scans for all films are shown in Figure 2.3. For all treatment temperatures, longer
treatment times led to more t-BOC being removed from the polymer backbone, which is evident
in the smaller decrease in weight percentage starting at 150 °C. In contrast to the TGA profile for
the 6FDA-HAB-t-BOC powder shown in Figure 2.1, TGA scans for the 6FDA-HAB-t-BOC films
showed a gradual mass loss over extended temperature ranges well beyond 150 °C. This finding
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suggests that the higher accessible surface area of the powders reduces the time required for
diffusion of gaseous byproducts. While CO; is a smaller gas and thus can diffuse more readily,
isobutylene is significantly larger and will diffuse more slowly. Therefore, the slow decrease in
weight percent as the sample is heated after t-BOC removal until the beginning of thermal
rearrangement at approximately 400 °C can be predominantly attributed to slow diffusion of
isobutylene. This slow decrease in weight percent is present in all thermally treated samples, and
for this reason, it is challenging to accurately quantify the exact amount of t-BOC remaining on

the polymer backbone using only TGA.
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Figure 2.3. TGA scans for 6FDA-HAB and 6FDA-HAB-t-BOC reference samples, and 6FDA-
HAB-t-BOC films that had previously undergone thermal treatments at (a) 130 °C, (b) 140 °C,

and (c) 160 °C.

2.3.3. Effect of sample treatment on polymer chain packing
Fractional free volume (FFV) was calculated using the following equation:

V—13V,
FFV = ——* (2.3)

where V is the molar volume of the polymer, and V,, is the van der Waals volume of the polymer

determined using the group contribution method originally developed by Bondi.”*="® For thermally
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treated 6FDA-HAB-t-BOC samples, van der Waals volumes were estimated as the molar
arithmetic sum of t-BOC and hydroxyl structural units that remained on each sample:

Vi, = x.Vi1 + 23V, (2.4)
in which x; and x, are mole fractions and V,,,; and V,,, are van der Waals volumes (1: 6FDA-
HAB-t-BOC, 2: 6FDA-HAB), essentially treating the thermally-treated samples as a co-
polymer.t*® The calculated FFV, oPs lifetimes (r3) and intensities (I5), and average free volume

element radii (R) calculated from the Tao-Eldrup equation are presented in Table 2.3.

Table 2.3. Density, fractional free volume (FFV), PALS results (75 and I3), and average free
volume element radius (R) for 6FDA-HAB, 6FDA-HAB-t-BOC, and 6FDA-HAB-t-BOC after

various thermal treatments.

Sample Treatment Hold Density FFV 73 (NS) I3 (%) R (A)
Temperature time (g/cmd)
)
6FDA-HAB n/a n/a 150 £0.04 | 0.11 +0.03 |235+0.04 |20 +0.1 3.15+0.03
6FDA-HAB-t-BOC | n/a n/a 132 £0.02 | 0.18 +0.01 | 2.74+0.02 | 9.82+0.07 | 3.45+0.01
6FDA-HAB-t-BOC | 130 1h 139 £0.02 | 0.17 *0.01 | 2.68+0.03 | 853+0.08 | 3.41+0.02
2h 139 £0.02 | 0.17 +0.01 | 2.66+0.02 | 7.08+0.05 | 3.38+0.02
16 h 148 £0.05 | 0.12 +0.03 | 289+0.05 | 3.04+0.05 | 3.54+0.03
6FDA-HAB-t-BOC | 140 1h 150 £0.02 | 0.11 +0.01 | 2.63+0.03 | 6.72+0.07 | 3.37+£0.02
2h 149 £0.05 | 0.12 +0.03 | 2.62+0.02 |5.17+0.05 | 3.36+0.01
16 h 147 £0.05 | 0.13 +0.03 | 2.75+0.05 | 259+0.07 | 3.46+0.04
6FDA-HAB-t-BOC | 160 5 min 142 £0.02 | 0.15 +0.01 | 256+0.01 |8.06+0.08 |3.32+0.01
15min | 1.515+0.003 | 0.101 £0.002 | 2.53+0.04 | 6.7 *0.1 3.29+0.03
16 h 154 £0.04 | 0.09 002 |271+0.05 |36 *0.1 3.43+0.04

Graphical comparisons of percent conversion from 6FDA-HAB-t-BOC to 6FDA-HAB
versus FFV are depicted in Figure 2.4a. There is a significant amount of scatter in this plot,
indicating a poor correlation between FFV and percent conversion, but a few salient observations
can be made. As expected, the FFV of 6FDA-HAB-t-BOC is higher than that of 6FDA-HAB due
to the incorporation of t-BOC functional groups onto the polymer backbone. The bulkiness of this

group is expected to reduce the efficiency of polymer chain packing in the film state, and the
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elimination of hydrogen bonding after protection of hydroxyl functional groups would likewise be
expected to decrease polymer—polymer interactions. Similar observations between functionalized
and non-functionalized polymer films have been reported in other studies.'*12%137 For example,
in a study by Sanders et al., larger ortho-positioned groups appended to 6FDA-HAB led to
disrupted chain packing, lower density, and higher FFV values.*?® A hydroxyl functional 6FDA-
HAB sample had an FFV value of 13% + 1%, but upon functionalization with acetate, propanoate,
or pivalate, FFV increased to 14.6% =+ 0.5%, 15.0% + 0.7%, and 18.1% =* 0.8%, respectively.'?°
We observed similar trends, including an FFV value of 18% + 1% for 6FDA-HAB-t-BOC and
11% + 3% for 6FDA-HAB.

A weak negative correlation was observed between FFV and percent conversion, implying
that polymer chains are densifying through viscous conformational rearrangement to occupy the
newly formed free volume elements. At similar conversions, samples treated at 130 °C generally
exhibited higher FFV than samples treated at 140 °C and 160 °C. While t-BOC-160-5min and t-
BOC-130-1h had similar conversions, the FFV value of t-BOC-130-1h was higher and had a
comparable value to that of 6FDA-HAB-t-BOC. This finding reveals that higher temperatures
induce more chain mobility and faster kinetics for the reorganization of the packed polymer
structure, accelerating the reduction in FFV. While FFV was unchanged between the BOC
protected sample and the samples treated at 130 °C for either 1 or 2 h, there were no indications
of increased FFV during the porogen removal process.

Holding samples for 16 h at all three temperatures resulted in identical FFV values within
the uncertainty of our analysis procedure. As previously noted in Table 2.2, these samples all had

identical conversions, and when compared to 6FDA-HAB, all samples had the same values of FFV.
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These findings indicate that the ensemble of packing structures accessible to these three samples

average to approximately the same FFV as that determined for 6FDA-HAB.
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Figure 2.4. Percent conversion (from 6FDA-HAB-t-BOC to 6FDA-HAB) compared to (a) FFV
and (b) t5 for all samples in this study. Thermally treated samples are labeled with their treatment
times. Dashed lines have been added to guide the eye and are not representative of a predictive

relationship.

While useful in estimating many bulk properties of polymers, because group contribution
methods are compiled by averaging massive datasets, molecular-level details are often obscured
by this approach.”!3 Therefore, conclusions drawn from Figure 2.4a in regards to changes in
polymer structure should be taken with caution, as FFV measurements from group contribution
methods provide no direct indication of the free volume distribution. Instead, we used PALS to
more accurately track changes in free volume and determine if trends derived from group
contribution methods were relevant for analyzing this series of polymers. While certain high free
volume polymers, such as PIMs, can be fit to PALS data using bimodal free volume size

distributions,®*13-141 3 unimodal fit was found to most accurately represent all polymers in this
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study, implying that deprotection did not create discrete free volume elements of significant
intensity.

A graphical comparison of percent conversion versus t5 is presented in Figure 2.4b.
Consistent with our FFV findings, PALS revealed that 6FDA-HAB displayed a smaller average
T4 than that of 6FDA-HAB-t-BOC. In general, higher temperatures and longer treatment times
resulted in smaller 5 values, and hence, reduced free volume element sizes, which aligns with our
FFV interpretation. However, one notable difference was observed for t; values for all 16 h
treatments, regardless of treatment temperatures considered. Of note, t-BOC-130-16h contains free
volume elements that are larger than those of 6FDA-HAB-t-BOC. This counterintuitive result is
in contrast to trends derived from FFV and requires further investigation.

Three major possibilities exist to explain these findings. The first relates to slow diffusion
of t-BOC decomposition products, the second relates to casting solvents and thermal conditioning,
and the third relates to evidence of successful, albeit limited evidence of free volume manipulation.
The first two possibilities are discussed here, and the third possibility is discussed in Section 2.3.4.
As previously described, trace amounts of isobutylene are formed in the 6FDA-HAB-t-BOC
polymer films as they undergo thermal deprotection. Although the presence of isobutylene is no
longer detectable by NMR for many of our samples, it is possible that trace amounts of isobutylene
conceal some limited anisotropy in the free volume packing structure of our polymers. Olefinic

% 50 small

species, which are electron-rich, are known to inhibit positronium formation,
contributions of trapped isobutylene could inhibit the clear detection of porogen features. However,
we expect these considerations to be minimal in our samples since any residual isobutylene

remaining in each film would be vastly insufficient to occupy all of the porogen domains, but such
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an effect could explain the slight increase in T3 values for all of the 16 h thermally treated samples,
which would correspondingly have the lowest content of isobutylene.

The second possibility relates to casting solvents and thermal conditioning. For casting
solvents, this consideration only applies for comparisons with 6FDA-HAB because this polymer
could only be cast from high boiling point solvents, as discussed previously. All comparisons
between deprotected analogues of 6FDA-HAB-t-BOC are fully self-consistent, since all of these
samples underwent identical solvent removal procedures. Along these lines, changes in polymer
packing structure due to different casting solvents have been noted previously, especially for high
free volume polymers,**? but the 16 h treatments were done consistently to 6FDA-HAB-t-BOC
samples cast from identical solvents. Therefore, it is unlikely that the differences in 75 values could
be attributed to solvent effects. Instead, these differences are much more likely related to slight
differences in thermal annealing temperatures, as will be discussed in Section 2.3.4.

Despite the weak correlations in Figure 2.4a and 2.4b, several conclusions can be made
about applying the porogen approach to linear polyimides that have high Tg. Most importantly,
exposure to elevated temperatures can sufficiently induce mobility of the 6FDA-HAB polymer
matrix, causing both FFV and average free volume element size to decrease with increasing
treatment temperature. As t-BOC is thermally removed, the regeneration of hydroxyl functional
groups further induces matrix densification, as new opportunities for hydrogen bonding result.?%.143
Moreover, polymer relaxation processes appear to occur well below the Tg. Comer et al. have
demonstrated the presence of sub-Tq transitions occurring for 6FDA-HAB around 150 °C,** so
while long-range cooperative motion is suppressed below the Tg, these sub-Tg4 motions may result
in the collapse of the newly created porogen architecture. In view of these complexities, while we

conclude that the removal of t-BOC generates free volume elements, the generation of such free
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volume elements drives the polymer further away from its theoretical chain packing equilibrium
structure, which accelerates physical aging according to the Struik Model,®® leading to the

reorganization of polymer chains upon t-BOC removal induced by high temperature.

2.3.4. Effect of sample treatment on gas transport properties

The pure-gas permeabilities of He, Hz, CH4, N2, Oz, and CO: for all polymer films are tabulated
in Table 2.4. Diffusion and sorption coefficients are also summarized in Table 2.4, and
permselectivities of select gas pairs are shown in Table 2.5. A graphical comparison of percent
conversion versus permeability for all six gases is presented in Figure S7. Analogous plots for
diffusion and sorption coefficients for N2, Oz, CHs, and CO; are shown in Figures S8 and S9,
respectively. Plots of diffusion coefficient versus effective diameter squared and sorption
coefficient versus critical temperature for all samples are also included in Figures S10 and S11,
respectively. Diffusion coefficients in all samples increased as follows: D(CH4) < D(CO2) ~ D(N>)
< D(02), which follows the inverse order of effective diameter ((3.44 A) 0, < (3.63 A) CO; ~
(3.66 A) N2 < (3.81 A) CHJ), as expected for glassy polymers. Gas sorption coefficients in all
samples increased with increasing critical temperatures of penetrant molecules as follows: S(N2)

< S(02) < S(CHa) < S(COy), which follows gas sorption trends for other polymers.14®
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Table 2.4. Pure-gas permeabilities (P), diffusion coefficients (D), and solubility coefficients (S)

for 6FDA-HAB, 6FDA-HAB-t-BOC, and 6FDA-HAB-t-BOC after various thermal treatments

Sample Treatment | Hold He H2 N2 02 CH4 CO2
Temperature | time
(°C)
6FDA- | n/a n/a P |53+4 |42 %3 0.37 £0.03 26 + 0.2 0.17 £0.01 12.3+0.9
HAB D |/ / 59 +0.8 28 +4 0.70 £ 0.05 6.5+0.9
s |/ / 0.47 £0.07 07 +01 |18 %03 14 +2
6FDA- | n/a nfa P|64+2 61 %2 1.89 +0.05 84 +03 | 1.61 +£0.05 42 +1
HAB-t- D |/ / 40 +2 142 +38 10.9 +0.4 37 2
BOC S|/ / 0.36 £0.02 0.45+ 0.03 | 1.13 £0.09 8.7 05
6FDA- | 130 1h P |59+4 |56 +4 1.09 +0.08 58 + 0.4 | 0.49 +0.04 32 2
HAB-t- D |/ / 14 +2 63 9 25 %02 14 +2
BOC S |/ / 06 +0.1 07 +01 |15 %02 17 +3
2h P |54+5 |51 %5 1.1 0.1 47 £ 04 | 0.80 +0.08 24 2
D |/ / 14 +3 45 +9 26 +04 11 +2
s |/ / 0.6 +0.1 08 +02 |23 %03 17 +4
16h | p | 51+3 |46 +3 0.55+0.04 34 +02 |0.22 £0.02 18 +1
D |/ / 6.4 +0.9 29 4 0.60 +0.06 7 %1
S |/ / 0.7 0.1 09 +01 |28 +04 19 +3
6FDA- | 140 1h P |54+5 |50 %5 0.75% 0.07 42 + 04 |0.33 +£0.03 22 2
HAB-t- D |/ / 11 2 48 +9 12 +02 12 +2
BOC s |/ / 05 0.1 07 £+01 |21 *04 15 +3
2h P |[66+3 |58 +2 0.73+0.03 44 +02 |026 001 227+0.9
D |/ / 6.5 +0.5 34 =3 0.81 +0.04 83 +0.7
S |/ / 0.85+0.08 097 £ 009 | 24 +02 21 2
16h | p |53+2 |46 +1 0.50 +0.02 31 +£0.1 |0.183+0.007 | 155+05
D |/ / 54 +0.3 26 2 0.48 +0.02 70 0.4
S |/ / 0.70 £ 0.05 091 + 0.06 | 29 +0.2 17 +1
6FDA- | 160 5 P |59+5 |58 %5 15 +0.1 75 +£06 | 1.05 +0.09 45 +4
HAB-t- min [ p |/ / 27 5 100 +20 47 %08 28 +6
BOC s |/ / 0.42 +0.09 06 +01 |17 03 12 +3
15 P |61+4 |57 +4 0.87 £0.05 50 +0.3 |0.37 +0.03 27 2
min [ D |/ / 11 +2 47 £ 6 14 +0.1 13 +2
S |/ / 0.58 +0.09 08 +01 |20 02 16 +2
16h | P |48+1 | 406+0.9 | 0.43+0.01 2.83 + 0.07 | 0.164+0.005 | 13.9+0.3
D |/ / 56 +0.2 27 +1 0.58 +0.02 70 0.3
s |/ / 0.58 +0.03 0.80 £ 0.04 | 22 +0.1 15.1+0.7

Units: P (barrer = 1071° cm3(STP) cm cm 2 st cmHg tor 3.348 x 10 ® molm m2 st Pal), D
(10° cm?sY), S (cm3(STP) cm 2 atm ™).

68



Table 2.5. Ideal permselectivities of select gas pairs for 6FDA-HAB, 6FDA-HAB-t-BOC, and

6FDA-HAB-t-BOC after various thermal treatments.

Sample Treatment Hold 02/N2 CO2/CHa CO2/Nz2 H2/CH4 N2/CH4
Temperature time
S

6FDA-HAB n/a n/a 71107 74+8 34+3 250+ 30 22 £0.2
6FDA-HAB-t-BOC | n/a n/a 44+0.2 26+1 22+1 38 + 2 1.18 £0.05

6FDA-HAB-t-BOC | 130 1h 53+05 66+8 29+3 120+ 10 23 £03

2h 42+06 304 21+3 64 + 9 14 £0.2

16 h 6.3+£0.6 808 32+3 210+ 20 25 +0.3

6FDA-HAB-t-BOC | 140 1h 57+0.7 67+9 304 150 + 20 22 £03

2h 6.0£04 896 312 230+ 20 29 +0.2

16 h 6.3+0.3 85+4 31+1 250+ 10 27 £0.1

6FDA-HAB-t-BOC | 160 5 min 5.0+0.6 42 +£5 304 55 + 7 14 +0.2

15min | 5.7+£05 72+7 31+3 150 £ 10 24 +0.2

16 h 6.6+0.2 85+3 32+1 248+ 9 26 £0.1

As shown in Table 2.4, the permeabilities of all six gases tested for 6FDA-HAB-t-BOC
are higher than those for 6FDA-HAB, while the selectivities for all gas pairs considered are lower.
This increase in gas permeability is consistent with FFV and PALS data and suggests that the
bulky t-BOC functional groups in 6FDA-HAB-t-BOC lead to less efficient polymer chain packing
in the films. Moreover, diffusion coefficients in 6FDA-HAB-t-BOC are significantly higher than
those in 6FDA-HAB, which is again consistent with the FFV and PALS data, as the t-BOC group
can act as a bulky spacer to further expand the free volume and allow for increased gas diffusion.14®

These results are in accordance with the expected exponential correlation between fractional free
volume and diffusion coefficients, D = A exp(— F%V) , where A and B are adjustable

parameters.’214-15 However, sorption coefficients for 6FDA-HAB-t-BOC are lower than those
for 6FDA-HAB, which is likely due to the presence of polar hydroxyl functional groups which can
enhance chemical affinity of molecular diluents. The inclusion of polar functionality has led to

151

increases in sorption for other polymers such as cellulose acetate,* poly(methyl methacrylate)

(PMMA),**! polysulfone,® and PIM-1.12 Since the difference in diffusion coefficients is more
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pronounced than the difference in sorption coefficients, there is an overall increase in permeability
for 6FDA-HAB-t-BOC compared to 6FDA-HAB.

In order to visualize the effects of different thermal treatments on gas transport properties,
Robeson upper bound plots for O2/N2 and CO2/CHa4 gas pairs are shown in Figure 2.5. Additional
Robeson plots for other gas pairs listed in Table 2.5 can be found in Section A.4. As the t-BOC
group is removed, permeability generally decreases and selectivity increases, implying that
discrete free volume elements are not maintained. However, permeability is the product of sorption
and diffusion, and a successful application of free volume manipulation would imply increases in

diffusion as free volume is created by porogen removal.
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Figure 2.5. Robeson upper bound plots for (a) O2/N2, and (b) CO2/CH4 gas pairs. Thermally
treated samples are labeled with their treatment times. The black and gray lines represent the 2008
and 1991 Robeson upper bounds, respectively.*®4” Literature data are shown as open gray circles

from Robeson’s database.*6*’

At each temperature treatment, as t-BOC is removed, permeabilities and diffusion
coefficients generally decrease and approach those of 6FDA-HAB, while both sorption

coefficients and permselectivities of all considered gas pairs generally increase. While these trends
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indicate significant free volume reorganization, there are a few notable exceptions to these trends,
and for the samples treated at 16 h, differences in FFV calculations and 75 values. These
differences may indicate some limited evidence of FVM. Additionally, differences in free volume
distribution could also explain how some samples (notably, t-BOC-130-16h, t-BOC-140-2h, and
t-BOC-140-16h) have sorption coefficients that are higher than those for 6FDA-HAB, despite
being chemically similar.

To investigate evidence of FVM, we turn to a few samples that exhibited morphological
characteristics and/or transport effects that could support this interpretation. t-BOC-130-2h, in
particular, was treated for a longer time than t-BOC-130-1h, yet the former possesses a lower
selectivity for all gas pairs considered. In addition, the CH4 permeability of t-BOC-130-2h (0.80
barrer) is higher than that of t-BOC-130-1h (0.49 barrer). These results can be explained by
decoupling the permeability into diffusion and sorption coefficients. While t-BOC-130-1h and t-
BOC-130-2h have identical CH4 diffusion coefficients, the CH4 sorption coefficient of t-BOC-
130-2h (2.3 cm3(STP) cm 3 atm™Y) is higher than that of t-BOC-130-1h (1.5 cm3(STP) cm 2 atm™?),
which can be attributed to the higher conversion of t-BOC-130-2h (93% + 1%) compared to t-
BOC-130-1h (88.5% * 0.5%). Because the FFV and 75 values are identical for these samples,
differences in transport properties are governed by sorption effects and not indicative of significant
FVM.

Another notable exception to the general trends was observed for t-BOC-140-1h and t-
BOC-140-2h. Specifically, both the Hz and He permeability coefficients of t-BOC-140-2h (66 and
58 barrer, respectively) are higher than those for t-BOC-140-1h (54 and 50 barrer, respectively).
This result leads to a higher Ho/CHj4 selectivity for t-BOC-140-2h. For larger gases, diffusion

coefficients decrease as treatment time at 140 °C increases, which correlates with the systematic
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decrease in I3, indicating a reduction in the number of free volume elements. However, Oz, No,
and CO- sorption coefficients for t-BOC-140-2h exceed those for t-BOC-140-1h, even though the
percent conversion, FFV, and 5 values are equivalent between the two samples. In addition, the
sorption coefficients of all gases considered for t-BOC-140-2h exceed those for 6FDA-HAB.
While t-BOC-140-2h can be considered chemically equivalent to 6FDA-HAB due to its
conversion (95% =+ 1%), the 75 value of t-BOC-140-2h is 11% * 2% larger than that of 6FDA-
HAB. A larger t; value correlates with a larger average free volume element size, which indicates
the presence of some excess volume in t-BOC-140-2h that does not exist in the directly formed
6FDA-HAB film. Since Robeson et al. have shown that excess free volume in polymers has a
weak influence on sorption,™* it is likely that the excess free volume found in t-BOC-140-2h
contributes to higher sorption coefficients. While sorption coefficients for He and Hz could not be
determined, we would anticipate significantly higher sorption coefficients and permeabilities for
these smaller gases in t-BOC-140-2h relative to 6FDA-HAB. While the effect is relatively small,
these findings indicate some evidence of FVM for the 140 °C series. As one caveat, we refer to
our earlier discussion on PALS results, where bimodal free volume distributions could not be fit
for these samples. Therefore, conclusions of successful FVM in this series are somewhat nuanced,
because sorption clearly increases from t-BOC-140-1h to t-BOC-140-2h, but both samples have
similar FFV and t5 values.

Treatment temperatures of both 130 °C and 140 °C are below the prominent deprotection
temperature of t-BOC, but the treatment temperature of 160 °C allows for the effects of faster
deprotection on polymer chain rearrangement to be studied. When comparing samples that have
similar conversions but different treatment conditions, it was generally found that with higher

deprotection temperatures and longer treatment times, gas permeability decreases, coupled with
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increases in selectivity. In particular, samples treated at 160 °C for significantly shorter times (5
min and 15 min) yield comparable gas transport results to those treated at 130 °C and 140 °C for
longer times (1 h and 2 h). Although lower FFV values at similar conversions generally result in
lower permeability, some exceptions were found that require further investigation. For example,
while t-BOC-160-5min has a lower 75 value than t-BOC-130-1h, permeabilities for N2, Oz, CHa,
and CO- are higher. This difference in permeability is mainly attributed to diffusion. A similar
case is observed between t-BOC-140-2h and t-BOC-160-15min, in which the latter sample
possesses a lower 75 value but higher permeabilities and diffusion coefficients for N2, Oz, CHa,
and COy. The nearly equivalent FFV values between t-BOC-130-1h and t-BOC-160-5min and
between t-BOC-140-2h and t-BOC-160-15min suggest that the free volume distribution between
the two sample pairs differs, although these differences are again notably small.

As a final comparison, there are limited variations in diffusion coefficients for all four
gases measured among the three samples annealed for 16 h. The independence of temperature on
diffusion coefficients at a treatment time of 16 h is particularly interesting, as previous studies
have shown that higher temperature treatments on polymer films can lead to larger decreases in
diffusion coefficients.%’ There is a possibility that at 16 h, thermally-treated 6FDA-HAB-t-BOC
has reached a state in which additional time may not warrant any obvious effects on the packing
structure.!?! Such an interpretation would suggest that sub-Tg transitions, which are known to exist
in 6FDA-HAB at our annealing temperatures,'** have had sufficient time to reorganize the polymer
packing structure such that the porogen templates have effectively been removed from the polymer
matrix. A further study that examines the three thermal treatment temperatures used for times

longer than 2 h, but shorter than 16 h, may elucidate this phenomenon.
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2.4. Conclusions

In this study, the effect of thermal deprotection reactions on free volume manipulation (FVM) and
gas transport properties was investigated. The control sample, 6FDA-HAB, was functionalized
with t-BOC substituents to generate 6FDA-HAB-t-BOC, which was then cast into films. These
films were subjected to thermal treatment conditions at various temperatures and times to study
the effects of treatment conditions on polymer packing structure. Results were evaluated using
FFV, PALS, and gas transport properties. Because deprotection reactions were all significantly
below the glass transition temperature of 6FDA-HAB, we hypothesized that this method of FVM
could generate free volume elements that were approximately the size of t-BOC. However, the
results were far more nuanced, indicating that the thermally deprotected polymer underwent
sufficient structural reorganization during thermal treatments, and complete retention of the
created free volume elements could not be fully preserved. While certain samples showed some
limited evidence of successful FVM, after sufficient thermal treatment, transport properties and
physical characteristics of the deprotected samples closely resembled those of pure 6FDA-HAB.
Extensive synthetic methods and characterization experiments demonstrate how this deprotection
approach can be applied to high-Tq polymers with functional groups that can be protected.
Applying these approaches to polymers with more restricted chain mobilities may enable more
extensive manipulation and control to generate free volume elements from this top-down FVM

approach.
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Chapter 3. Polymers with side chain porosity for ultrapermeable and

plasticization resistant materials for gas separations

Reprinted with permission from: He, Y.; Benedetti, F. M.; Lin, S.; Liu, C.; Zhao, Y.; Ye, H. Z.; Van Voorhis,
T.; De Angelis, M. G.; Swager, T. M.; Smith, Z. P. Polymers with Side Chain Porosity for Ultrapermeable
and Plasticization Resistant Materials for Gas Separations. Adv. Mater. 2019, 31, 1807871.

Polymer membranes with ultrahigh CO. permeabilities and high selectivities are needed to address
some of the critical separation challenges related to energy and the environment, especially in
natural gas purification and post-combustion carbon capture. However, very few solution-
processable, linear polymers are known today that access these types of characteristics, and all of
the known structures achieve their separation performance through the design of rigid backbone
chemistries that concomitantly increase chain stiffness and interchain spacing, thereby resulting in
ultramicroporosity in solid-state chain-entangled films. Herein we report the separation
performance of a porous polymer obtained via Ring-Opening Metathesis Polymerization (ROMP),
which possesses a flexible backbone with rigid, fluorinated side chains. This polymer exhibits
ultrahigh CO. permeability (> 21,000 barrer) and exceptional plasticization resistance (CO>
plasticization pressure >51 bar). Compared to traditional polymers of intrinsic microporosity
(PIMs), the rate of physical aging is slower, especially for gases with small effective diameters
(i.e., He, Hz, and O2). This structural design strategy, coupled with studies on fluorination,
demonstrates a generalizable approach to create new polymers with flexible backbones and pore-

forming side chains that have unexplored promise for small molecule separations.
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3.1. Introduction

Membranes are a promising platform technology for energy-efficient chemical separations. Unlike
other separation processes, membranes do not require thermal regeneration, phase changes, or
moving parts.! Increasing the permeability of polymer membranes used for gas separations is
essential for enhancing productivity and reducing membrane areas required for large-scale gas and
vapor separations.'®® Specific membrane applications include natural gas purification, hydrogen
separations, air separation, and CO_ capture from flue gas.°61%7

Over the past decade, polymers of intrinsic microporosity (PIMs) have defined the state-
of-the-art for gas separations.®”*>® Their rigid and contorted backbone structures lead to excellent
separation performance for a variety of challenging binary separations (e.g., CO2/N2, CO2/CHa,
02/N2, and H2/CH,).'® Guided by the discovery that polymers of intrinsic miroporosity**® now
called PIMs were highly effective for gas separation,® researchers have sought to extend the
database of accessible structures by designing and synthesizing ladder-type porous polymers
containing more rigid backbones with even less conformational freedom.®1%° Despite the
advances in backbone rigidity of polymer chains, a relatively unexplored design strategy of
creating porous polymers is to attach rigid, free-volume-generating sidechains to a flexible
backbone to form a type of “bottlebrush” polymer. Recently, some of us have found that these
polymers can be highly porous as a result of inefficient packing between rigid, non-compliant side
chains.'®! In addition, since rigid macromonomers containing polymerizable units are synthesized
before polymerization (Scheme 3.1a), it is easier to incorporate a variety of unique and pre-
designed functionalities into this class of polymer as compared to PIM-1, which mainly relies on
post-polymerization functionalization.’®21%® From a transport perspective, pre-designing side-

chain structures can enhance the entropic ordering of ultramicropores, enabling easier access to
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controlled entropic selectivities that are not currently considered from the activated state theory
approach used to define the current polymer upper bound.*®

It is well-known that fluorinated polymers introduce properties such as thermal stability
and non-wettability, which have enabled commercial applications.®* In terms of gas separation,
previous studies have shown that the introduction of fluorinated moieties in aromatic polyimides
can dramatically increase gas permeability with little impact on permselectivity.®® In
poly(organosiloxanes), it was found that CO. permeability and CO./CHj, selectivity could increase

simultaneously by incorporating fluorine-containing groups.'®®

In all these cases, bulky
hexafluoroisopropylidene functionality is used to contort the polymer backbone and generate free
volume, thereby enhancing separation performance. Considering the synthetic versatility of using
pore-forming macromonomers, the approach presented here enables a systematic comparison for
studying the effect of fluorination on gas transport properties relative to that of hydrocarbon
analogs in pre-designed ultramicropores. By doing so, a more direct deconvolution of the
morphological and electronic contributions of fluorinated functionality on gas transport can be
achieved.

This chapter describes the gas transport properties of two porous polymers obtained via
Ring-Opening Metathesis Polymerization (ROMP), which both possess flexible poly(norbornene)
backbones with rigid side chains. Films of CF3-ROMP exhibited ultrahigh CO. permeability
(> 21,000 barrer) and exceptional plasticization resistance (CO2 plasticization pressure > 51 bar).
The structures of two porous ROMP polymers are shown in Scheme 3.1b and are based on
synthetic procedures published previously.'®! Side chains are made via an iterative Diels-Alder

reaction, which generates a mixture of oligomers with different chain lengths (typically with 2-9

repeating units) (Figure B.1 and B.2). The mixture of oligomers is directly used for ROMP
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polymerization. Schematic representations of CF3-ROMP are shown in Scheme 3.1c. Both CFs-
ROMP and OMe-ROMP are readily soluble in common organic solvents, allowing
characterization by NMR and GPC (Figure B.3 and B.4). The pre-casting CFz-ROMP and OMe-
ROMP powder showed significant microporosity via N2 adsorption isotherms at 77 K, with a
Brunauer—-Emmett—Teller (BET) surface area of 700 m? g~* and 146 m? g*, respectively (Figure
B.6). Solution casting from chloroform led to optically clear films (Figure B.9) suitable for gas

permeation studies.
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Flexible backbone
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Scheme 3.1. (a) Generalized synthetic procedure for CF3-ROMP and OMe-ROMP, (b) molecular
structures of PIM-1, CFs-ROMP, and OMe-ROMP, and (c) schematic representation of CFs-

ROMP with 5 repeating units (uniform conformation or mixed conformations for side chains).
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3.2. Results and Discussion

The gas separation performance of CF3-ROMP, OMe-ROMP, and PIM-1 are shown in Figure 3.1
and Table B.1. Before permeation experiments, films were first soaked in ethanol for 48 h, dried
at ambient conditions for 24 h, and then degassed in full vacuum for 8 h at 35 °C to remove residual
solvent, as confirmed by TGA (Figure B.10).1% The effect of different treatment conditions and
film history were also investigated (Section B.7). The magnitude of gas permeability for CFs-
ROMP and OMe-ROMP followed the order of CO, >H, > 02> He > CH4> N, indicating a
strong solubility contribution to permeation (Figure B.11a). CF3-ROMP exhibited exceptionally
high gas permeabilities across all gases tested, notably for CO, (~21,300 barrer) and H> (~8,300
barrer) for the non-aged film. These gas permeabilities were about 60 to 200% higher than the
non-aged PIM-1 film under the same ethanol treatment and testing conditions, which makes CFs-
ROMP the third most permeable linear ultramicroporous polymer reported to date, behind PTMSP
and PIM-TMN-Trip reported by Rose et al.28 As a result, CFs-ROMP surpassed the 2008 Robeson
upper bound for H2/CHjs after physical aging, and was above the 1991 Robeson upper bound for
all other gas pairs investigated (Figure 3.1 and B.12).

In contrast, OMe-ROMP exhibited significantly lower gas permeabilities compared to CFs-
ROMP and PIM-1 but higher permselectivities (Figure 3.1 and B.11d). These striking differences
in transport properties are notable because CFs-ROMP and OMe-ROMP are structurally very
similar with the main exception being the —CF3 versus —OMe functionality. Quantitatively, gas
permeabilities are 7-10 fold higher, depending on the gas, for the CF3-ROMP. This difference in
performance can be rationalized by the higher BET surface area of CF3-ROMP arising from the
random configuration of CFs- and OMe-substituted side chains. The pendant —CFs group is bulkier

and stiffer than —OMe, which hinders interchain packing and reduces intrachain rotational freedom,
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thus leading to higher porosity. Fluorine-containing moieties are also known to have high
solubilities for light gases, which could subsequently increase permeabilities in the framework of
the sorption—diffusion model.>*%1%7 |t may be the combination of these two effects that leads to
the significant increase in gas permeabilities, similar to trends reported for certain polyimides and
polycarbonates.'®® Molecular mechanics simulations suggest side chain bending into “pocket-
shapes” are a potentially pseudo-stable conformation (Section B.4). We also hypothesize that the
pendant —CFs groups may form localized fluorine-rich domains between side chain segments as a
result of the curvature of the side chain in 3D (Scheme 3.1c). However, the stereochemistry of
Diels-Alder reaction during side chain formation is disordered and hence there is a distribution of

the shape and size of the pockets.
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Figure 3.1. Robeson plots of CFs-ROMP, OMe-ROMP, and PIM-1 for (a) CO2/CHa, (b) Ho/CHa,
and (c) H2/N2 gas pairs as a function of physical aging time. Black and gray lines represent 2008
and 1991 upper bounds, respectively.*®#” Filled purple squares represent other highly permeable
PIMs reported: 1) PIM-EA-TB, 2) PIM-Trip-TB, 3) PIM-TMN-SBI, 4) PIM-TMN-Trip-TB 5)

PIM-TMN-Trip.889%

Compared to PIM-1, CF3-ROMP exhibited moderately lower selectivities for the gas pairs
CO2/CH4, H2/CH4, and H2/N2. Diffusivity-selectivity and solubility-selectivity is presented in
Figure B.19 and B.21. According to Figure 3.2, B.13, and B.14, the solubility-selectivity of CFs-

ROMP is close to that of PIM-1 whereas its diffusivity-selectivity is lower for the majority of gas
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pairs. Considering the difference in pore-size distribution between two polymers (Figure B.6), we
hypothesize that the lower diffusivity-selectivity of CF3-ROMP is most likely caused by
polydispersity in length and stereochemistry of the side chains. Given this hypothesis, diffusivity-
selectivity may be improved by homogenizing the length of side chains and devising systems that

do not have structural variances as a result of the stereochemistry of the Diels-Alder reaction used

in the side chain synthesis.
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Figure 3.2. (a) Diffusion coefficient plotted against effective diameter squared for CF3-ROMP,
OMe-ROMP, and PIM-1 at 1 h aging after liquid ethanol soaking for 48 h, air-drying for 24 h, and
subjecting to full vacuum for 8 h at 35 °C. The steepness of the slope indicates molecular sieving
capabilities, thus molecular sieving capabilities decrease in the following order: -OMe > PIM-1 >

—CFs. (b) Solubility coefficient of N2, Oz, CH4, and CO2 in polymers as a function of critical

temperature.

In addition to evaluating performance relative to the upper bounds, determining the effects
of penetrant-induced plasticization is an important concern in membrane-based gas separations.'®°
Exposure of membranes to strongly interacting gases such as CO; at high pressures can reduce

permselectivity as a result of sorption-induced swelling.t’® Thus, membranes that maintain stable
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performance under high CO, feed pressures are desirable. In Figure 3.3a, CF3-ROMP, OMe-
ROMP and PIM-1 were subjected to CO> feed pressure up to 51 bar. Of note, CO> permeabilities
of CF3-ROMP decreased monotonically up to 51 bar even when using fugacity to account for non-
idealities (Figure B.25). This result reveals that the plasticization pressure point, above which
permeability starts to increase, was not reached under the conditions considered for these
experiments. PIMs and many other non-crosslinked porous polymers exhibit plasticization
pressure points at significantly lower pressures (Figure B.23 and Table B.2), but the non-
crosslinked CF3-ROMP and OMe-ROMP have plasticization pressure points more characteristic
to those of chemically-crosslinked polyimides.’*"2 Moreover, when the CO- feed pressure was
gradually decreased, the hysteresis induced by conditioning up to 51 bar was ~35% of the original
CO2 permeability. OMe-ROMP shows similar anti-plasticization behavior with plasticization
pressure points >51 bar, but the hysteresis (~50%) is slightly higher than CF3-ROMP. As a
comparison, the plasticization pressure point for PIM-1 when tested under identical conditions was
~27 bar, and it shows a significantly larger hysteresis effect (up to 95% increased permeability)
when CO; feed pressure is released. These results indicate that the interchain cohesive energy for
ROMPs is larger than that of PIM-1. This feature may originate from both a fluorophilic interaction
between —CF3 moieties and a greater rigidity-promoting “physical interlocking” between side
chains typical of both ROMPs. Such an interpretation is in agreement with the results of Swaidan
et al., wherein interchain rigidity contributed to CO. plasticization resistance.'®>!"® To further
investigate the plasticization resistance of CF3-ROMP, 50:50 vol.% CO2/CH4 mixed-gas
permeation experiments were run, and the details can be found in Section B.11.

It is well-known that the relaxation of non-equilibrium free volume elements in PIMs

proceeds rapidly in the first ~10 days after swelling in a non-solvent (e.g., alcohols).™ To evaluate

85



such behavior in the samples considered here, physical aging of CF3-ROMP, OMe-ROMP, and
PIM-1 was monitored by gas permeation measurements and wide-angle X-ray scattering (WAXS)
for 2000 h. Figure 3.3c displays helium permeability as a function of the time, and it is clear that
CF3-ROMP, OMe-ROMP, and PIM-1 age at different rates. For smaller gases like He, Hz, and O,
CF3-ROMP aged the slowest among samples considered, while OMe-ROMP aged the fastest with
PIM-1 displaying intermediate behavior (Figure B.17). Notably, the aging rate of CF3-ROMP is
significantly lower than that of state-of-the-art PIMs, although the alcohol treatment was slightly
different (ethanol vs. methanol).8% For instance, helium permeability decreased by ~45 % after
1000 h aging for PIM-TMN-Trip, whereas CF3-ROMP only decreased by ~10 %. Moreover, the
CF3-ROMP films considered here are thinner than PIM-TMN-Trip (119 pm vs. 192 pym), and
physical aging is accelerated for thinner films.*” For larger molecules like CO2, N2, and CHya, there
was no significant difference in aging rates between the three polymers compared in this work
(Figure B.17a). These findings suggest that using permeability as a proxy for assessing aging rates
instead of diffusion is a limitation for more strongly sorbing components that also have significant
solubility contributions to permeability.

Previous studies have shown that the introduction of fluorinated moieties can suppress
physical aging in aromatic polyimides.}”>17% In the case at hand, despite its higher BET surface
area, the aging rate of CF3-ROMP was considerably lower than that of OMe-ROMP for gases with
smaller effective diameters. The WAXS of CF3-ROMP displays a decrease in scattering intensity
only over the larger d-spacing regime during physical aging, whereas OMe-ROMP exhibited a
decrease in scattering intensity across the entire d-spacing range (Figure B.22). This trend suggests
that subtle differences in polymer chemistry for a similar polymer design may result in multiple,

complex aging pathways. The reduced aging rate for CF3-ROMP compared to OMe-ROMP likely
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results from a stability of CF3-ROMP to contraction of smaller free volume elements (Figure B.15

and B.16).
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Figure 3.3. (a) CO- plasticization study and (b) hysteresis induced by conditioning of the film at

51 bar of CO; for CF3-ROMP, OMe-ROMP, and PIM-1. (c) Physical aging study of helium by

monitoring permeability over time for CF3-ROMP, OMe-ROMP, and PIM-1 between 1 and 2000

h after liquid ethanol treatment.
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3.3. Conclusions

In summary, we have demonstrated a versatile approach to achieve ultrahigh CO> permeabilities
and selective size-sieving behavior for gas-phase separations by using pore-forming side chains
attached to flexible polymer backbones. Pendent —CF3 groups enhance gas permeability and reduce
physical aging compared to their —-OMe counterparts. The different performance metrics as a
function of pendent groups on the side chain reveal that these features can be used to tailor gas
separation performance. Outstanding plasticization resistance is a common feature for both of the
ROMP polymers presented, indicating that this new structural design may provide a material
platform to systematically address challenges with plasticization. Moreover, CFz-ROMP exhibited
a reduction in physical aging rate compared to PIM-1 even though it is characterized by
significantly higher intrinsic permeabilities. The formation of porous polymers based on flexible
backbones and rigid free volume promoting side chains represents a promising new platform of
materials for addressing fundamental limitations in current design strategies for membrane

materials.

3.4. Materials and Methods

Synthesis of Porous ROMP polymers: Synthetic procedures for CF3-ROMP and OMe-ROMP have
been previously reported by Zhao and He et al.%!

Modelling and Gas Transport Properties: The 3D structure of CF3-ROMP is optimized
using the MMFF 94 force field as implemented in Avogadro 1.2.0.

Gas Transport Properties: Self-standing films of CF3-ROMP, OMe-ROMP, and PIM-1
were prepared by slow evaporation of a 3 wt % polymer solution in chloroform using a flat

aluminum Petri dish. The as-cast film was soaked in liquid ethanol before testing gas permeability
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and WAXS. TGA analysis was performed to ensure the complete removal of residual solvents
from the films and to determine their thermal stability. The thicknesses of CF3-ROMP, OMe-
ROMP, and PIM-1 films, as measured with a digital micrometer, were 119 um, 160 pum, and 119
pum, respectively. Permeability was measured at 35 °C with a fixed-volume variable-pressure
Maxwell Robotics automated permeation system from the slope of the curve (p, t) in the steady-
state region after 6 times the time lag (). Pressure was measured with a MKS transducer (Model
622C, 10 Torr limit). The diffusion coefficient, D, was determined by applying the time-lag
method: D = 12/66 where [ is the film thickness. The solubility coefficient, S, was determined in
the framework of the solution-diffusion model where § = P/D. Aging experiments were
systematically performed on samples subjected to the same treatment and storage conditions,
experiencing the same history for up to 2000 h. CO»-induced plasticization experiments were
performed by pressurizing samples up to 51 bar and depressurizing down to 1 bar to evaluate the

hysteresis.
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Chapter 4. Elucidating the role of side-chain length and dispersity in

ROMP polymers with pore-generating side chains for gas separations

Reprinted from Benedetti, F. M.; Wu, Y.-C.; Lin, S.; He, Y.; Flear, E.; Liu, C.; Zhao, Y.; Swager, T. M.;
Smith, Z. P. Elucidating the role of side-chain length and dispersity in ROMP polymers with pore-
generating side chains for gas separations. In preparation.

Polymers with flexible backbones and rigid side chains of varying length synthesized via ring-
opening metathesis polymerization (ROMP) have shown ultrahigh CO, permeability and
plasticization resistance. We report gas transport properties of a methoxy (OMe) functionalized
ROMP polymer with uniform side-chain lengths ranging from n = 2-5 repeat units in order to
elucidate the role of both side-chain length and dispersity on gas transport properties and
plasticization resistance. As side-chain length increased, both Brunauer-Emmett-Teller (BET)
surface area and gas permeability increased with minimal losses in gas selectivity. Increased
plasticization resistance was also observed with increasing side-chain length, which can be
attributed to increased interchain rigidity from longer side chains. Controlling the side-chain length
was revealed to be an effective strategy to rationally optimize the performance of ROMP polymers

for CO»-based gas separations.
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4.1. Introduction

The use of membranes for gas separations is a promising alternative to traditional industrial
separations due to their energy efficiency, low capital investment, and operational simplicity (i.e.,
no moving parts or phase changes).>*’” In order to be suitable for scale-up and operation, such
membranes must be solution-processable, as well as highly permeable and selective.® In recent
years, polymers of intrinsic microporosity (PIMs) have emerged to define the state of the art in
pure-gas performance for gas separations due to their rigid and contorted backbones that lead to
inefficient packing and concomitant pore generation, which results in very high gas
permeabilities 8688.142.198.178 Since the discovery of PIMs, a range of design strategies (e.g., the
incorporation of rigid groups such as iptycenes, Troger’s base, Hunlich’s base, and
polybenzoxazole motifs through thermally rearranged (TR) polymers) have been used to generate
pores for improved separation performance,?362:94-98.179

We have recently introduced an alternative method of pore generation using a “bottlebrush”
type of polymer with a flexible poly(norbornene) backbone containing rigid, free-volume-
generating side chains.’6%18 A variety of functionalities can be incorporated into the rigid
macromonomers prior to their polymerization via ring-opening metathesis polymerization
(ROMP), allowing for the effects of these functionalities on polymer packing and gas transport
properties to be studied. To that end, we studied the gas transport properties of two porous
polymers generated via ROMP with two different chemical substituents (CFs-ROMP and OMe-
ROMP), and found that CF3-ROMP possessed ultrahigh CO2 permeability (> 21,000 barrer) and
exceptional plasticization resistance (CO- plasticization pressure > 51 bar).'®° While OMe-ROMP
also displayed similar exceptional plasticization resistance, CO, permeability was lower (~2,900

barrer).18 Although these polymers achieved plasticization resistance previously unreported for
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un-crosslinked glassy polymers, the combinations of permeabilities and selectivities of both CFs-
ROMP and OMe-ROMP were not high enough to surpass the 2008 Robeson upper bound for a
majority of gas pairs studied.*"'®° Mechanistically, it was determined that the reason behind these
findings related to the diffusivity-selectivity of CF3-ROMP being lower than that of PIM-1 for a
majority of gas pairs.’® This finding is potentially related to the non-uniformity in side-chain
length and the stereochemistry of the rigid side chains Thus, we hypothesized that creating side
chains of uniform length could potentially improve diffusivity-selectivity in ROMP polymers for
gas separations (Figure 4.1a).

In this study, we report gas transport properties of OMe-ROMP with uniform side chains
ranging from n = 2-5 repeat units. It was found that increasing side-chain length (i.e. the value of
n) led to increased pure-gas permeability and diffusion coefficients for all gases considered, with
minimal loss in selectivity. While it was hypothesized that forming side chains of uniform length
could improve diffusivity selectivity, the dispersity of side chain length in samples did not seem to
influence gas transport properties, as those of OMe-ROMP (which had an average n = 4.5) fell
between those of poly(OMe 4-mer; n = 4) and poly(OMe 5-mer; n = 5). When measuring
plasticization resistance using high-pressure pure-gas CO2 permeation tests, poly(OMe 5-mer) and
poly(OMe 4-mer) were found to have higher plasticization resistance than poly(OMe 3-mer),

which displayed a plasticization pressure of ~10 bar.

4.2. Experimental

4.2.1. Materials and methods
Dicyclopentadiene, sodium hydride, methyl iodide, and Grubbs 2"-generation catalyst were

purchased from commercial sources and used as received. Anhydrous dimethylformamide (DMF)
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was purchased from Sigma—Aldrich in SureSeal bottles and dried over 4-A molecular sieves prior
to use. Anhydrous dichloromethane (DCM) was obtained from an INERT PureSolv MD5 solvent
purification system and stored under Ar over 4-A molecular sieves. All other solvents were
purchased at ACS grade or higher and used as received. 1,4-Anthraquinone was purified with a
silica plug (using dichloromethane as the eluent) prior to use.

Silica gel chromatography: Silica gel chromatography was performed on a Biotage Isolera
flash chromatography system with Biotage SNAP Ultra columns containing HP-Sphere 25um
silica.

Nuclear magnetic resonance (NMR) spectroscopy: *H and *3C NMR spectra were acquired
using Bruker Avance spectrometers at 400 or 600 MHz (100 or 150 MHz) for *H (*3C), in
deuterated solvents as specified, and referenced to the residual solvent signal. Spectra for
quantitative integration were recorded using 16 scans and 5-s relaxation time.

Size exclusion chromatography (SEC): SEC was performed in HPLC-grade
tetrahydrofuran using an Agilent 1260 Infinity system with a guard column (Agilent PLgel; 5um;
50 x 7.5 mm) and three analytical columns (Agilent PLgel; 5um; 300 x 7.5 mm; 105, 104, and 103
A pore sizes). The instrument was calibrated with polystyrene standards between 1.7 and 3150
kgemol ™. All runs were performed at 1.0 mLemin* flow rate and 35 °C. Molecular weight values
were calculated using ChemStation GPC Data Analysis Software (Rev. B.01.01) based on the
refractive index signal.

Matrix-assisted laser desorption/ionization (MALDI)-time of flight (TOF) mass
spectrometry (MS): MALDI-TOF MS was performed on a Bruker Autoflex Speed machine using
reflector mode and positive ionization. trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-

propenylidene]malononitrile (DCTB) was used as the matrix.
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Brunauer—Emmett-Teller (BET) surface area: BET surface areas of polymers were
measured using N sorption at 77 K using a Micromeritics ASAP 2020 analyzer. Powder samples

were degassed under high vacuum at 120 °C for at least 4 hours prior to analysis.

4.2.2. Synthetic procedures

The synthetic procedures for the OMe monomer, oligomerization, and polymerization were
previously reported!®18 and used without modification other than the separation step.
Representative procedures are presented below.

OMe oligomer: OMe monomer was added to an oven-dried Schlenk flask, which was
evacuated and backfilled with Ar three times. The monomer was heated at 220 °C for 18 h.

Separation of oligomers: The oligomer mixture was separated by silica gel chromatography
using a Biotage Isolera flash chromatography system. Generally a solvent gradient of 5% to 40%
EtOAc/hexanes was successful in providing sufficient separation. Ry decreases with increasing n.
Crucially, the isolated oligomers were dissolved in a small amount of DCM and precipitated in
MeOH prior to polymerization in order to remove impurities, presumably from the evaporated
solvent used for chromatography. OMe n-mers were dried in the vacuum oven at 60 °C for at least
3h.

Polymerization: OMe 4-mer (168 mg, 0.14 mmol, 1 equiv.) was added to an oven-dried
Schlenk flask, which was evacuated and backfilled with Ar three times, and then dissolved in DCM
(1 mL). In a separate oven-dried vial, Grubbs 2"-generation catalyst (1.18 mg, 0.0014 mmol, 0.01
equiv.) was dissolved in DCM (0.4 mL). The catalyst solution was transferred by syringe into the
oligomer solution, and the reaction mixture was stirred at room temperature for 18 h. The flask

was unsealed and 1 drop of ethyl vinyl ether was added to quench the catalyst. The polymer
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solution was precipitated in methanol, and the solid was collected by vacuum filtration, washed

with methanol, and dried under vacuum.

4.2.3. Membrane fabrication and treatment

Self-standing films of poly(OMe n-mer)s were made by dissolving polymer in chloroform to create
a ~3 wt% polymer solution. The solution was then cast onto a Norton® fluorinated ethylene
propylene (FEP) Film petri dish liner with a diameter of 50 mm, which was then placed on a flat-
bottomed glass dish. After 4-5 days of slow evaporation at room temperature in a fumehood, a
stable and defect-free film was formed with a thickness of ~150 pm.

Two different treatments were employed on the self-standing films. Thermally treated
films were dried at 120 °C for 24 h under vacuum to remove residual solvent. Alcohol-treated
films were soaked in either ethanol (poly(OMe 2-mer)) or methanol (poly(OMe 3-mer) to
poly(OMe 5-mer)) for 48 h. After alcohol treatment, films were air-dried in a fumehood for 24 h

before testing in the permeation system.

4.2.4. Pure-gas permeability measurements

Pure-gas permeability measurements of samples were done using an automated constant-volume,
variable-pressure permeation system from Maxwell Robotics. Polymer films were cut, placed on
top of a hole in the center of a brass disk, and glued to the brass disk using epoxy glue (Devcon 5
min Epoxy). The glue was left to dry for at least 30 min. After, the polymer sample were sealed
inside a stainless steel permeation cell (Millipore), which was immersed in a water bath set to
35 °C by an immersion circulator (ThermoFisher SC150L). All gases used for testing (He, Ho,

CHa, N2, Oz, and CO») were ultra-high purity from Airgas.
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The permeabilities of the six aforementioned gases were determined at ~1 bar. Before
testing permeation, the testing chamber was dosed with ~2 bar of helium gas to ensure that no
residual gas remained in the system. Then, the sample was held under vacuum at 35 °C for 8 h.
Before switching to a new permeating gas for testing, samples were again dosed with ~2 bar of
helium gas and held under vacuum for at least 1 h.

Pure-gas permeability (P) was calculated using the following equation:

Vl (d
p=—2 (—p> (4.1)
P2 ART \dt/ g

in which V; is the volume downstream of the film, [ is the film thickness, p, is the upstream

pressure, A is the area of film exposed to the gas, R is the ideal gas constant, T is the absolute

experimental temperature, and (%) is the rate of pressure rise in the permeate at steady state.

SS

The ideal gas selectivity (a; ;) was taken to be the ratio of the pure-gas permeabilities of the more

permeable gas, i, to that of the less permeable gas, j (i.e., %). Diffusion coefficients for each gas
]

2
were determined using the time-lag method, D = é—e, in which @ is the time lag.*** Since the

diffusion coefficients for smaller gases (i.e., He and Hz) were sometimes within the resolution of
the acquisition time of the permeation system, which was typically 1-2 s, diffusion coefficients

for these two gases are not reported in. By assuming the sorption—diffusion model to be valid (S =
g),“l sorption coefficients could be determined. Error bars for permeability, diffusion coefficients,

and sorption coefficients were determined using the error propagation method.
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4.3. Results and Discussion

Figure 4.1a depicts a comparison of our previous study,'® described in Chapter 3, to the work
presented in this chapter. OMe-ROMP polymers with uniform side-chain lengths (n), which we
term poly(OMe n-mer)s, were synthesized from their respective oligomers of uniform lengths. The
pure but stereoirregular OMe n-mers of uniform lengths were in turn obtained by using silica gel
column chromatography to separate the OMe-oligomer mixture obtained from Diels—Alder
oligomerization. We were able to separate out the OMe n-mers of n = 1 -5, whereas higher n-mers
began to coelute (n = 1 corresponds to the unreacted monomer and was not further studied).
Unfortunately, the fluorophilic CFs oligomers did not separate well on silica gel under all solvents
considered. After isolation of the OMe n-mers, their identity and purity were confirmed by nuclear
magnetic resonance (NMR) spectroscopy and matrix-assisted laser desorption/ionization—time-of-
flight mass spectrometry (MALDI-TOF MS). In addition to MALDI (Figure 4.1c), *H NMR
integration ratios were used to confirm the identity of the separated OMe n-mers. Figure C.1
demonstrates the method used for NMR integration, and Table C.1 shows the expected and
experimentally obtained ratios. NMR integral ratios of each n-mer were consistent with the
expected values (Figure C.1 and Table C.1), and each MALDI-TOF MS spectrum demonstrates
the expected mass of each n-mer with minimal impurities (Figure 4.1c). Additionally, we found
that precipitation of the isolated oligomers from dichloromethane solution into methanol was
crucial for removing residual impurities (such as trace amounts of alkenes) from the column
chromatography solvent that would otherwise interfere with the ROMP reaction, leading to lower
molecular weights. With the purified OMe n-mers in hand, ROMP using Grubbs 2nd-generation
catalyst provided the corresponding poly(OMe n-mer)s (Figure 4.1b). Monomer-to-initiator ratios

(IM]/[1], based on molar concentrations) between 100 and 150 produced polymers of high

97



molecular weights (Mn > 75 kDa; see Table C.2) that were suitable for producing free-standing

films via solution casting.
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Figure 4.1. (a) Comparison of polymer structure between previous study*® and this study; (b)
reaction conditions to polymerize OMe n-mers; (c) MALDI-TOF MS spectrum of each n-mer in

this work.

Brunauer—-Emmett-Teller (BET) surface areas of poly(OMe 2-mer) — poly(OMe 5-mer)
were obtained from N2 adsorption isotherms (Figure C.2) at 77 K and are shown in Table 4.1.
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The BET surface areas show an increasing trend with increasing n, demonstrating the porogenic
nature of the rigid side chains, with the higher n-mers producing materials with higher BET surface
areas. The BET surface area of OMe-ROMP falls between those of poly(OMe 4-mer) and
poly(OMe 5-mer), which is consistent with an average n of 4.5 in OMe-ROMP as determined by

NMR integration ratio.

Table 4.1. BET surface areas of poly(OMe 2-mer) through poly(OMe 5-mer).

BET Surface Area (m?/q)
OMe 2-mer 30
OMe 3-mer 147
OMe 4-mer 430
OMe 5-mer 574
OMe-ROMP 484

The gas separation performance of all poly(OMe n-mer)s are shown in Figure 4.2 and
Table C.3. Before testing, films were soaked in methanol for 48 h, dried in ambient conditions for
24 h, and then degassed under full vacuum at 35 °C for 8 h. Since poly(OMe 2-mer) films were
unable to withstand methanol treatment for permeation tests, ethanol treatment was used instead.
Similar to methanol treatment, ethanol treatment has also been shown to swell polymer membranes
and thereby increase free volume and gas permeability,166.181-184

Data for OMe-ROMP was reported in our previous study and is included in Figure 4.2 here
for comparison.'® This sample was soaked with ethanol instead of methanol but otherwise
underwent identical treatments conditions relative to the other samples considered in this study.
For all samples tested, gas permeability increased as follows: P(N2) < P(CH4) < P(O2) < P(He) <
P(H2) < P(CO>), which indicates a strong sorption component to permeability. As n increases,
permeabilities for all gases increase, while the selectivities for gas pairs considered decrease

slightly, which is consistent with BET data presented. In addition, the gas separation performance
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of OMe-ROMP is in between those of poly(OMe 4-mer) and poly(OMe 5-mer), which is again
consistent with the average n of 4.5 for OMe-ROMP. Gas separation performance for poly(OMe
n-mer) samples that underwent thermal treatment instead of solvent treatment (120 °C under full
vacuum for 24 h before drying in ambient conditions for 24 h and then degassing under full vacuum
at 35 °C for 8 h) can be found in Appendix C (Figure C.3 and Table C.3).

In order to determine whether our original hypothesis that forming side chains of uniform
length could lead to increased diffusivity selectivity, we decoupled permeability into diffusion and
sorption coefficients in the framework of the sorption—diffusion model (P = DS).** Diffusion
coefficients were determined using the time-lag method (D = 12/60)* where [ is the film
thickness. Since the time-lags of He and H2 were outside of the resolution of our permeation system
(1-2 s), diffusion and sorption coefficients are not reported for these gases. Tabulated diffusion

and sorption coefficients for all samples in this study can be found in Table C.3.
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The effects of n on diffusion coefficient for O2 is shown in Figure 4.3 for both thermally
treated and methanol-treated samples. Analogous plots for N2, CH4, and CO- are shown in Figure
C.4. It can be seen that, for the four gases considered in this study, as the side-chain length
increases from n = 2 to n = 5, the diffusivity increases in an exponential manner, which is in

agreement with free volume theory.14>1%° Thus, plots are presented with a logarithmic y-axis for
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linearization,8®

and the slopes of the semilog plots are displayed on each figure. For each gas,
thermally treated samples experience a smaller increase in diffusion coefficient as n increases
compared to samples that underwent methanol treatment, as evident by the smaller slope. In
addition, the slopes of the semilog plots for thermally treated samples for each gas remain largely
invariant, indicating that the change in diffusivity with respect to n is similar across all gases
considered. However, for methanol-treated samples, the slopes of the semilog plots increase ((0.38
+ 0.03) 02 < (0.42 £ 0.03) CO2 < (0.47 £ 0.07) N2 < (0.53 £ 0.06) CHj4) in accordance with the
effective diameter of the gas ((3.44 A) 02 < (3.63 A) CO, ~ (3.66 A) N2 < (3.81 A) CH4). Methanol
treatment of polymer membranes results in swelling, leading to an increase in free volume size
and gas permeability.**® Thus, changes in diffusivity coefficient from side-chain length will be

more pronounced in methanol treated samples because of the swelling nature of this processing

method.
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Figure 4.3. Side-chain length (n) versus O diffusion coefficient for both thermal and methanol-
treated poly(OMe n-mer) samples. Slopes and errors were calculated using the Origin 9.1 fitting

tool.
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As ROMPs have shown exceptional plasticization resistance,®°

poly(OMe n-mer)s
undergoing methanol treatment were also subjected to plasticization studies. In particular, samples
were exposed to CO; feed pressures of up to 51 bar at 35 °C, and results are shown in Figure 4.4.
The hysteresis induced by conditioning samples at 51 bar CO; is also shown (Figure C.5). Data
for OMe-ROMP is included for comparison. While poly(OMe 4-mer) and poly(OMe 5-mer) show
excellent plasticization resistance similar to OMe-ROMP (i.e., no plasticization pressure detected
up to 51 bar), poly(OMe 3-mer) exhibits a plasticization pressure of ~10 bar. Since poly(OMe 2-
mer) films could not withstand the methanol treatment used for the other samples in this study, the
plasticization study was conducted on thermally treated poly(OMe 2-mer), which showed a
plasticization pressure of ~15 bar. With increasing side-chain length, a decrease in the hysteresis
(i.e., the difference in permeability at the same feed pressure before and after conditioning at 51
bar COy) is also observed, with the hysteresis of poly(OMe 5-mer) being up to ~30% (compared
to ~50% for OMe-ROMP). In our previous work, we hypothesized that large interchain cohesive
energy present in ROMPs contributed to the plasticization resistance.® Our results in this study
indicate that higher n (i.e., longer rigid side chains) lead to stronger interchain cohesive energy and

greater interchain rigidity. Detailed mixed-gas studies to deepen an understanding on the

plasticization resistance exhibited by ROMPs will be the subject of future studies.
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Figure 4.4. High-pressure pure-gas CO2 permeability experiments conducted on (a) poly(OMe 2-

mer), (b) poly(OMe 3-mer), (c) poly(OMe 4-mer), and (d) poly(OMe 5-mer).

4.4. Conclusions

In conclusion, we have polymerized discrete OMe oligomers with side-chain length (n) of 2 -5 to

study the effects of n on gas transport properties in these bottlebrush ROMP polymers. BET and

gas transport measurements indicated that both surface area and gas permeability increased as n

increased, and the properties of the OMe-ROMP with non-uniform side chains, which has non-

uniform side chains of average n = 4.5, lay in between those of n = 4 and n = 5. Whereas diffusivity



increased exponentially as n increased, there was not an appreciable effect on selectivity.
Additionally, we found that forming uniform side-chain length did not lead to improved diffusivity
selectivity as was originally hypothesized, and thus selectivity remained largely unaffected.
Moreover, the plasticization resistance (as determined by high-pressure pure-gas CO> permeation
tests) was revealed to increase with increasing side-chain length, suggesting that the exceptional
stability of ROMPs is attributed to the inclusion of long and rigid side chain units. Longer side
chains than what have been studied here could further improve property sets such as permeability

and plasticization resistance.
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Chapter 5. Role of side-chain length in gas transport of CO2/CHa

mixtures in polymers with side chain porosity

Reprinted from Lin, S.; Storme, K. R.; Wu, Y.-C.; Benedetti, F. M.; Swager, T. M.; Smith, Z. P. Role of
side-chain length in gas transport of CO2/CH4 mixtures in polymers with side chain porosity. In preparation.

Recently, the effect of the rigid side-chain length on the free volume and gas transport properties
of a methoxy (OMe) functionalized polymer generated via ring-opening metathesis polymerization
(ROMP) was reported. In this study, we elaborate further on the role of side-chain length in this
polymer, henceforth referred to as OMe-ROMP. It was previously found that increasing side-chain
length led to increased BET surface areas and pure-gas permeabilities. Increased diffusion
coefficients with increasing side-chain length were also observed. In this study, the hypothesis that
increasing side-chain length led to increased amounts of free volume was further corroborated by
pure-gas sorption measurements. In addition, the plasticization resistance of OMe-ROMP with
varying side-chain lengths was studied using high-pressure mixed-gas CO2/CHas permeation
experiments. A deeper understanding of the role of side-chain length on polymer packing and
plasticization resistance can be used to optimize the structure and chemistry of ROMP polymers

for gas separations.
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5.1. Introduction

Over the past 25 years, natural gas processing has become one of the most widespread industrial
applications for gas separations, with the world using close to 100 trillion scf (standard cubic feet)
of natural gas every year.'®18 Compared to other established technologies, polymer membranes
are an energy-efficient method for gas separations due to their processability, small footprint, and
scalability™3. However, polymer membrane-based separations only occupy about 10% of the
natural gas processing market.>*® This limited industrial adoption is primarily due to the trade-off
that polymer membranes experience between permeability and selectivity. Most commercial
membranes for gas separations currently are based on polymers with moderate selectivity but low
permeability.1%

Another major issue that precludes adoption of polymer membranes for gas separations is
plasticization. When exposed to high pressures of condensable gases (such as CO2), polymer
chains will reorganize and swell, which increases gas permeability but reduces selectivity.>" %187
This issue is particularly relevant for natural gas separations, in which separation of CH4 from CO-
and other gases is the primary separation.’® Since plasticization involves molecular chain
movements, there have been efforts to mitigate plasticization by increasing polymer chain rigidity
either through incorporating interchain interactions (such as cross-linking,!’%188-1% the formation
of charge transfer complexes (CTCs),!%"1% and the introduction of hydrogen-bonding
functionalities®0616364.125192.19519) o1 restricting intrachain mobility (which include the
incorporation of rigid groups like triptycene,53913614L197  Trager’s  base, 4919819 gngd
ethanoanthracene®® into the polymer backbone).

One strategy to address current materials limitations of polymer membranes has been the

development of polymers of intrinsic microporosity (PIMs). These polymers have rigid backbones
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and contorted structure that allow for inefficient packing, enhancing separation performance for a
number of gas pairs.88931%8 Fyrther advances have been made by incorporating bulky groups into
PIM-based materials to increase rigidity even further.6294-914L17 \While the incorporation of
interchain interactions has seen some success in mitigating plasticization, enhancements in
intrachain rigidity alone has not proven sufficient in suppressing plasticization.'®? Of note,
polymers with increased intrachain rigidity, such as PIM-based materials, often have high
fractional free volume that leads to increased sorption capacity for condensable gases, which likely
exacerbates plasticization effects.

Recently, our group has introduced a different type of bulky structure by using ring-
opening metathesis polymerization (ROMP), incorporating rigid side chains on a flexible
poly(norbornene) backbone.’®1® CF;-ROMP and OMe-ROMP, which were named for their
functionality, both showed gas transport properties that were comparable to state-of-the-art PIMs
for a number of commonly-tested gas pairs. When both ROMP polymers were tested under high-
pressure pure-gas CO> permeation up to a feed pressure of 51 bar, neither exhibited a detectable
“plasticization pressure” in this pressure range, indicating that the CO, permeability continued to
decrease with increasing pressure. A follow-up study investigated the influence of rigid side-chain
length on OMe-ROMP on both the gas transport properties and plasticization resistance.?** These
polymers are referred to as poly(OMe n-mer), in which n ranged from 2 to 5. As the side-chain
length increased from n = 2 to n = 5, gas permeability increased with minimal losses in
permselectivity. Increasing the side-chain length also led to increased plasticization resistance.
While poly(OMe 2-mer) and poly(OMe 3-mer) exhibited plasticization pressures of ~15 and ~10
bar CO., respectively, both poly(OMe 4-mer) and poly(OMe 5-mer) did not show any

plasticization pressure up to 51 bar CO>. In addition, the hysteresis induced by conditioning

108



samples at 51 bar CO, was ~25% at a CO> pressure of ~25 bar for poly(OMe 5-mer), compared to
~30% for poly(OMe 4-mer), ~55% for poly(OMe 3-mer), and ~80% for poly(OMe 2-mer). The
increased plasticization resistance of monodispersed OMe-ROMP samples with increasing side-
chain length was attributed to stronger interchain cohesive energy and greater intrachain rigidity.

However, high-pressure pure-gas tests in search of a plasticization pressure are not
sufficient to determine whether a polymer is plasticization-resistant or not. The plasticization
pressure alone does not indicate anything about the change in permselectivity for a binary
separation. Even when no plasticization pressure is detected in the range of pressures tested, CO>
can still act as a plasticizer that will swell the polymer chains and increase the diffusion coefficients
of less condensable gases such as CHg, ultimately increasing permeability of the less condensable
gas and decreasing permselectivity with increasing pressure under mixed-gas conditions.202203
Some studies have shown that the less condensable CH4 permeability increased and the CO2/CH4
permselectivity decreased with increasing pressure in CO2/CH4 mixed-gas tests, unambiguously
indicating plasticization, 8204205

In addition to permeation tests, direct sorption measurements are also a way to analyze the
behavior of polymer membranes under aggressive CO; feed pressures. Similar to high-pressure
CO- permeation tests, high-pressure CO- sorption tests involve pressurization, conditioning at a
maximum feed pressure, and then depressurization. The hysteresis induced by conditioning at a
high feed pressure can provide information on the effects of condensable gases on the polymer
chain packing. If plasticization occurred, the sorption of penetrants can increase from before to
after conditioning at high pressures of condensable gas.2%

In this work, we further expand upon the claim that ROMP polymers are plasticization-

resistant by measuring both the pure-gas sorption capacity and mixed-gas CO,/CH4 permeation of
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monodispersed poly(OMe n-mer) samples with side-chain lengths ranging from n = 2 to n = 5.
Fractional free volume (FFV) measurements were also measured to determine the effect of side-
chain length on amount of excess free volume. CH4 and CO; pure-gas sorption measurements were
performed up to a feed pressure of ~50 atm, and dual-mode sorption parameters were determined
for each sample. CO2/CH4 mixed-gas data at varying feed compositions and pressures were also

conducted to determine gas transport behavior at more realistic industrial conditions.

5.2. Experimental

5.2.1. Materials

Dicyclopentadiene, sodium hydride, methyl iodide, and Grubbs 2"-generation catalyst were
purchased from commercial sources and used as received. Anhydrous dimethylformamide (DMF)
was purchased from Sigma—Aldrich in SureSeal bottles and dried over 4-A molecular sieves prior
to use. Anhydrous dichloromethane (DCM) was obtained from an INERT PureSolv MD5 solvent
purification system and stored under Ar over 4-A molecular sieves. All other solvents were
purchased at ACS grade or higher and used as received. 1,4-Anthraquinone was purified with a
silica plug (using dichloromethane as the eluent) prior to use.

Size exclusion chromatography (SEC): SEC was performed in HPLC-grade
tetrahydrofuran using an Agilent 1260 Infinity system with a guard column (Agilent PLgel; 5um;
50 x 7.5 mm) and three analytical columns (Agilent PLgel; 5um; 300 x 7.5 mm; 105, 104, and 103
A pore sizes). The instrument was calibrated with polystyrene standards between 1.7 and 3150
kgemol ™. All runs were performed at 1.0 mLemin* flow rate and 35 °C. Molecular weight values
were calculated using ChemStation GPC Data Analysis Software (Rev. B.01.01) based on the

refractive index signal.
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5.2.2. Polymer synthesis

The polymer synthesis has been previously described*®8 and will be summarized as follows.
First, the OMe monomer was added to an oven-dried Schlenk flask, which was evacuated and
backfilled with Ar three times. The monomer was heated at 140 °C (n = 2) or 220 °C (n = 3-5) for
18 h. The oligomer mixture was then separated by silica gel chromatography using a Biotage
Isolera flash chromatography system with Biotage SNAP Ultra columns containing HP-Sphere
25um silica. A solvent gradient of 5% to 40% EtOAc/hexanes was successful in providing
sufficient separation. Ry decreases with increasing n. Isolated oligomers were dissolved in a small
amount of DCM and precipitated in methanol prior to polymerization in order to remove impurities,
presumably from the evaporated solvent used for chromatography. OMe n-mers were dried in the
vacuum oven at 60 °C for at least 3 h.

For the polymerization, OMe n-mer (168 mg, 0.14 mmol, 1 equiv.) was added to an oven-
dried Schlenk flask, which was evacuated and backfilled with Ar three times, and then dissolved
in DCM (1 mL). In a separate oven-dried vial, Grubbs 2"-generation catalyst (1.18 mg, 0.0014
mmol, 0.01 equiv.) was dissolved in DCM (0.4 mL). The catalyst solution was transferred by
syringe into the oligomer solution, and the reaction mixture was stirred at room temperature for 18
h. The flask was unsealed and 1 drop of ethyl vinyl ether was added to quench the catalyst. The
polymer solution was precipitated in methanol, and the solid was collected by vacuum filtration,

washed with methanol, and dried under vacuum.

5.2.3. Polymer film preparation and characterization
Polymers were dissolved in chloroform (2 wt%) and cast onto a 50mm Norton skin on a flat-

bottomed glass dish. The dish was then covered with aluminum foil, and another glass dish was
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placed on top of the foil, allowing slow solvent evaporation and enabling film formation inside a
chemical fumehood for 4 days. Afterward, the formed films were dried at 120 °C for 24 h under
full vacuum to remove residual solvent. The thicknesses of all film samples were ~150 pum, as
measured by a digital micrometer.

Polymer film density was determined using Archimedes’ principle using n-hexane as the
buoyant liquid, since the density of water was expected to be close to the sample density.
Measurements were conducted using a density measurement kit from Mettler Toledo (ME-DNY -
4). The fractional free volume (FFV) was then calculated for each sample using the following

equation:
FFV = @ (5.1)

where V is the molar volume of the polymer (cm® mol™?) and ¥, is the van der Waals volume of
the polymer (cm?® mol™) determined using group contribution methods first developed by Bondi,"

van Krevelen,” and Park and Paul’? and updated by Wu, et al.”

5.2.4. High-pressure pure-gas sorption measurements

CHs and CO2 high-pressure sorption isotherms were collected for all poly(OMe n-mer) samples at
35 °C using a dual-volume, dual-transducer automated pressure decay system from Maxwell
Robotics. Approximately 0.15-0.2 g of polymer film was loaded into the sample cell that was then
sealed with a VCR gasket. The system was then degassed for 8 h to remove any residual dissolved
gases in the films. The temperature was controlled using a built-in air heating system. For CH4 and
COy, isotherms were measured up to 48-51 atm. Additionally for CO2, depressurization isotherms
were subsequently collected back down to ~1 atm in order to measure the change in sorption

capacity after exposure to high pressures of CO2. Equilibrium hold times for each pressure point
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were set to 2.5 h for CHs and 2 h for CO,. After measuring the sorption isotherm of CHa, the
system was held under vacuum for 6 h before measuring the sorption isotherm of COs-. In order to
correct for nonidealities, fugacity is reported based on the second virial equation of state.?%’

To generate sorption isotherms, the amount of moles sorbed into the polymer was

determined for each equilibrium fugacity point using a mole balance between the initial and

equilibrium conditions.*? Isotherms were then fit using the dual-mode sorption (DMS) model:

Cpbf
1+bf

C=kpf + (5.2)

where C is the concentration of gas in the polymer (cm3ste cm=3,41), £ is the equilibrium fugacity
(atm), kp is Henry’s constant (cm3ste cm~3p01 atm™), Cj; is the Langmuir capacity constant (cm3stp
cm=3501), and b is the Langmuir affinity constant (atm™). The fit was performed via a nonlinear
optimization using the y? parameter as the objective function, and uncertainties used for the y?
parameter were determined from error propagation.’*® Each gas—polymer pair was optimized
independently. Error bars for kj, Cf;, and b were determined by varying each parameter (while all
other parameters are fixed) about a quadratic estimation of y? with respect to the varied
parameter, 208209

The sorption coefficient can be calculated by dividing the concentration by the
corresponding fugacity:

S—C—k + Cub
T f P 14 pf

(5.3)

The sorption coefficient at infinite dilution (i.e., the sorption behavior of the first penetrant in the
polymer matrix) can be determined by taking the limit of Equation 5.3 as fugacity approaches zero:

limS = Se, = kp + Clb (5.4)

f-0
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5.2.5. Mixed-gas permeation measurements
Mixed-gas permeation tests were performed with CO2/CH4 mixtures at 35 °C using an automated
constant-volume, variable-pressure systems from Maxwell Robotics with an in-line Agilent 7890B
gas chromatograph (GC) to measure gas composition in the feed and permeate streams. The
temperature was maintained using a built-in air-heating system. After loading the sample into a
stainless steel permeation cell, the system was degassed overnight to remove residual dissolved
gases in the film.,

The upstream pressure was set using a proportional-integral—derivative (PID) controller.
Feed mixtures were generated at the desired composition with Bronkhorst mass flow controllers
that maintained gas flow at high rates (300—800 sccm) in order to avoid concentration polarization.
The maximum stage cut value (ratio of permeate flow to sweep flow) was <1%. First, pure gas
permeability measurements of CHs and CO> at ~1.1 atm were measured for each sample. Then,
three CO2/CH4 mixture compositions (20:80, 80:20, and 50:50) were tested at a total mixed-gas
feed pressure of ~2.2 atm. Afterward, the feed composition was fixed at 50:50 CO./CH4 and the
total mixed-gas feed pressure was increased from 2.2 to ~24 atm. For each mixed-gas step, gas
was collected in a downstream volume that was previously degassed. Once the downstream
pressure reached ~13.5 torr, the gas was injected into the GC for analysis.

The molar composition of gas in the downstream was calculated using the GC calibration
curves. In order to calculate permeability for gas i, the following equation was used:

_ Vd [ 1 dpl

= X Y — .
' RT Ax;p, Yitae -5

where V, is the downstream volume, R is the ideal gas constant, T is the absolute experimental

temperature, [ is the film thickness, A is the area of film exposed to the gas, p, is the upstream

pressure, % is the rate of pressure rise in the downstream at steady state, and x and y are the mole
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fractions of gas i in the upstream and downstream, respectively. Note that for a pure-gas case, both
x; and y; would equal 1, which leaves Equation 5.5 to be equal to the pure-gas permeability

equation:

(5.6)

5.3. Results and Discussion

Density values, van der Waals volumes, and FFV measurements of all poly(OMe n-mer) samples
in this study are shown in Table 5.1. FFV as a function of n is also shown in Figure 5.1. Two
different methods were used to calculate the van der Waals volume of the polymer. The first
method (labeled as “Method 1) used group contribution methods developed by Bondi’* and
further expanded by van Krevelen™ and Park and Paul,’? while the second method (labeled as
“Method 2”) is an updated method developed by Wu et al.”* In “Method 2”, overlap volume

between groups is taken into account, which generally leads to a smaller V},, and larger FFV value.

Table 5.1. Density, van der Waals volumes (V,,), and fractional free volume (FFV) of poly(OMe
n-mer) samples from n = 2-5. “Method 1” refers to group contribution methods developed by
Bondi, van Krevelen, and Park and Paul.”*" “Method 2" refers to an updated group contribution

method developed by Wu et al.”

n DenSity Vw,Method 1 Vw,Method 2 FFV FFV
(gcm™) (cm?® mol1) (cm3 mol) (Method 1) | (Method 2)
211.184+0.005 |362.64 325.508 0.077+£0.004 | 0.171 + 0.004
311.134+£0.009 |529.11 482.150 0.140 £ 0.007 | 0.216 + 0.007
41111 +£0.02 695.58 638.792 0.17 £0.02 |0.24 +0.02
51112 +£0.01 862.05 795.434 0.17 £0.01 |0.23 +0.01
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Figure 5.1. Fractional free volume (FFV) as a function of side-chain length (n). Red squares

represent calculations using “Method 1”.72-"3 Black circles represent calculations using “Method

2"

There is a clear increase of FFV from n = 2 to n = 4, which suggests that the increasing
rigidity from longer side chains leads to more frustrated chain packing. However, the FFV values
for poly(OMe 4-mer) and poly(OMe 5-mer) are equivalent, regardless of the method used for the
calculation. While group contribution methods are useful in estimating a number of bulk properties
of polymers, including FFV, molecular-level details such as free volume size, shape, and
distribution can be obscured by this approach.'® We have previously reported that gas

permeability increases with increasing n,?%

and similar correlations can be made here for gas
permeability and FFV."27* Different methods to probe free volume, such as positron annihilation
lifetime spectroscopy (PALS) and molecular dynamics (MD) simulations,?'° would be useful tools

to further understand the effects of n on polymer chain packing.
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CHg and CO- sorption isotherms are shown in Figure 5.2 for all poly(OMe n-mer) samples.
The dual-mode sorption (DMS) model was used to fit sorption isotherms.*? Sorption trends for all
samples follow the trend of condensable gases having higher sorption (S¢o, > Scp,), Which is
consistent with other polymers reported in the literature.1422'! In addition, all samples show good
fits to the dual-mode sorption model. After conditioning each sample at a CO: fugacity of ~39-41
atm and depressurizing, poly(OMe 2-mer) exhibited the largest hysteresis of all samples (i.e., the
difference between the concentration of gas in the polymer before and after conditioning), while
poly(OMe 5-mer) showed the smallest hysteresis. At an equilibrium fugacity of ~1 atm, there was
a ~110% difference in concentration before and after conditioning for poly(OMe 2-mer) and
poly(OMe 3-mer), while this difference was ~45% and ~23% for poly(OMe 4-mer) and poly(OMe
5-mer), respectively. Smaller hystereses indicate increased plasticization resistance,?!?2%3
suggesting that poly(OMe n-mer) samples with longer side chains are more plasticization resistant
due to the increased rigidity from increasing side-chain length and “physical interlocking” between
side chains that promote interchain rigidity and reduce CO2-induced swelling. Similar results have
been found in the past, where adding functionalities that engage in interchain hydrogen bonding

to polymer backbones increase plasticization resistance.5%:61.63-65
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Figure 5.2. Pure-gas sorption isotherms as a function of fugacity (atm) for (a) poly(OMe 2-mer),
(b) poly(OMe 3-mer), (c) poly(OMe 4-mer), and (d) poly(OMe 5-mer). Red points indicate CHa,
while blue points indicate CO>. Filled points indicate increasing fugacity, while open points
indicate decreasing fugacity. Individual points represent experimental data, while lines represent

dual-mode model fits.

Dual-mode parameters are shown below for poly(OMe n-mer) samples in Table 5.2. k,,
describes the sorption in the Henry’s domain, which represents a hypothetical equilibrium sorption
mode in the polymer.?* As seen in Table 5.2, k, for both gases considered increases from n = 2

to n =3, suggesting an increase in Henry sorption with longer side chains. However, fromn =3 to
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n = 4, k;, for both gases decreased. This finding could be due to the shorter side chains in
poly(OMe 3-mer) allowing for greater polymer packing efficiency, and hence, more equilibrium
character compared to the longer and more rigid side chains in poly(OMe 4-mer). A similar result
was found by Swaidan et al., in which the more flexible PIM-PI-1 had a higher kj, values than
KAUST-PI-1 for both C3Hs and CsHs.?** However, as side-chain length increases fromn =4 ton
= 5, kp, increased for both CH4 and CO», again suggesting increased Henry sorption. Taken
together, these findings indicate that the dual-mode model provides limited guiding details on the
packing structure of these unusual side-chain polymers.

Cy; describes the sorption in the Langmuir mode, and due to its higher condensability, CO-
has a higher C;, value than for CHs in all cases. In general, Cj; values also increase steadily with
increasing n, which indicates increasing amounts of excess free volume that can accommodate
more gases readily.?™® This is also consistent with the increasing diffusion coefficients previously
reported?®® and increasing FFV with increasing n. The b parameter is the Langmuir affinity
constant, which represents an equilibrium constant that describes the relative rates of surface
adsorption to desorption to the Langmuir mode.?%® For both CH4 and CO, b appears to be invariant
as n increases, which is expected as the chemical composition of samples are not altered
significantly with increasing n. Cy'b, which represents the overall nonequilibrium contribution to
sorption, generally increases with increasing n, which is consistent with the FFV trends shown
earlier. In addition, S*°, which describes the sorption at infinite dilution, also increases with both
gases with increasing n.

The ratio of nonequilibrium sorption to equilibrium sorption at infinite dilution (C;,b/kp),
which is also presented in Table 5.2, describes a gas molecule’s preference to sorb in the polymer

matrix versus nonequilibrium free volume.?** The trend between n and Cj;b/k, appears to be
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invariant. This suggests that while, overall, longer side-chain length will create more excess free
volume for gases to sorb onto, the amount of Henry sorption sites is also increasing.

However, it is important to note that since the dual-mode model is an additive model
between Henry and Langmuir sorption sites, its validity in accurately describing the physical
behavior of gas sorption has been debated.*® In addition, plasticization effects are not accounted
for in the model.?Y” Therefore, while the model provides a sufficient preliminary platform to
understand the effect of rigid side-chain length on the sorption capacity of the polymer, additional
analysis using more complex models such as the nonequilibrium lattice fluid (NELF) model, which
assumes a pseudo-equilibrium state in glassy polymers,*344218 can provide a better understanding

of the sorption behavior of ROMPs.

Table 5.2. Dual-mode sorption model parameters for all poly(OMe n-mer) samples. Units of kj,
are in cm3(STP) cm=3(polymer) atm™, units of €, are in cm®(STP) cm=3(polymer), units of b are

in atm™, and units of S are in cm3(STP) cm~3(polymer).

n | Gas kp Cy b Cyb s Cyb/kp
2 |CHs [041+004]10 #1 0.3 0.1 3 +1 3 +1 7 +3
CO, |1.24+0.04|28 +1 041+006 |12 =*2 13 +2 9 +1
3 |CHs [0.79%+0.03|13.5+0.8 |0.25+0.05| 3.4+0.7 42+0.7 43+09
CO, |199+0.03|251+0.7 |056+0.05|14 +1 16 +1 7.2+0.7
4 |CHy |[054+006]|20 1 024+0.04| 49+0.8 5.4+0.8 9 +2
CO, [171+0.08 |33 *1 052+005|17 %2 19 +2 10 1
5 |CHs [0.75+0.07]19 =+1 0.26+0.04| 49+0.9 5.7+0.9 6 +1
CO, |1.83+0.07|37 1 050+0.07]19 =*1 20 =1 10.2+0.9

While useful in many aspects, pure-gas data is often not representative of realistic
conditions. Mixed-gas data can differ significantly from pure-gas data, especially in mixtures that
contain condensable gases such as CO>. In some cases, the change in performance from pure- to

mixed-gas measurements is favorable. Condensable gases that have high polymer affinity can
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effectively hinder the transport of less condensable gases, increasing overall permselectivity. For
example, Swaidan et al. demonstrated that a thermally-annealed PIM-polyimide (TPDA-APAF)
exhibited mixed-gas CO2/CH4 permselectivities 10-20% higher than those under pure-gas
conditions due to competitive sorption of CO2 over CH4.%° Du et al. reported increases in CO2/N;
permselectivity of TZ-PIM-1 from the pure- to mixed-gas case of over 30% due to favorable
sorption of CO,.1%3

However, the change in performance from the pure- to mixed-gas scenario can also be
unfavorable. The presence of a condensable gas can cause swelling, which in turn results in an
upturn the permeability isotherm of non-condensable gases. For example, Swaidan et al. reported
that in a 50:50 CO2/CH4 mixture, the CH4 permeability of PIM-1 was up to 60% higher than in the
pure-gas case.®® This increase in CHs4 permeability also led to a decrease in CO2/CHa
permselectivity, with the CO2/CH4 permselectivity of PIM-1 dropping about 38% from 4 to 20 bar
total pressure.®® Similar effects have been observed for other microporous polymers and carbon
molecular sieve derivatives,6220

In a previous study, the effect of side-chain length of poly(OMe n-mer) on pure-gas CO>
permeability as a function of pressure was evaluated. It was found that longer side chains exhibited
less hysteresis after conditioning at 51 bar CO> feed pressure, suggesting that increased rigidity of
longer side chains contribute to increased plasticization resistance.?%* Here, this claim is further
elucidated using mixed-gas CO2/CHg tests. First, the pure-gas CHs and CO permeabilities for all
poly(OMe n-mer) samples were tested at ~1.1 atm. Then, samples were tested with a 20:80, 80:20,
and 50:50 CO,/CH4 mixture at ~2.2 atm. All data is presented in Table 5.3. As shown in Figure
5.3, arise in CO2/CH4 permselectivity is observed from the pure- to mixed-gas case for all samples

considered, regardless of mixture composition. This can be attributed to competitive sorption, in
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which CO. preferentially sorbs into the polymer over CHs, lowering CHs4 sorption and
permeability. This phenomena is also evident in the drop in CH4 permeability from the pure- to
mixed-gas case. Slightly lower CO, permeabilities in the mixed-gas case compared to the pure-

gas case are also observed for all samples, due to some competitive sorption with CHa.
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Figure 5.3. Robeson upper bound plots of all poly(OMe n-mer) samples. Open symbols represent
pure-gas data collected at ~1.1 atm feed pressure. Symbols with a dot in the center (20:80
CO2/CHya), half-filled symbols (50:50 CO2/CHya), and filled symbols (80:20 CO2/CHg4) represent
mixed-gas data collected at ~2.2 atm total feed pressure. All data were obtained at 35 °C. Solid
red line represents the 2008 Robeson upper bound,*’ solid black line represents the 1991 Robeson

upper bound,*® and gray dashed line represents the 2018 mixed-gas upper bound.>

122



Table 5.3. CO2/CHa gas transport properties of all poly(OMe n-mer) samples at ~1.1 atm feed
pressure (for pure gases) or ~2.2 atm total feed pressure (for mixtures). Permeability (P) is given

in barrer (1072 cm3(STP) cm cm2 s~ cmHg™). All data were obtained at 35 °C.

n Mixture composition (CO2/CHa4) Pco, Pcy, Aco,/cH,

2 Pure 117+ 8 58+04 20 +2
20:80 102+ 6 43+0.3 24 2
50:50 94+ 6 41+0.3 23 %2
80:20 86+ 5 3.7+£0.2 23 2

3 Pure 210+ 10 141+0.8 15 +1
20:80 180 + 10 9.8+0.6 19 +2
50:50 190 + 10 11.2+0.7 17 +1
80:20 163+ 9 9.9+0.6 17 +1

4 Pure 960 + 40 67 +3 14.2+0.9
20:80 830 + 40 42 +2 16 £1
50:50 750 + 40 43 £2 17 +1
80:20 680 + 40 40 +2 17 %1

5 Pure 1480 + 80 113 £6 13 +1
20:80 1270+ 70 87 5 15 +1
50:50 1160 + 60 71 4 16 £1
80:20 1050 + 70 72 +4 15 +1

Poly(OMe 4-mer) and poly(OMe 5-mer) were then tested with a 50:50 CO2/CHas mixture
at 35 °C up to a total feed pressure of ~24 atm. As previously reported, these two samples did not
show a plasticization pressure up to a pure-gas CO; feed pressure of 51 bar.?’! Mixed-gas CO, and
CHas permeabilities are shown in Figure 5.4, while mixed-gas CO2/CH4 permselectivities are
shown in Figure 5.5. Gas transport measurements are also summarized in Table D.1. For both
samples, CO. and CH4 permeabilities initially decreased with increasing pressure, which is due to
preferential sorption of the Langmuir mode and the subsequent reduction of the sorption
coefficient.?*® For poly(OMe 4-mer), while CO2 permeability continues to decrease up to a CO;
partial pressure of ~12 atm, CH4 permeability begins to increase at a CO; partial pressure of ~3.4

atm. This phenomenon of increasing permeability, which is referred to as “CHs-creep”, is an
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unambiguous indication of CO2-induced plasticization.®® In fact, over the pressure range tested,
CHa permeability increases by about 25% (Figure 5.4a). CO2/CH4 permselectivity rapidly begins
to decrease after a CO; partial pressure of ~4 atm (Figure 5.5a), and the total decrease in
permselectivity over the tested pressure range is ~50%.

For poly(OMe 5-mer), at around a CO- partial pressure of 7 atm partial pressure, CHs4
permeability began to increase slightly. However, poly(OMe 5-mer) experienced an overall ~10%
decrease in CHs permeability over the pressure range tested (Figure 5.4b), as well as a ~30%
decrease in CO2/CH4 permselectivity (Figure 5.5b). Compared to poly(OMe 4-mer), poly(OMe
5-mer) exhibited more plasticization resistance, as both the CHs permeability increase and the

CO./CH4 permselectivity decrease over the tested pressure range is much less extreme.

(a) (b)
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: 14003
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Figure 5.4. Mixed-gas CO: (blue) and CHa4 (red) permeabilities as functions of CO. partial
pressure (50:50 CO2/CH4 mixture at 35 °C) for (a) poly(OMe 4-mer) and (b) poly(OMe 5-mer).
Open symbols represent pure-gas data at ~1.1 atm, and filled symbols represent mixed-gas data.

Lines are drawn to guide the eye.
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Figure 5.5. Mixed-gas CO./CHs permselectivity as a function of CO; partial pressure (50:50
CO2/CH4 mixture at 35 °C) for (a) poly(OMe 4-mer) and (b) poly(OMe 5-mer). Open symbols
represent pure-gas data at ~1.1 atm, and filled symbols represent mixed-gas data. Lines are drawn

to guide the eye.

5.4. Conclusions

Fractional free volume (FFV) estimates were determined for poly(OMe n-mer) samples (n = 2-5)
using group contribution methods, and results indicated that FFV generally increased with
increasing n, suggesting increasing free volume with increasing side-chain length and rigidity.
Pure-gas CH4 and CO; sorption measurements on all poly(OMe n-mer) samples revealed that
increasing n led to increasing sorption via the Langmuir mode. In addition, with increasing n,
hysteresis from sorption experiments decreased, indicating that longer rigid side chains contribute
to decreased swelling in the presence of CO.. Lastly, mixed-gas CO2/CH4 permeation tests on
poly(OMe n-mer) samples were conducted, and it was found that at low pressures, both CO. and

CHa4 permeability decreased and CO2/CHa4 permselectivity increased from the pure- to mixed-gas
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case for all samples, which is due to competitive sorption effects. High-pressure mixed-gas tests
up to a feed pressure of ~24 atm were also performed for poly(OMe 4-mer) and poly(OMe 5-mer),
as previous studies showed that these two samples did not show a plasticization pressure up to a
pure-gas CO» feed pressure of 51 bar. For mixture tests, poly(OMe 4-mer) experienced a ~25%
increase in CH4 permeability and a ~50% decrease in CO2/CH4 permselectivity over the pressure
range tested. However, poly(OMe 5-mer) displayed more plasticization resistance with a ~10%
decrease in CH4 permeability and a ~30% decrease in CO2/CH4 permselectivity over the pressure

range tested.
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Chapter 6. Conclusions and Future Directions

6.1. Thesis Summary

This thesis aims to discuss alternative methods to manipulate the free volume architecture of
polymer membranes, with the end application being that of gas separations. Two different
approaches were discussed: a “top down” method that involves thermal treatments to remove
functional groups and subsequently generate porosity in a polymer film, and a “bottom up” method
which explores a different type of polymer architecture of rigid, pore-generating side chains on a
flexible polymer backbone.

Chapter 2 described the “top down” method in which a 6FDA-HAB polyimide was
functionalized with tert-butoxycarbonyl (t-BOC) and later exposed to varying thermal treatments
in order to selectively remove different amounts of t-BOC. While the original hypothesis of this
study was that thermal treatments well below the polymer glass transition temperature would be
able to remove thermally labile functionalities without altering the rest of the polymer structure, it
was found that the polymer still underwent structural rearrangements during thermal treatments.
Free volume generated from thermal deprotection thus could not be retained. However, applying
this technique to more rigid polymer systems may allow for more controlled free volume
manipulation.

Chapter 3 introduced a type of polymer architecture that had not before been studied for
gas separation applications. Polymers with rigid, pore-generating side chains appended on a
flexible backbone were generated via ring-opening metathesis polymerization (ROMP). The two
polymers in this study, CF3-ROMP and OMe-ROMP (named for their functionalities), showed gas
transport properties similar to state-of-the-art PIM materials, as well as unprecedented resistance

to both CO»-induced plasticization and physical aging.
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Chapter 4 expanded upon the results presented in Chapter 3 by elucidating the role of side-
chain length and dispersity on gas transport properties. In the previous study, side-chain lengths
of both CF3-ROMP and OMe-ROMP ranged from n = 2 to n = 9 repeat units, with an average side-
chain length of ~4.5. In this study, OMe-ROMP with uniform side chains ranging fromn=2ton
= b5 repeat units were synthesized. As side-chain length increased, both BET surface area and gas
permeability increased, with minimal losses in permselectivity for all common gas pairs
considered. BET surface area and gas permeability for polydispersed OMe-ROMP, with an
average side-chain length of n = 4.5, aligned well with the trends found for BET surface area and
permeability versus side-chain length, indicating no significant effect of dispersity on polymer
packing and gas transport. In addition, high-pressure pure-gas CO. permeation tests were run on
all samples to determine the effect of side-chain length on plasticization resistance. Increasing
side-chain length resulted in more plasticization resistance, with the disappearance of a detectable
plasticization pressure and decreasing hysteresis after conditioning at a feed pressure of 51 bar
CO..

In Chapter 5, the unprecedented plasticization resistance of ROMP polymers was analyzed
even further using pure-gas sorption and mixed-gas tests. First, FFV estimates were calculated
from group contribution measurements on poly(OMe n-mer) samples (n = 2-5), and it was found
that increasing side-chain length generally lead to higher FFV values, indicating that the increasing
rigidity of longer side chains contributed to excess free volume. Pure-gas CO, and CH4 sorption
measurements were then performed on all samples, and sorption isotherms were fit using the dual-
mode sorption (DMS) model. In addition, CO> sorption isotherms of all samples after conditioning
at ~39-41 atm CO> were collected. While poly(OMe 2-mer) showed the largest hysteresis (i.e.,

difference in CO2 sorption before and after conditioning), indicating plasticization, poly(OMe 5-
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mer) showed the smallest hysteresis, which support the claim that longer and more rigid side chains
can contribute to plasticization resistance. DMS model fitting also indicated that increasing side-
chain length led to increased sorption in the Langmuir mode. Lastly, CO2/CHs mixed-gas tests
were performed on all samples, and results at a pure-gas feed pressure of ~1.1 atm and a mixed-
gas feed pressure of ~2.2 atm were compared. It was found that both CO, and CH4 permeability
decreased while CO2/CH4 permselectivity increased from the pure- to mixed-gas cases for all
poly(OMe n-mer) samples, which is indicative of competitive sorption effects. Poly(OMe 4-mer)
and poly(OMe 5-mer) were also exposed to a mixed-gas CO./CHj4 feed of up to ~24 atm total feed
pressure, and while poly(OMe 4-mer) showed signs of plasticization with increasing CHa
permeability and decreasing permselectivity, poly(OMe 5-mer) still exhibited excellent

plasticization resistance.

6.2. Future Directions

While the original “top down” method to free volume manipulation via thermal treatments to
remove functionalities did not yield results that aligned with the original hypothesis, a greater
understanding of polymer chain architecture when exposed to elevated temperatures was gained.
More rigid polymer systems, such as cross-linked polymers with thermally labile functionalities
could be considered in future studies. The increased rigidity could allow the free volume elements
formed from deprotection to be preserved. Appendix E describes an initial study utilizing a co-
polymer of 6FDA-HAB-t-BOC and BTDA-DAM, which contains a UV cross-linkable
benzophenone functionality that has been previously explored in literature.?1%-22

In addition, alternative methods to remove chemical functionalities could be explored in

order to eliminate additional effects thermal treatments can have on polymer membranes. It has
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been shown in the past that thermal treatments can accelerate physical aging, which consequently
lowers the free volume and permeability of polymer membranes even below the glass transition
temperature. As such, using functional groups that can be easily removed via acid treatments or
UV treatments, such as o-nitrobenzyl, could be studied.??2223

In this thesis, a different “bottom up” method to manipulate free volume was also described.
Polymers were synthesized using ring-opening metathesis polymerization (ROMP), and the gas
transport properties of both CF3-ROMP and OMe-ROMP were described. Since the difference in
functionality led to vastly different gas transport properties, it is hypothesized that gas transport
properties can be tuned based on functionality. Since PIM-1, which is a state-of-the-art polymer
that is commonly studied in gas transport applications, contain nitrile (-CN) functional groups,
CN-ROMP can be synthesized to be more directly comparable to PIM-1. In particular, since PIM-
1 has shown high sorption to CO2,*#222* direct sorption measurements of both CN-ROMP and
PIM-1 can be performed. If CN-ROMP shows an increased CO- affinity compared to CF3-ROMP
and OMe-ROMP, mixed-gas tests can also be performed to determine whether increased CO>
sorption may compromise the plasticization resistance seen in ROMP polymers so far. Additional

226 carboxylic acid,211'227'228

functionalization with different groups such as amine, 3224225 gmide,
and tetrazole'®® that have been considered for PIM-1 could be studied for the ROMP class of
polymers as well.

As ROMP polymers have shown unprecedented plasticization resistance, additional
condensable gases that are relevant in industry, such as H>S, CsHe, and CsHg, and their transport
through these polymers can be studied. In particular, in mixtures containing CO2, CHa, and H5S,

plasticization can occur since H>S is more condensable than CO. However, the presence of H2S

may actually have benefits, as H>S/CHs4 permselectivity has been shown to increase with
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increasing feed pressure due to the dominance of sorption selectivity over diffusion
selectivity.??®2%0 Poly(OMe 5-mer) displayed excellent plasticization resistance even in a CO2/CHa

mixture, and thus its interesting properties can be studied in more complex gas mixtures.

131



Appendix A. Supporting Information for Chapter 2

Reprinted with permission from Lin, S.; Joo, T.; Benedetti, F. M.; Chen, L. C.; Wu, A. X.; Mizrahi
Rodriguez, K.; Qian, Q.; Doherty, C. M.; Smith, Z. P. Free Volume Manipulation of a 6FDA-HAB
Polyimide Using a Solid-State Protection/Deprotection Strategy. Polymer 2021, 212, 123121.

A.l. Characterization of 6FDA-HAB, 6FDA-HAB-t-BOC, and thermally

treated samples

The *H NMR spectra of both 6FDA-HAB and 6FDA-HAB-t-BOC powder samples are shown
below in Figure A.1. Water (H.0) and DMSO peaks are labeled accordingly. The *H NMR results
for 6FDA-HAB match those reported in literature.®® The proton labeled “H” correspond to the
protons in the t-BOC group, while the proton labeled “A” corresponds to the proton in the hydroxyl
group. The protons labeled “B” through “G” have slightly different chemical shifts between
6FDA-HAB and 6FDA-HAB-t-BOC, which relates to small differences in shielding effects that
are expected as a result of different ortho-positioned functional groups on the diamine. The shift
of protons labeled “E”, “F”, and “G” is significantly more prominent because of their proximity to

the ortho-positioned functional group on the diamine.
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Figure A.1. *H NMR spectra of (a) 6FDA-HAB and (b) 6FDA-HAB-t-BOC powders in DMSO-

de.

Table A.1. GPC data for 6FDA-HAB and 6FDA-HAB-t-BOC.

Polymer M,, (kDa) M,, (kDa) PDI
6FDA-HAB 81.8 189 2.30
6FDA-HAB-t-BOC | 95.6 184 1.92
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Figure A.2. DSC scans of 6FDA-HAB and deprotected 6FDA-HAB-t-BOC films. Glass transition

temperature (Tg) values are labeled for each sample. Scans are offset for ease of viewing.
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Figure A.3. Films of (a) 6FDA-HAB, (b) 6FDA-HAB-t-BOC, and (c) thermally treated 6FDA-
HAB-t-BOC. Films were cast in 5 cm flat-bottom glass dishes. Heating of 6FDA-HAB-t-BOC
films caused a slight color change (from optically transparent to slightly yellow), but flexibility

was maintained.
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The changes in chemical structure as 6FDA-HAB-t-BOC films underwent thermal
treatment was also tracked using FTIR, as presented in Figure A.4. In the FTIR spectrum for
6FDA-HAB-t-BOC, a C-H stretching peak associated with the methyl functionality on t-BOC is
observed at approximately 3000 cm™. This C—H peak decreased in intensity as 6FDA-HAB-t-
BOC was thermally treated for longer periods of time. In its place, a weak and broad band
characteristic of O—H stretching between 3200 cm™ and 3600 cm™* became more noticeable as
exposure time to thermal treatment increased. This O-H stretch is also present in the FTIR
spectrum for 6FDA-HAB, which further confirms that thermal treatment converts 6FDA-HAB-t-

BOC to 6FDA-HAB.
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Figure A.4. FTIR spectra of 6FDA-HAB and 6FDA-HAB-t-BOC reference samples, and 6FDA-
HAB-t-BOC films that had previously undergone thermal treatments at (a) 130 °C, (b) 140 °C,
and (c) 160 °C. Bands of interest for C—H and O—H peaks are highlighted in light blue and labeled

accordingly.
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A.2. Heteronuclear single quantum correlation (HSQC) and NMR spectra
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Figure A.5. HSQC of 6FDA-HAB-t-BOC films treated at 130 °C, 1h (t-BOC-130-1h) in DMSO-

ds, with the chemical structure of isobutylene for reference. Isobutylene peaks are labeled

accordingly.
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Figure A.6. *H NMR spectra of isobutylene in DMSO-ds. Water, DMSO, and isobutylene peaks
are labeled accordingly. Labeled isobutylene peaks (at 1.69 ppm and 4.66 ppm) further conclude

the presence of isobutylene in 6FDA-HAB-t-BOC samples undergoing thermal treatment.
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A.3. Estimation of isobutylene amount after thermal treatment

The amount of isobutylene remaining in the polymer matrix after thermal treatments
(wt% trapped isobutylene) was estimated to determine if the residual gas could have a notable
impact on measurements performed in this study. Data from both TGA scans in Figure 2.3 and
NMR results in Figure 2.2 were used. The wt% loss before 300 °C, from TGA, for each sample
is shown in Table A.2, and can be assumed to be the sum of the wt% t-BOC after treatment

and the wt% trapped isobutylene, as shown below:

wt% loss before 300 °C = (Wt% t-BOC after treatment) +
(Wt% trapped isobutylene) (A.1)

In order to determine the wt% t-BOC after treatment, the % t-BOC after treatment was
found using NMR data from Table 2.2:

% t-BOC after treatment = 100 — Percent Conversion (A.2)
Molecular weights of each sample were also calculated:

MW of sample = (MW of 6FDA-HAB) = (Percent Conversion) +
(MW of 6FDA-HAB-t-BOC) * (% t-BOC after treatment) (A.3)

in which MW of 6FDA-HAB is equal to 624.36 g/mol and MW of 6FDA-HAB-t-BOC is equal
to 824.69 g/mol. The wt% of t-BOC after treatment was then determined:

1% of +-BOC after treat . MW of sample — MW of 6FDA-HAB (A D)
wt% of after treatment = MW of sample )

The wt% trapped isobutylene could then be determined from Equation A.l. Results are

tabulated in Table A.2 for each sample.
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Table A.2. Approximate amount of isobutylene remaining in thermally treated samples.

wt% loss % t-BOC wt% t-BOC | wt%
Sample Name before after ggmlp?: after _trapped

300 °C treatment treatment isobutylene
t-BOC-130-1h 5.56 11.48 647.35 3.55 2.01
t-BOC-130-2h 4.32 6.87 638.12 2.16 2.16
t-BOC-130-16h 1.56 4.32 633.01 1.37 0.19
t-BOC-140-1h 3.12 7.31 639.01 2.29 0.83
t-BOC-140-2h 1.88 4.54 633.45 1.43 0.45
t-BOC-140-16h 1.56 451 633.39 1.43 0.13
t-BOC-160-5min | 6.54 12.66 649.73 3.90 2.64
t-BOC-160-15min | 2.57 5.00 634.38 1.58 0.99
t-BOC-160-16h 141 5.58 635.54 1.76 -0.35
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A.4. Effect of treatment on gas transport properties
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Figure A.7. Percent conversion compared to permeability for (a) He, (b) Ha, (c) N2, (d) O, (e)

He permeability {barrer)
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Appendix B. Supporting Information for Chapter 3

Reprinted with permission from: He, Y.; Benedetti, F. M.; Lin, S.; Liu, C.; Zhao, Y.; Ye, H. Z.; Van Voorhis,
T.; De Angelis, M. G.; Swager, T. M.; Smith, Z. P. Polymers with Side Chain Porosity for Ultrapermeable
and Plasticization Resistant Materials for Gas Separations. Adv. Mater. 2019, 31, 1807871.

B.1. General materials and methods

Materials: All solvents, including methanol and ethanol, were of ACS reagent grade or better
unless otherwise noted.

NMR Spectroscopy: *H- and *C-NMR spectra for all compounds were acquired in CDCls
on a Bruker Avance Spectrometer operating at 400 and 100 MHz for *H-NMR and *C-NMR,
respectively. Chemical shifts (8) are reported in parts per million (ppm) and referenced with TMS
for 'H-NMR and CDCls for *C-NMR.

Gel permeation chromatography (GPC): Measurements were carried out in HPLC-
grade tetrahydrofuran using an Agilent 1260 Infinity system with variable-wavelength diode array
(254, 450, and 530 nm) and refractive index detectors, guard column (Agilent PLgel; 5um; 50 x
7.5 mm), and three analytical columns (Agilent PLgel; 5um; 300 x 7.5 mm; 105, 104, and 103 A
pore sizes). The instrument was calibrated with narrow-dispersity polystyrene standards between
1.7 and 3150 kg mol™*. All runs were performed at 1.0 mL min* flow rate and 35 °C. Molecular
weight values were calculated using Chemsta-tion GPC Data Analysis Software (Rev. B.01.01)
based on the refractive index signal.

Thermogravimetric analysis (TGA): TGA measurements were carried out under
nitrogen atmosphere (Airgas, ultra-high purity grade) using a TGA 550 from TA Instruments. The

ramp speed was 10 °C min?, and isotherms were performed from room temperature to 900 °C.
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Brunauer—-Emmett-Teller (BET): BET surface area of polymers was measured with N>
sorption at 77 K using a Micromeritics ASAP 2020. Powder samples (CFz-ROMP, OMe-ROMP,
and PIM-1) were degassed under high vacuum at 120 °C for 5 hours prior to analysis. Analysis of
pore-size distributions was performed using Non-Local Density Functional Theory (NLDFT)
model for carbon slit pore geometry provided by ASAP 2020.

Pure-gas permeabilities: Pure-gas permeabilities of polymer films were determined using
a fixed-volume variable-pressure Maxwell Robotics automated permeation system. Polymer films
were inserted into a stainless-steel permeation cell, which was then vacuum sealed and immersed
in a water bath that was temperature-controlled at 35°C using an immersion circulator
(ThermoFisher SC 150L). All gases used for testing (He, H2, CHas, N2, Oz, and COy) were ultra-
high purity gases from Airgas.

Nanoindentation: Nanoindentation was done on a Hysitron Tribolndenter 950 with the
Berkovich tip. The load control was 300 uN for all samples tested with a loading time of 10 s,

holding time of 5 s, and unloading time of 10 s.

B.2. Synthesis and characterization of CFz-ROMP, OMe-ROMP, and PIM-1

Synthesis and characterization of CF3-ROMP and OMe-ROMP were previously reported by Zhao
and He et al.'®* PIM-1 was synthesized according to previously published procedures.8231232 A
representative procedure for the oligomerization of OMe- and CFz-monomer, as well as for the
ring opening metathesis polymerization of OMe- and CF3-ROMP, are reported as follows.

For OMe-oligomers and OMe-ROMP: OMe-monomer was heated at 220 °C for 18 h under
Ar. A small amount of OMe-monomer was sublimed during thse reaction and condensed on the

sidewall of the flask. The sublimed OMe-monomer was removed with cotton soaked with DCM.
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The OMe-oligomer was used directly for ROMP without further purification. To a 25 mL Schelenk
flask were added OMe-oligomer (300 mg, 0.285 mmol, 1.0 equiv.) and 2 mL of dry DCM.
Subsequently, Grubbs 2nd generation catalyst (1.21 mg, 0.00143 mmol, 0.005 equiv.) in 1 mL of
dry DCM was injected all at once. The reaction was left stirring for 12 hrs at room temperature
and quenched with ethyl vinyl ether. Upon completion, corresponding polymer was precipitated
in methanol, filtered, and washed with methanol for 3 times. The white solid OMe-ROMP was
dried in vacuum oven at 80 °C for overnight before characterization.

For CFs-oligomers and CF3-ROMP: CFz-monomer was heated at 220 °C for 18 h under Ar.
A small amount of CFs-monomer was sublimed during the reaction and condensed on the sidewall
of the flask. The sublimed CFz-monomer was removed with cotton soaked with DCM. The CFs-
oligomer was used directly for ROMP without further purification. To a 25 mL Schelenk flask
were added CFz-oligomer (500 mg, 0.389 mmol, 1.0 equiv.) and 2 mL of dry DCM. Subsequently,
Grubbs 2nd generation catalyst (3.3 mg, 0.00389 mmol, 0.01 equiv.) in 1 mL of dry DCM was
injected all at once. The reaction was left stirring for 12 hrs at room temperature and quenched
with ethyl vinyl ether. Upon completion, corresponding polymer was precipitated in methanol,
filtered, and washed with methanol for 3 times. The light yellow solid CF3-ROMP was dried in
vacuum oven at 80 °C for overnight before characterization.

GPC and MALDI-TOF for CFs- and OMe-substituted side chains are shown in Figures
B.1 and B.2, respectively. *H-NMR, GPC, and DSC of corresponding polymers, CFs-ROMP and
OMe-ROMP, as well as field-emission SEM images of fabricated membranes used in gas
permeation tests, are shown below in Figures B.3 and B.4. Figure B.5 presents comparative

results for PIM-1.
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B.3. BET and pore-size distribution for CF3-ROMP, OMe-ROMP, and PIM-1

The porosity of CF3-ROMP, OMe-ROMP, and PIM-1 powder was measured using nitrogen
adsorption isotherm at 77 K with a saturation pressure of p, =1 bar. BET surface area was
calculated based on a p/p, range from 0.06 to 0.20 for the adsorption measurement. CF3-ROMP,
OMe-ROMP, and PIM-1 have a Brunauer-Emmett—Teller (BET)?*® internal surface area of
700 m? g%, 146 m? g1, and 800 m? g%, respectively. Pore-size distributions were analyzed using
NLDFT based on the adsorption part of isotherm and carbon slit pore geometry. Results are

reported in Figure B.6.
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B.4. Representative conformations of side chains

Due to the complexity of the Diels-Alder (D-A) reaction, the side chains exhibit versatile

stereochemistry depending on the orientation of the phenyl and methylene groups. Here, we select
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three representative conformations and use molecular mechanics simulation to investigate their
stable structures. All conformations were geometrically optimized using the MMFF94 force
field?*+23¢ implemented in Avogadro.?®” For complex organic compounds, the stable structures
found in this way could be biased by the initially guessed structures. To avoid this bias, for each
conformer, we start the geometry optimization from many different configurations.

We first consider a conformation where all phenyl and methylene groups point towards the
same side. Shown in Figure B.7 are the optimized structures for n = 1-5. Circular structures are
obtained for all n values even starting with chain-shaped initial guesses. For n = 1 and 2, the stable
structures are unique, while there are two isomers for n > 3, depending on the end phenyl group
curving inwards or outwards. We also note that n = 3 is the minimal length of forming a circle-

shaped structure.

Figure B.7. Molecular mechanics optimized structures for one of the conformations of the side

chainforn=(a) 1, (b) 2, (c) and (d) 3, (¢) and (f) 4, and (g) and (h) 5.
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We then consider two other conformers for n = 4, where the orientation of the phenyl
groups and methylene groups alternates, respectively. One stable structure is found for each of
them, and the results are shown in Figure B.8. We can see that the stereochemistry of both the
methylene and phenyl groups has a large effect on the topology of the side chain: alternating these

functional groups changes the structure from being circular to wiggling chains.

Figure B.8. Molecular mechanics optimized structures for two other conformations for n = 4.

B.5. Membrane fabrication and treatments

Self-standing films of ROMP polymers and PIM-1 were obtained following the method in the
experimental section of Chapter 3. Figure B.9 shows a CF3-ROMP and an OMe-ROMP membrane
obtained by solution casting ~3 wt% polymer solution in chloroform onto aluminum Petri dishes.
Films are approximately 5cm in diameter. A slow evaporation of the solvent allowed for the

formation of stable and defect-free films in the thickness range of 74 to 180 um.
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(@) (b)

Figure B.9. (a) CFs-ROMP and (b) OMe-ROMP films as cast from chloroform solutions.

After 4 days, films were ready for post-casting treatment. Different treatments, which are
described below, were performed on the films to investigate their effects on the transport
properties:
(A) Soaking in liquid ethanol for 48 h, air-drying for 24 h, and applying dynamic vacuum at 35 °C
for 4 h;
(B) Soaking in liquid ethanol for 48 h, air-drying for 24 h, and applying dynamic vacuum at 35 °C
for 8 h;
(C) Thermal treatment at 120 °C for 24 h under dynamic vacuum, vapor methanol treatment at
180 mbar (partial pressure of methanol) for 12 h, and applying dynamic vacuum at 100 °C for
16 h;
(D) Thermal treatment at 120 °C for 24 h under dynamic vacuum, vapor methanol treatment at
160 mbar to 200 mbar (partial pressure of methanol) for 12 h, and applying dynamic vacuum at
70 °C overnight;
(E) Thermal treatment at 120 °C for 24 h and applying dynamic vacuum;

The dynamic vacuum provided by Welch DuoSeal 1405 vacuum pumps was < 0.01 torr.

Table B.1 in Section B.7 summarizes key results obtained for CF3-ROMP, OMe-ROMP, and
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PIM-1 after following the protocols described above. Measurements were performed immediately

after the end of the treatment methods.

B.6. TGA experiments

Thermogravimetric analysis (TGA) was used to assess the thermal stability of ROMP polymers
and PIM-1 and to verify that all the casting solvent (chloroform) and the non-solvent used in the
post-casting treatment (ethanol or methanol), were completely removed from the films before
performing gas permeation experiments. Figure B.10a shows three heating profiles for CFs-
ROMP, OMe-ROMP, and PIM-1 after all samples were subjected to an identical treatment
method, (B).2® These samples were used to perform aging experiments. There was no detectable
mass loss up to 350 °C for each polymer, which indicated that neither chloroform nor non-solvent
were present in the films at the end of post-casting treatment (Figure B.10a). Furthermore, both
ROMP polymers showed excellent thermal stability. CFs-ROMP degradation started at ~380 °C,
while OMe-ROMP degradation started at ~350 °C. This result suggests that these polymers may
possess thermal stability needed for industrial applications that operate at high temperatures.
Different treatments, described in Section B.5, were applied to films made from new
ROMP polymers to investigate how transport properties changed as a function of the post-casting
treatment as reported in Table B.1. Among those treatments, TGA was performed on samples that
underwent treatment (B), (D), and (E) and additional heating profiles are shown in Figure B.10b
and B.10c. Within experimental error, all the curves essentially overlapped, indicating that all the

treatments led to membranes free of casting solvent and swelling agents.
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Figure B.10. (a) TGA comparison between CF3-ROMP, OMe-ROMP, and PIM-1 samples that
underwent treatment (B); TGA of different (b) CF3-ROMP and (c) OMe-ROMP samples,

respectively, treated following different procedures: (B), (D), and (E).

B.7. Gas transport properties and effect of the post-casting treatment

To characterize samples for gas transport performance, permeabilities were determined by direct
permeation experiments and diffusivities were estimated from time-lag measurements. Six light
gases (He, Hz, CH4, N2, O2, and CO.) were considered at 35 °C and ~1 bar. It is known that for

glassy polymers, including PIMs, transport properties are dependent on film history and time,
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which can lead to a wide distribution of values for permeability and diffusivity.8*° For this
reason, the change in permeability for different post-casting treatment methods were carefully
tracked over time. Results obtained are summarized in Table B.1.

Since the initial downstream pressure, p;, was assumed to be full vacuum, permeability

can be evaluated at pseudo-steady state from the linear portion of the pressure versus time curve,

when ‘%‘1 is constant, by using the following equation:

V1 1 d
poLl_1_ () 5.1
RTA(p, —p,) \ dt

in which R is the gas constant, T is the operative absolute temperature, [ is the film thickness, p,,
is the upstream pressure, and p is the average downstream pressure of the considered gas.

The ideal permselectivity between gas A and B, a5, is given by Equation B.3 and can be
split in two contributions: af/B, which is the diffusivity selectivity, and aj/B, which is the
solubility selectivity in the framework of the solution-diffusion model, which is represented by
Equation B.2:%

P =DS (B.2)

Yaa/Vpa Pa DaSs
Yadllpd T4 _ D424 _ op o, (B.3)
YaulYsn. Pr DpSp

ay/p =

The parameters y, 4 and y; 4 are the molar fractions at the downstream side of the film for

gases A and B, respectively, while y,,, and yz,, are those at the upstream side of the film. P, is
the permeability of the more permeable gas and Py is that of the less permeable one.

Time-lag, 8, was evaluated for all gases by extrapolating the linear portion of the pressure-

versus-time curve to the time axis. Since experiments were performed starting from an initial
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concentration of gas across the membrane equal to zero, 6 can be related to the diffusivity, D,

through the following equation:

lZ

D=—
60

(B.4)

Since the permeabilities of the ROMP polymers and PIM-1 were remarkably high, in some
cases, time-lag values obtained were often less than 2 seconds, which is close to the resolution of
the acquisition time of the permeation system. For this reason, diffusion coefficients are not
reported in Table B.1 when 8 was too small to be determined within the resolution of these
experiments, typically for He, Hz, and sometimes Oz and CO,.

The highest values of permeability were obtained from films freshly soaked in liquid
ethanol. In particular, CF3-ROMP and OMe-ROMP achieved CO> permeabilities
of > 21,000 barrer and 2,900 barrer, respectively. However, when considering membranes at
different aging stages or films not soaked in ethanol, CO. permeability measured was in the range
of 6-21x10° barrer for CF3-ROMP and in the range of 10-29x102 barrer for OMe-ROMP. Vapor
methanol treatment was designed to provide an alternative, less invasive way to erase history from
films. Partial pressures of 160 mbar to 200 mbar of methanol were reached after thermally treating
the films at 120 °C for 24 h under vacuum. This approach led to considerably different results with
respect to the traditional treatment procedure involving liquid alcohols. The permeability of ROMP
polymers that underwent vapor methanol treatment was approximately halved, while selectivity
was generally higher. For example, CO2/N> selectivity increased from 18.9 to 23.4 for OMe-
ROMP. PIM-1, which was used as a benchmark to compare ROMP polymers with the current

state-of-the-art, gave a similar response to the change of treatment.
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Table B.1. Gas permeability and diffusivity values for CF3-ROMP, OMe-ROMP, and PIM-1
measured from films with different history: (A) Soaking in liquid ethanol for 48 h, air-drying for
24 h, and applying dynamic vacuum at 35 °C for 4 h, (B) Soaking in liquid ethanol for 48 h, air-
drying for 24 h, and applying dynamic vacuum at 35 °C for 8 h, (C) Thermal treatment at 120 °C
for 24 h under dynamic vacuum, vapor methanol treatment at 180 mbar (partial pressure of
methanol) for 12 h, and applying dynamic vacuum at 100 °C for 16 h, (D) Thermal treatment at
120 °C for 24 h under dynamic vacuum, vapor methanol treatment at 160 mbar to 200 mbar
(partial pressure of methanol) for 12 h, and applying dynamic vacuum at 70 °C overnight, (E)
Thermal treatment at 120 °C for 24 h and applying dynamic vacuum.

Permeability (»,) in Barrer (107 cm3(STP) cm cm™2 st cmHg™?), Diffusion Coefficient (o,) in

1078 cm? s7%. All data were calculated at 35 °C and upstream pressure ~1 bar.

Treat  Aging  Thickness Phe Py, Pcu, Py Po, Pco,

Pobymer  ment () (@m) D) (D) (Dew)  (Dy) (D)  (Deo)
4296 8303 3970 2367 4354 21266
CFs-ROMP  (A) 1 148 0 0 (319) (570) (995) (633)
830 / 6816 2942 1825 / 16148
0 0 (263)  (493) 0 0
B 1 119 4372 8327 3053 1993 4035 18490
(B) () (3376)  (245) (509) (888) (513)
1000 3993 7285 1995 1464 3326 15104
[0} [0} (154) (366) (632) (418)
/ 4535 / 980 2072 /
© ! 80 0 0 0 (287) ) 0
500 2685 4736 / 935 2088 9919
0 0 0 (209) 0 0
4864 1778 1195 2346 11144
© 80 109 0 ) (188)  (460) 0 (461)
100 / 4844 1718 / / 10910
R T I R 11
300 110 0 0 (225) 0 0 (429)
310 / 4708 1598 / / /
0 0 (214) 0 0 0
600 / 4679 1501 1039 2220 10490
0 ) (202) 0 0 (436)
610 / 4677 / / 2258 /
0 0 0 0 (640) 0
1100 / 4661 1419 1008 2187 10324
0 ) (134)  (410) 0 (443)
/ 3048 703 523 1244 6361
® 120 141 ()  (2820)  (819) (211) (429) (257)
OMe- B 1 160 664 1409 270 153 414 2900
ROMP (®) () (26790 (258)  (736) (153)  (91.4)
1000 563 1127 178 112 313 2154
0 (1955)  (18.0) (60.6) (134) (74.3)

165



©) 1 74 / 535 / 46 141 /

0] 0] 0] (21.1) (78.4) 0]
o0 ] 535 ] 02 131 ]
0] 0] 0] (19.4) (63.8) 0]
] 698 101 58 181 1357
(©) 100 157 ()  (2038) (156) (454 (120)  (97.4)
o ] 697 ] / / 1319
(;) (1844) 0] 0] 0] (94.8)
696 119 69 182 1343
150 144 ()  (1697)  (16.4) (41.3) 952)  (61.7)
] 587 85 52 150 1072
® 48 180 ()  (1501)  (7.81)  (257)  (545)  (36.0)
" ] 578 83 51 / 1053
()  (924) (745  (305) 0 (38.5)
2176 5251 1297 777 2177 12318
PIM-1 (B) 1 119 () (3971 (819 (189) (517) (268)
1000 1882 4437 896 576 1736 10005
0 0 (58.7) (155) 450)  (293)
] 3203 ] 444 1258 /
© ! 126 0) 0 0) (191) 0 0)
o0 1481 3325 ] 417 1213 ]
0] 0] 0] (153) 0] 0]

Figure B.11 visually reveals the performance differences among the polymers investigated.
Data reported refers to samples that underwent treatment (B) with identical aging history. Standard
deviations were calculated using the error propagation approach.'® It is clear that a small variation
on the ladder-type side chain functionality in ROMP polymers (i.e., —CF3 versus -OMe), led to
sensitive variations in gas transport properties. CF3-ROMP permeability was one order of
magnitude higher than that of OMe-ROMP and almost double that of PIM-1. By looking at the
diffusivity and solubility contributions to permeability, Figure B.11b shows that high diffusion
coefficient values for each gas for CF3-ROMP were the primary reason behind the high
permeability values for this sample. Figure B.11lc illustrates that while PIM-1 solubility
coefficients exceeded those of both ROMPs for CO2 and CH4, PIM-1 and CF3-ROMP had similar
solubility for N2 and O2. As expected from the trade-off usually observed in glassy polymers,
selectivity follows the opposite trend with respect to permeability among samples. Figure B.11d
shows that OMe-ROMP is the most selective polymer for almost all gas pairs. Further explanation

to this finding is found in the main part of this communication.
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About 30 years ago, Robeson popularized a way to represent polymer performance for a

large database of property sets and compare them to one another.*® Permeability-based graphs were

already reported in Figure 3.1. Here, we feature more complete versions in which we include

performance obtained from treatments (A), (C), (D), and (E) (Figure B.12).
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in center (C), Top half filled (D), and Bottom half filled (E). 1) PIM-EA-TB,% 2) PIM-Trip-TB,*
3)PIM-TMN-SBI,28 4) PIM-TMN-Trip-TB,®8 and 5) PIM-TMN-Trip.%¢ Gray dots are data from

the Robeson database.*¢#” All other data points represented are reported in Table B.1.

Similar plots can be developed for diffusion (Figure B.13) and solubility (Figure B.14).
We compared diffusivity and solubility results for ROMPs and PIM-1 on Robeson-like plots with
a large database from the literature for a series of gas pairs.1>* As with Robeson upper bound plots
for permeability, ideal materials should be located in the upper right corner of the graph.

Molecular diffusivity can change by orders of magnitude among different polymers for
light gases, while solubility generally experiences a narrower variation. Additionally, permeability
upper bound selectivity values are mostly determined by diffusivity selectivity over solubility
selectivity.”® As anticipated in Figure B.11b, CF3-ROMP has exceptionally high diffusivity. In
fact, blue markers representing CF3-ROMP are on the extreme upper-right front of the populated
data points on the following graphs, while most of the other polymers from this work and from
literature are distributed to the lower-left of the front. For gas pairs like CO2/CH4, CO2/N2, N2/CHa,
02/N2, O2/CHa, and O2/COz2, high values of diffusivity were accompanied by modest diffusivity
selectivity, placing CFz-ROMP on the upper limit with respect to other polymers with some of the
highest combinations of diffusivity and diffusivity selectivity (Figure B.13).

Exceptional results can be obtained if high diffusivity selectivity is coupled with very high
gas solubility.?*® Robeson-like solubility plots in Figure B.14 reveal how the solubility of CO; is
relatively low in ROMP polymers. The improvement of solubility would lead this new class of
polymers to be even more competitive in terms of separation performance. This outcome would

be particularly beneficial towards compounds like CO> as can be observed in Figure B.14.
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Trip-TB,% and 5) PIM-TMN-Trip.28 Gray dots are data from the Robeson database,*®*’ rearranged

to determine diffusivity and diffusivity selectivity.

B.8. Physical aging study

Physical aging is a phenomenon that typically occurs in glassy polymers such as ROMPs
and PIMs since they are not in their equilibrium packing configuration at temperatures below their
glass transition.®® As a consequence, the specific volume of the material decreases over time,
leading to many property changes. In this study, changes in permeability over time were the
primary metric used to glean information on the effects of physical aging of films previously
soaked in liquid ethanol. Of note, exposure to ethanol, such as that described in Section B.5, is
known to further increase excess specific volume in glassy polymers, thereby leading to a more
pronounced physical aging rate.}’#24% For this study, we considered the effects of physical aging
on polymers that underwent treatment method (B). A decrease in permeability was experienced
over time for each gas tested for both ROMP samples and PIM-1. As shown in Figure B.15, an
approximately linear trend was observed in double logarithmic charts in which permeability was
plotted as a function of the aging time. Similar linear behaviors have been observed by other
authors.*"118 The decrease in permeability was accompanied by an increase in permselectivity for
some of the most relevant gas couples, i.e., CO2/N2, CO2/CHa, H2/N2, H2/CHa, O2/N2, and N2/CHa
(Figure B.16). This finding relates to the trade-off between permeability and selectivity described
by Robeson.*® Notably, CF3-ROMP reached the highest permeability for each gas, while OMe-
ROMP was the most selective for all gas pairs. As indicated in Table B.1, the CF3-ROMP sample
used for the physical aging study featured an initial CO2 permeability of 18,490 barrer, a value

lower than that of the sample subjected to treatment (A): 21,266 barrer. This is due to the
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variability among different samples and the longer dynamic vacuum which the less permeable film

was exposed to before testing.
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Figure B.15. Permeability as a function of time. Data were collected at 35 °C and 1 bar upstream

pressure for (a) CF3-ROMP, (b) OMe-ROMP, and (c) PIM-1.
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than those of smaller gases as the materials aged. Furthermore, aging rates for each gas followed
the same order of the effective diameter (He < H> < O, < CO2 < N2 < CHjs), as shown in Figure
B.17b for CFs-ROMP. The permeability loss that each gas experienced over time was plotted as a
function of effective diameter squared, and the slope of this line can be calculated for each set of
experiments at each time. Figure B.17c shows that this slope increased over time. Interestingly,

the rate by which it evolved was very different among the three materials, and this result is related

The graphs in Figure B.17a reveal that the permeabilities of larger gases decreased more
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to the way polymer chains pack over time. In other words, it gave us information about the
evolution of the fractional free volume as the polymer transitioned towards its equilibrium density
that minimizes the Gibbs free energy of the system. CF3-ROMP showed the highest values of these
slopes because small gases (i.e., He, Hz, O2) experienced a smaller permeability drop over time
compared to OMe-ROMP and PIM-1, while for larger gases (i.e., CO2, N2, CH4) the drop in
permeability is comparable (Figure B.17a). This finding reflects on the fact that Ho/X and He/X
permselectivity (X = generic other gas), increased remarkably over time without compromising
H, and He permeability, often surpassing the Robeson Upper Bounds (Figure 3.1).%647 This result
was further supported by evidence from WAXS experiments. More details about WAXS will

follow in Section B.9.
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Figure B.17. Physical aging data. (a) CF3-ROMP, OMe-ROMP, and PIM-1 comparison of
normalized permeability against aging time for Hz, Oz, CO2, N2, and CHj4, (b) CF3-ROMP aging
data and (c) Data calculated evaluating the slope of permeability loss against effective diameter

squared at each time (1, 10, 100, 200, 500, 1000, and 2000 h), and plotted against aging time.

Diffusivity coefficients were monitored while films aged over time, and results are shown
in Figure B.18. He and H> values are not represented in the figures because the time-lag was too
short for accurate calculations. Diffusion coefficients decreased according to what was expected
from aging experiments. These changes contribute to the overall decrease in permeability. For
ROMP polymers, the magnitude of diffusivity values, follows the inverse order of the effective
diameter: (3.44 A) O, < (3.63 A) CO, < (3.66 A) N, < (3.81 A) CH.. Diffusivity selectivity
increased over time, as shown in Figure B.19, and this change is the biggest contribution to the
increase in permselectivity that allows these ROMPs to overcome the upper bound for some gas
pairs. OMe-ROMP showed diffusivity selectivity higher than PIM-1 for CO2/CHs and N2/CHj4

separation.
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Figure B.18. Diffusion coefficient as a function of time. Data were collected at 35 °C and 1 bar
upstream pressure for (a) CF3-ROMP, (b) OMe-ROMP, and (c) PIM-1. He and H» data were not

plotted because time lags were less than 2 s.
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Figure B.19. Diffusivity selectivity as a function of time. Data were collected at 35 °C and 1 bar

upstream pressure for (a) CF3-ROMP, (b) OMe-ROMP, and (c) PIM-1. He/X and H2/X data were

not plotted because time lags were less than 2 s.

Solubility coefficients and solubility selectivity were also calculated to evaluate their trend

over time using a reverse formula of Equation B.2:

S== (B.5)

Solubility and solubility selectivity values appear to oscillate around an approximate average value

over time, as seen in Figure B.20 and Figure B.21, respectively. CF3-ROMP and PIM-1 showed
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similar results for solubility selectivity, while OMe-ROMP recorded higher values of CO2/N2 and
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Figure B.20. Solubility as a function of time. Data were collected at 35 °C and 1 bar upstream

pressure for (a) CFs-ROMP, (b) OMe-ROMP, and (c) PIM-1. He and H data were not plotted

because time lags were less than 2 s and the calculation of S depends on D (Eq. 5).
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B.9. Wide-angle X-ray scattering (WAXS) study

Physical aging was also monitored by Wide-angle X-ray scattering. X-ray scattering methods are
suitable for studying internal structural changes of CF3-ROMP, OMe-ROMP, and PIM-1 because

of their high fractional free volume and relevant pore-size distribution. For WAXS, d (Bragg

spacing) and q (scattering vector) are correlated as follows:
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d="- (B.6)
q

It is important to note that these WAXS experiments were performed in conjunction with
gas permeation experiments during the course of 2000 h on samples from the same film, so the
aging history was identical and results could be directly correlated. The same sample was used for
WAXS throughout the entire 2000 h so the scattering intensity can be compared on a relative-
basis. Figure B.22 shows that CF3-ROMP (a) is the polymer that experienced less aging in internal
free volume, especially in the range where q is larger than 1 A™* (d-spacing < 3.14 A), which means
smaller pores were preserved over time after soaking in liquid ethanol. This result is consistent
with the fact that smaller gases (e.g., He and H2) showed slower physical aging rates (Figure
B.17a) and correlates with the different rates in permeability drop (Figure B.17b-c).

Conversely, OMe-ROMP (b) and PIM-1 (c) showed a larger decrease in the absolute
scattering intensity across all ranges of pore size (0.1 A< g <2 A™), which supports our
findings that these polymers possess faster aging rates for small gases (e.g., He and Hy) and similar
aging rates for larger gases (e.g., N2 and CH4) compared to CF3-ROMP. The contraction of larger

pores has a much larger impact on the transport of larger gas molecules compared to smaller ones.
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Figure B.22. WAXS patterns for (a) CF3-ROMP, (b) OMe-ROMP, and (c) PIM-1 as a function of

time up to 2000 h, for films treated using method (B).

B.10. CO2-induced plasticization study

Plasticization is a frequently investigated phenomenon in the field of membrane science.®”?* It is
typically recognized through a decrease in glass transition temperature and an increase in gas
permeability as the upstream pressure increases. Plasticization is especially relevant when
operating with high pressure feed streams (e.g., natural gas processing). Among the gases
investigated in this study, COzis the only quadrupolar gas and it has the highest critical temperature.
For these reasons, separate permeation experiments were performed with CO- pressures up to 17,

20.5, 25, and 51 bar. One of the most undesirable consequences of plasticization is a significant
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reduction in membrane mixed-gas selectivity.!%242 |t is important to determine the extent to which
materials can resist plasticization to ensure steady and reliable performance even when plasticizing
agents are present in high concentrations. The ROMP samples and PIM-1 plasticization
performance can be compared with results previously obtained in the literature at different
conditions. Since plasticization pressure usually decreases with increasing thickness,*® a direct
comparison can be made just among thick films.

Table B.2 contains a broad collection of CO»-induced plasticization data. CO, permeability
from the first point of the plasticization curve, which usually was taken at an upstream pressure
between 1 and 2 bar, is reported to give a sense of the performance of different polymers, which
ranges over 4 orders of magnitude. The so-called plasticization pressure is a parameter that is
commonly considered to compare the plasticization resistance of polymers. Polymers that showed
a plasticization point are compared in Figure B.23. Excluded from this figure, but included in
Table B.2, is data for a crosslinked Matrimid® film (treated at 350 °C for 30 minutes), which
shows no plasticization pressure point up to 44 bar and a steady high-pressure plateau in
permeability of 3.5 barrer.28 For non-crosslinked polymers, polysulfone (PSf) and polycarbonate
(PC) had the highest plasticization pressures. For a PSf thick film, the plasticization pressure point
was ~34 bar,27 and for a PSf thin film, the plasticization pressure point was ~24 bar,?* while for
a PC thick film it was ~34 bar.?** However, CF3-ROMP and OMe-ROMP are the only polymers
whose permeabilities exhibit continuously decreasing values after reaching 51 bar of CO,. CFs-

ROMP and OMe-ROMP results described in Chapter 3 show unprecedented results.
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Table B.2. CO plasticization pressure in glassy polymers from this work and from the literature.

COz2 Permeability

Peculiarities

Plasticization

Polymer @ 1-2 bar (Barrer)  (treatment, thickness) pressure Reference
119 pm, ethanol .
CF3-ROMP 14477 treatment, 2100 h aged > 51 bar This work
153 pum, ethanol .
OMe-ROMP 1425 treatment, 300 h aged > 51 bar This work
119 pm, ethanol N .
PIM-1 10558 treatment, 2000 h aged 27.5 bar This work
6FDA-6FMDA 55 ~21 atm 245
6FDA-6FpDA 75.5 ~10 atm 245
6FDA-6FpDA 78 ~16.5 bar 242
GFDA'GFS_?A/DABA 47 Uncrosslinked ~10.3 bar 242
6FDA-DAM:DABA Rapid quench from N 172
2:1 Tyg+15 °C 34.5 bar
AD 60 400 Annealed z;t;rc])ve Tg, 335 -8 bar 246
AF 2400 2400 As-cast, 258 nm ~12 bar 246
AF 2400 3800 Annealed above T, ~10 bar 246
17 pm
BPA-PC 7.5 ~31 bar 57
BPZ-PC 2.5 ~24 bar 57
Pure-gas and 50:50 247
C-CoPIM-TB-1 5400 COu/CHs > 20 atm
Pure-gas and 50:50 247
C-CoPIM-TB-2 4200 COu/CHs > 20 atm
CA 6.5-9 11-13 bar 57,162
CTA 8 ~10 bar 57
HFPC 34 ~21 bar 244
Pure-gas and 50:50 162
KAUST-PI-1 2400 CO/CHs < 2 bar
oI Pure-gas and 50:50 _ 162
KAUST-PI-5 1500 COx/CHa 12 bar
Matrimid 9 182 nm ~6 atm 56
Matrimid 9.2 20 um ~14 atm 56
- Crosslinked, 30" at 101
Matrimid 5 350 °C > 44 bar
P84 1 ~22 bar 57
PC 75 127 um ~34 bar 244
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PEI 1 ~28 bar 57
PES 3.4 ~27 bar 57
PIM-1 450 200 nm < 2 bar 248
PIM-1 10600 30 um ~8 bar 248
PIM-1 5500-5600 50-102 pm > 10 bar 142,173
PIM-Trip-TB 8400 P“re'ggsjgdHfOﬁO > 20 atm 27
PMMA 0.5 <2 bar 249
PPO 95 18 — 45 um ~14 bar 57
PPO 415 192 nm ~6 bar 243
psf 4.7 18 — 45 um ~34 bar 57
pSf 9.2 191 nm ~24 bar 243
PTMSP 35500 115 pm > 28 atm 250
TMBPA-PC 15 ~13 bar 57
TMPC 225 ~21 bar 244
TPIM-1 1500 P“re'gaosj‘gdHfO:SO <2 bar 173
TPIM-2 450 P“re'ggsjgdH 450:50 '\é/rﬁi‘g{ Eiptatlgt 173
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Figure B.23. Collection of CO2-induced plasticization pressure results obtained for uncrosslinked
polymers in pure-gas conditions from the literature (gray bars), and comparison with polymers

investigated in this study (red bars).

COz-induced plasticization curves obtained with a maximum pressure lower than 51 bar
are shown in Figure B.24. The duration of each experiment in the increasing pressure stage (filled
markers) was 12 minutes and 15 minutes for CF3-ROMP and OMe-ROMP, respectively, and
18 minutes and 21 minutes for CF3-ROMP and OMe-ROMP, respectively, in the decreasing

pressure stage (hysteresis), to ensure that pseudo-steady state was reached to calculate permeability.
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Figure B.24. CO; plasticization study (a) CF:-ROMP, treatment (D), tested up to 24 bar, 90 h
aged, (b) CF3-ROMP, treatment (E), tested up to 17 bar, 48 h aged, (c) OMe-ROMP, treatment

(E), tested up to 20.5 bar, 60 h aged.

Considering the high upstream pressures reached during COz-induced plasticization
experiments, it is important to correct for the non-ideal behavior of CO». Permeability can be
calculated modifying Equation B.1 by using fugacity, f, instead of pressure, as indicated in

Equation B.7:

VL1 (dfd) (B.7)

[ R ——
RTA(f,—f\ dt
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The fugacity was calculated by means of Peng-Robinson Equation of State.?! Figure B.25

shows the results reported in the main communication, recalculated on a fugacity-based fashion.

The permeability of CF3-ROMP revealed to be decreasing with fugacity up to 40 bar, the whole

range investigated, while OMe-ROMP showed a minimum at around 10 bar that was not

experienced when permeability was calculated based on pressure instead of fugacity (Figure 3.3a).

PIM-1 results, instead, confirmed that a minimum value of permeability was obtained at a fugacity

of ~21 bar.
(&) (b)
18000 4 2000+
] ®m Increasing Pressure ®m Increasing Pressure
17000 4 x x Decreasing Pressure 1900 % Decreasing Pressure
—_ ] X ~ 18004
[ p b 3 x
© 16000 4 o ] ® «
—_ N —_
B ] X 5 17004 x
B 000 ] @ x
,15000:. X . 1600 %
= 1 = b %
— 9 b4 = 3
o 7 =] - x
@ 140004 o % 2 1500 4 y
7] ] [H] i x
£ ] ® £ 1400 X
E 13000 n X E ] g
] [ ] E ]
: "L Eag, X 1300:. gun®
120004 . X 1200 3 I
] EEn ] mg "E
11000 Frrrrrrrrr T 1100 JrrrrrrrrrTTT T
0 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Upstream fugacity (bar) Upstream fugacity (bar)
(c)
20000
1 ® Increasing Pressure
180001 x % Decreasing Pressure
— ] x
L -
g 16000 4 x
B ]
@ ] L
~ 14000
= ] x
= ] X
12000 * x
1] ] X
£ ]e X
L
@ 100004 X o
o 1 @® ° e®
] ° P
80004 ® o e ®
6000 T
0 5 10 15 20 25 30 35 40 45

Upstream fugacity (bar)

Figure B.25. Fugacity-based CO plasticization curves for liquid ethanol treated samples: (a) CFs-

ROMP aged 2100 h, (b) OMe-ROMP aged 300 h, and (c) PIM-1 aged 2000 h.

188



B.11. Mixed-gas permeation

Mixed-gas permeation measurements of CO2/CHs were carried out with CF3-ROMP, the most
permeable polymer in this study that also showed unprecedented plasticization resistance, using a
50:50 vol.% CO/CH4 mixture. Mixed-gas feed pressures of 1 and 2 bar were tested, thus 0.5 and
1 bar or partial pressure of COy, respectively. A gas chromatograph (GC) (INFICON 3000 Micro
GC) was used in order to measure the concentration of gas in the feed, residue, and permeate
streams. A hold time of 30 minutes was found to be sufficient to reach steady state by monitoring
the concentration of the permeate stream over time until a constant composition was reached. This
is due to the very high diffusion coefficients of CFs-ROMP as measured in pure-gas permeation
studies (Figure B.13 and Table B.1). Additionally, helium was used as a carrier gas to sweep
permeate from the membrane surface. The following Equation B.8 was used to calculate the
mixed-gas permeability, P 4:

nal
P, = 4 (B.8)

xZeA(pzxi - p1xi)

in which x7 is the mole fraction of gas A in the permeate stream, F is the sweep gas flow rate, [ is
the thickness of the membrane, xF, is the mole fraction of helium in the permeate stream, A is the
area of membrane exposed to the gas stream, xJ is the mole fraction of gas A in the feed stream,
and p, and p; are the upstream and downstream total pressures, respectively.*2252

Three different treatment conditions for CF3-ROMP were tested to examine their effects
on mixed-gas transport properties:

(E) As reported in Section B.5;

(F) Vacuum drying at room temperature for 24 h;
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(G) Soaking in liquid ethanol for 36 h, air-drying for 48 h, and full vacuum at room temperature
for 4 h;

Table B.3 summarizes results obtained from these three treatment methods for a
50:50 vol.% CO2/CH4 mixture at the feed pressures mentioned above. Pure CO; and CHs
measurements were also conducted at 1 bar using the above described technique for the mixed-gas
experiments. These tests can be directly compared to 50:50 vol.% mixed-gas permeability
experiments performed at 2 bar, so that the partial pressure of each gas is 1 bar in both pure- and

mixed-gas conditions.

Table B.3. CO; and CH4 permeability values for CFz-ROMP with different treatment conditions:
(E) Thermal treatment at 120 °C for 24 h and applying dynamic vacuum, (F) vacuum drying at
room temperature for 24 h, and (G) soaking in liquid ethanol for 36 h, air-drying for 48 h, and full
vacuum at room temperature for 4 h. Feed pressure is reported in bar, and permeability (Px) is

reported in Barrer (1072 cm3(STP) cm cm 2 st cmHg ™). All data were calculated at 35 °C.

Feed Pressure

Mixture Composition Treatment (bar) Pcu, Pco,
(E) 1 644 6377

Pure-Gas (P 1 1086 8867

(G) 1 2368 13418

1 598 6373

(E) 2 779 7063

1 1005 9925

50:50 vol.% CO2/CHa4 (F 5 1151 9266
©) 1 2279 15707

2 2183 15036

CO2/CHa4 Robeson plots for both pure-gas and 50:50 vol.% CO2/CHa mixtures at a CO3
partial pressure of 1 bar are shown below in Figure B.26. From the Robeson plots, there appears
to be a systematic, albeit small, increase in permeability from the pure-gas case to the mixed-gas

case. In Figure B.26c¢, which depicts the performance of CF3-ROMP that underwent treatment (G),
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an increase in the separation factor of around 21.5% is also recorded from the pure-gas case to the
mixed-gas case. This may be due to an increase in CO2/CHjs solubility-selectivity, due to the fact
that the more condensable gas, CO., tends to exclude CH4 from the polymer matrix.?>® The
plasticization-resistant nature of CF3-ROMP reduces the swelling induced by COy, possibly
preventing a significant increase of the CHs diffusion coefficient that would be observed
otherwise.?®*?% This would reduce the decrease in CO,/CHa diffusivity-selectivity generally
experienced from the pure-gas case to the mixed-gas case.?>#?%® Thus, the increase in solubility-
selectivity may outweigh the decrease in diffusivity-selectivity, leading to the overall increase in
the CO./CH4 permselectivity that we reported. This result seems to be emphasized by the ethanol

treatment.
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Figure B.26. CO2/CH4 Robeson plots for CF3-ROMP films undergoing three different treatments:

(@) treatment (E), (b) treatment (F), and (c) treatment (G). Gray dots are data from the Robeson

database.*64’

Table B.4 contains CO./CH4 permselectivities reported in literature for various polymers
during mixed-gas experiments. Feed pressures and temperatures are also reported, as well as
treatment methods, if applicable. At a feed pressure of 2 bar, the ideal CO2/CH4 permselectivity of
PIM-1 was reported to be 16, while that of AO-PIM-1 was reported to be 34.%° When exposed to
a equimolar CO2/CH4 mixture with a CO; partial pressure of 2 bar, the CO2/CH4 permselectivities

of PIM-1 and AO-PIM-1 decreased to 12 and 24, respectively.®® A similar decrease in CO2/CHa
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permselectivity from the pure-gas case with feed pressures of 2 bar to the mixed-gas case with a
CO: partial pressure of 2 bar and an equimolar CO2/CH4 mixture feed was observed with TPIM-1
(31 to ~30) and 6FDA-DAP (92 to ~87).173188 However, the CO2/CH4 permselectivity of TPIM-2
slightly increased from the pure-gas case to the mixed-gas case (21 to ~23).1"® TPIM-2 was
reported to have high plasticization resistance, as the CHs permeability increased by less than 10%
from the pure-gas case to the mixed-gas case.!’® Similarly, the CH4 permeability in the mixed-gas
case for the plasticization-resistant CF3-ROMP was around 6% higher than the pure-gas value at
a CHg partial pressure of 1 bar for sample (F), while for the sample that underwent treatment (G),
it revealed to be around 8% smaller. As a consequence, the latter film experienced a CO2/CHs
permselectivity increased up to around 21.5%. A similar increased in mixed-gas permselectivity

was experienced before by HAB-6FDA and its thermally rearranged analogous.?*
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Table B.4. CO> plasticization pressure in glassy polymers from this work and from the literature.
Feed pressure is reported in bar, temperature is reported in °C, while permeability (Py) is reported

in Barrer (1070 cm3(STP) cm cm2 st cmHg ™).

CO2/CHa4 Feed %
Polymer Mixture Pressure Temperature Treatment Method aco,/cn, Reference
Composition (bar) change®

Soaking in liquid
ethanol for 36 h, air-

CF3-ROMP 50:50 2 35 drying for 48 h, and full +22% This work
vacuum at room
temperature for 4 h;
Drying at 45 °C for 2
days, soaking in liquid
methanol for 24 h, air-
drying, and heating at
120 °C for 24 h under
high vacuum
Drying at 45 °C for 2
days, soaking in liquid
methanol for 24 h, air-
drying, and heating at
120 °C for 24 h under
high vacuum
Drying at 120 °C under
vacuum for 12 h,
soaking in liquid
methanol for 24 h, and
drying at 120 °C under
vacuum for 24 h
Drying at 120 °C under
vacuum for 12 h,
soaking in liquid
methanol for 24 h, and
drying at 120 °C under
vacuum for 24 h
Drying at 120 °C under
vacuum for 12 h,
soaking in liquid
methanol for 24 h, and
drying at 120 °C under
vacuum for 24 h
Soaking in liquid

50:50 or - methanol and drying at
TZPIM-2 80:20 4 25 120 °C in vacuum oven
for 24 h.
Soaking in liquid
methanol for 12 h, air-
6FDA-mPDA 50:50 ~4 35 drying, and drying at +1% 186
120 °C in a vacuum
oven for 24 h
Drying at 120 °C and
6FDA-DAP 50:50 ~4 35 post-drying at 200 °C in -3% 186
a vacuum oven for 24 h
Drying at 120 °C and
6FDA-DAR 50:50 ~4 35 post-drying at 200 °C in -1% 186
a vacuum oven for 24 h

PIM-1 50:50 4 35 -25% 65

AO-PIM-1 50:50 4 35 -29% 65

PIM-1 50:50 4 35 -13% 173

TPIM-1 50:50 4 35 -6% 173

TPIM-2 50:50 4 35 +14% 173

76 163
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Drying at 80 °C under
partial vacuum for 24 h
HAB-6FDA 50:50 ~4 35 and post-drying at +26% 204
200 °C under full
vacuum for 24 h
HAB-6FDA films
heated under flowing N2
at 300 °C for 1 h and at
450 °C for 1 h.

This column refers to the percentage difference between CO2/CHa permselectivity from the pure-gas to the mixed-gas case.

TR450 50:50 ~4 35 +20% 204

For the polymers reported here from literature, CO2/CHs permselectivity generally
decreased as feed pressure was increased. While competitive sorption can result in a lower CO-
permeability, plasticization of the polymer when exposed to higher pressures can lead to an
increase in CH4 permeability, which collectively can decrease the CO2/CH4 permselectivity.'”
When increasing the feed pressure from 4 bar to 20 bar, PIM-1 was shown to have a mixed-gas
CO2/CHs permselectivity that decreased by approximately 38%, while the CO2/CH4
permselectivity of AO-PIM-1 decreased by only 13%.%° The polyimide 6FDA-mPDA experienced
a CO2/CH4 permselectivity drop of 40% as feed pressure was increased from ~4 to ~40 bar, while
the CO2/CH4 permselectivities of hydroxyl-functionalized polyimides 6FDA-DAP and 6FDA-
DAR decreased by approximately 30% across the same feed pressure range.'® Similar results were
recorded for HAB-6FDA and TR polymers.?%* The unprecedented plasticization results of CFs-
ROMP may indicate that its CO2/CH4 permselectivity will not significantly change as the feed

pressure increases. Future mixed-gas studies on both CF3-ROMP and OMe-ROMP will be

conducted in order to evaluate their performance and potential in realistic industrial conditions.

B.12. Mechanical properties

Due to the brittleness of CFs-ROMP and OMe-ROMP, polymer films fractured during the
clamping process of dynamic mechanical analysis (DMA), which rendered the measurements not

possible. Instead, we measured the reduced Young’s modulus (E,) of CF3-ROMP, OMe-ROMP,
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and PIM-1 using nanoindentation. Corresponding data is shown below (Figure B.27 and Figure
B.28). While CF3-ROMP has a larger E, than OMe-ROMP, 2.6 GPa and 1.1 GPa respectively,
both of them lie in the GPa range, which is on par with most polymers of intrinsic microporosity
(e.g., 2.9 GPa for PIM-1). Differences between CF3;-ROMP and OMe-ROMP might be due to

different packing states of rigid side chains attached to the polymer backbone.
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Figure B.27. Load-displacement relationship for CFs-ROMP, OMe-ROMP, and PIM-1.

w
w

w
o
1

b
W

g
o
L

-
w
N

-
(=}
I

o
w

Reduced Young's modulus (GPa)

o
o

CF,-ROMP OMe-ROMP PIM-1

Polymer

Figure B.28. Reduced Young’s modulus (E,) for CFs-ROMP, OMe-ROMP, and PIM-1.

196



Appendix C. Supporting Information for Chapter 4

Reprinted from Benedetti, F. M.; Wu, Y.-C.; Lin, S.; He, Y.; Flear, E.; Liu, C.; Zhao, Y.; Swager, T. M.;
Smith, Z. P. Elucidating the role of side-chain length and dispersity in ROMP polymers with pore-
generating side chains for gas separations. In preparation.

C.1. Polymer characterizations
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Figure C.1. Example of the method used to obtain NMR integration ratios.

Table C.1. NMR integration ratios of OMe n-mers.

Expected ratio | Experimental ratio
OMe 2-mer 1 1.03
OMe 3-mer 2 2.05
OMe 4-mer 3 3.27
OMe 5-mer 4 4.20
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Table C.2. Molecular weights of poly(OMe n-mer)s considered in this study.

[M]/1] Mn (kDa) D
OMe 2-mer 150 76 1.9
OMe 3-mer 150 76 1.9
OMe 4-mer 125 116 2.7
OMe 5-mer 100 84 2.6
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Figure C.2. N2 adsorption isotherms and pore size distributions (PSDs) of (a) poly(OMe 2-mer),

(b) poly(OMe 3-mer), (c) poly(OMe 4-mer), (d) poly(OMe 5-mer), and (e) polydispersed OMe-

ROMP obtained from Brunauer-Emmett—Teller (BET) analysis.
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C.2. Pure-gas permeability data

Table C.3. Gas separation performance of all poly(OMe n-mer)s in this study. Permeability (P) is
given in barrer (107 cm3(STP) cm cm=2 st cmHg™), diffusion coefficient (D) is given in 1078
cm? s71, and sorption coefficient (S) is given in cm3(STP) cm= atm™. All data were obtained at

35 °C and ~1 bar upstream pressure.

Polymer Treatment He H, N2 02 CHa CO;
Poly(OMe  2- | 120 °C 24 h vacuum,1 | P | 53.16 79.93 3.58 12.71 | 4.69 83.41
mer) day aged D |/ / 3.57 8.66 0.91 4.26
S |/ / 0.76 1.12 3.90 14.87
Poly(OMe  2- | EtOH treat48 h,air-dry | P | 106.62 | 153.82 | 13.36 | 33.05 | 13.92 | 190.13
mer) 24 h, 1 day aged D |/ / 13.15 | 34.16 | 451 13.68
S |/ / 0.77 0.74 2.34 10.56
Poly(OMe  3- | 120 °C 24 h vacuum,1 | P | 81.87 135.14 | 5.37 26.28 | 8.48 177.79
mer) day aged D |/ / 6.10 20.56 | 2.00 9.90
S |/ / 0.67 0.97 3.23 13.64
Poly(OMe  3- | EtOH treat48 h,air-dry | P | 160 294 19 64 31 455
mer) 24 h, 1 day aged D |/ / / / / /
S |/ / / / / /
Poly(OMe  3- | MeOH treat 48 h, air- | P | 168.92 | 304.43 | 18.99 | 65.72 | 28.46 | 470.74
mer) dry 24 h, 14 daysaged | D |/ / 11.63 | 35.35 | 3.50 18.89
S |/ / 1.24 141 6.18 18.94
Poly(OMe  4- | 120°C 24 hvacuum,1 | P | 24257 | 462.36 | 36.03 | 112.15 | 58.38 | 829.50
mer) day aged D |/ / 22.27 | 5557 |6.71 33.37
S |/ / 1.23 1.53 6.62 18.89
Poly(OMe  4- | 120 °C 24 h vacuum, | P | 242.46 | 450.71 | 34.45 | 107.55 | 55.55 | 787.91
mer) 34 days aged D |/ / 19.47 | 49.59 | 6.10 29.84
S |/ / 1.34 1.65 6.92 20.07
Poly(OMe  4- | 120 °C 24 h vacuum, | P | 421.49 | 839.12 | 79.77 | 224.32 | 136.62 | 1568.76
mer) MeOH treat 48 h, air- | D |/ / 4498 |96.80 | 14.92 | 55.82
dry 24 h, 1 day aged s |/ / 135 [1.76 [6.96 |21.36
Poly(OMe  4- | 120 °C 24 h vacuum, | P | 348.26 | 716.94 | 62.51 | 188.64 | 108.65 | 1355.17
mer) MeOH treat 48 h, air- | D |/ / 35.53 |89.46 | 12.05 | 54.01
dry24h,3daysaged | § |/ / 134 [160 [6.85 |19.07
Poly(OMe  5-| 120 °C 24 h vacuum, | P | 496.57 | 1076.87 | 106.89 | 309.18 | 185.09 | 2246.57
mer) 10 days aged D |/ / 4551 | 110.96 | 16.15 | 67.84
S |/ / 1.79 2.12 8.71 25.17
Poly(OMe  5-| 120 °C 24 h vacuum, | P | 715.64 | 1655.74 | 213.69 | 551.68 | 404.02 | 3761.76
mer) MeOH treat 48 h, air- | D |/ / 69.18 | 146.04 | 28.57 | 81.72
dry 24 h, 1 day aged s |/ / 235 [287 [10.75 |34.98
Poly(OMe  5- | 120 °C 24 h vacuum, | P | 1075.66 | 2476.11 | 301.40 | 796.56 | 567.32 | 5324.12
mer) MeOH treat 48 h, air- | D |/ / 101.69 | 203.37 | 39.91 | 128.60
dry24h,2daysaged | § |/ / 225 [298 [10.80 |31.47
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Figure C.3. Robeson plots of poly(OMe n-mer)s, OMe-ROMP, and CF3-ROMP for (a) CO2/CHa,

(b) H2/CHa4, and (c) H2/N2 gas pairs. Black and gray lines represent the 2008 and 1991 Robeson
upper bounds, respectively.*®4” Filled shapes represent alcohol-treated samples, and open shapes
represent thermally-treated samples. Aged samples are indicated with their aging time, and arrows
point from the 1 day aged sample to the older sample. Open gray circles represent permeation data

from Robeson’s database.*¢4’
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C.3. CO2-induced plasticization study
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Figure C.5. Hysteresis induced by conditioning of the film at 51 bar of CO> for all samples in this
study. Results for CF3-ROMP, OMe-ROMP, and PIM-1 from our previous work!® are included

here for comparison.
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Appendix D. Supporting Information for Chapter 5

Reprinted from Lin, S.; Storme, K. R.; Wu, Y.-C.; Benedetti, F. M.; Swager, T. M.; Smith, Z. P. Role of
side-chain length in gas transport of CO./CH4 mixtures in polymers with side chain porosity. In preparation.

Table D.1. Variable pressure CO2/CH4 mixed-gas separation performance of poly(OMe 4-mer)
and poly(OMe 5-mer). Mixture composition was set at 50:50. Permeability (P) is given in barrer

(10720 cm3(STP) cm cm=2 s~ cmHg™?). All data were obtained at 35 °C.

n CO2 partial pressure Pco, Pcy, QAco,/CH,
(atm)

4 1.09 750 + 40 43 +2 17 £1
2.04 640 £+ 30 42 2 15 1
3.40 580 + 30 38+2 15 1
5.10 540 £+ 30 47 £ 2 114+0.8
6.80 490 + 30 59+3 8.4+0.6
8.51 480 + 20 55+3 8.7+0.6
10.21 460 £ 20 60 +3 7.6+0.6
11.91 470 £ 20 54+3 8.8+0.6

5 1.09 1160 + 70 72+ 4 16 =1
2.04 990 + 60 65+4 15 1
3.40 900 + 50 54 +3 17 =1
5.10 830 + 50 51+3 16 +1
6.80 830 + 50 51+3 16 =1
8.51 790 + 50 56 + 3 14 +1
10.21 760 + 40 58 +3 13 +1
11.91 730 £ 40 64 +4 11.3+0.9
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Appendix E. Combined photochemical crosslinking and thermal

deprotection for the free volume manipulation of polyimides

Reprinted from Lin, S.; Joo, T.; Gwozdz, E. J.; Smith, Z. P. Combined photochemical crosslinking and
thermal deprotection for the free volume manipulation of polyimides. In preparation.

Previously, it was hypothesized that reintroducing hydroxyl functionality after t-BOC deprotection,
along with sub-Tg4 motions, led to the collapse of free volume elements otherwise formed from
deprotection.?®® Therefore, crosslinking was deemed as a potential solution to maintain free
volume architecture. Past studies have indicated successes with porogen formation from thermal
crosslinking after deprotection.’®-1% However, we seek to determine if UV crosslinking can
provide the same benefits without the need to heat the polymer system to extreme temperatures.

Lin et al. proposed a UV crosslinking mechanism involving benzophenone-containing
polyimides, in which the benzophenone group is exposed to UV irradiation, radicalized, and
crosslinked with a CH radical,??° as shown below in Figure E.1.

e wlD D
|

saciEivacintsa®

Figure E.1. Crosslinking reaction between a benzophenone group and a benzyl methyl group.??°
UV irradiation generates the radical in both the benzophenone and benzyl methyl group, which

facilitates crosslinking.

Park et al. developed a polyimide-poly(dimethylsiloxane) co-polymer with 6FDA and
BTDA dianhydrides in a 7:3 molar ratio, with the diamine DAM and varying amounts of siloxane

oligomer.2t® To generate crosslinks between the benzophenone group in the BTDA monomer and
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the benzyl methyl groups in the DAM monomer, the co-polymer films were exposed to broad-
spectrum UV irradiation for 3 minutes.?!® While the films were found to be thermally stable up to
300 °C, densification increased as a result of UV crosslinking, which subsequently decreased the
amount of free volume and increased CO2/N2 permselectivity.?® The strategy of using co-
polymerization to further modify UV crosslinked polymers for gas separations has also been
explored by other groups.2>"?58

In a similar fashion, co-polymers with 6FDA-HAB-t-BOC and BTDA-DAM will be
synthesized. As done by Park et al.,?!° the benzophenone group in BTDA will be crosslinked to

the benzyl methyl groups in DAM via UV irradiation. The proposed structure of the co-polymer

is shown below in Figure E.2.

S,

6FDA-HAB-t-BOC BTDA-DAM
Figure E.2. Structure of the 6FDA-HAB-t-BOC/BTDA-DAM co-polymer.

Since BTDA-DAM shows limited solubility in chloroform,?>® which was the solvent of
choice to make 6FDA-HAB-t-BOC films previously,?® the 6FDA-HAB-t-BOC/BTDA-DAM co-
polymer was synthesized in both a 90:10 and 80:20 molar ratio. Both sets of synthesized co-
polymers dissolved readily in chloroform, and were therefore cast into films. Characterizations

such as TGA, DSC, FTIR, NMR, and permeation experiments can be done to confirm the chemical

207



structure and gas transport properties. After UV treatment, these same characterization technigques

can be used, as well as gel fraction content measurements to determine the degree of crosslinking.
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