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Penetrant-induced plasticization has prevented the industrial deployment of many polymers for
membrane-based gas separations. With the advent of microporous polymers, new structural design
features and unprecedented property sets are now accessible under controlled laboratory conditions,
but property sets can often deteriorate due to plasticization. Therefore, a critical understanding of the
origins of plasticization in microporous polymers and the development of strategies to mitigate this
effect are needed to advance this area of research. Herein, an integrative discussion is provided on
seminal plasticization theory and gas transport models, and these theories and models are compared to
an exhaustive database of plasticization characteristics of microporous polymers. Correlations between
specific polymer properties and plasticization behavior are presented, including analyses of plasticization
Received 4th May 2023 pressures from pure-gas permeation tests and mixed-gas permeation tests for pure polymers and
DOI: 10.1039/d3cs00235¢ composite films. Finally, an evaluation of common and current state-of-the-art strategies to mitigate
plasticization is provided along with suggestions for future directions of fundamental and applied

rsc.li/chem-soc-rev research on the topic.

1. Introduction

Separations of gas and vapor mixtures play a significant role in
many chemical processes." To meet these demands, various
unit operations can be used, but distillation is by far the most
common. In fact, there are over 40 000 distillation columns in
the United States, which is a testament to their versatility.>
Distillation can operate over a wide range of pressures from
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0.14 bar (e.g., ethylbenzene/styrene) to nearly 21 bar (e.g,
propylene/propane) and is capable of separating feeds with
high volumetric flowrates and various components that cover a
range of relative volatilities from only 1.17 (o-xylene/m-xylene)
to 81.2 (water/ethylene glycol).”> Distillation provides a conve-
nient and time-tested solution to separate a diversity of chemi-
cals in a continuous manner with high purity.

However, distillation has an enormous environmental foot-
print, resulting in the consumption of approximately 25% of all
industrial energy use.? The key issue is that distillation operates
based on phase changes, and this separation mechanism
requires vast energy inputs. In 2021, the industrial sector
consumed approximately 55% of energy use worldwide. In the
United States, industrial energy consumption was fractionally
smaller, but still substantial at 24% of total energy con-
sumption.” These percentages are projected to increase in
coming years.”® In addition, the heat required to power
thermally-driven separations often comes from natural gas
and petroleum. For this reason, thermally-driven separations
in the industrial sector in the United States produce about 20%
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of total carbon dioxide emissions.® This number is projected to
increase to 25% by 2050.°

As such, engineers and scientists have worked to find
alternative technologies that achieve similar separation perfor-
mance while simultaneously offering energy efficiency. Pres-
sure swing adsorption (PSA) and thermal swing adsorption
(TSA) are commonly practiced in industry, but they operate in
a semi-continuous fashion, requiring pressurization-depres-
surization cycles that increase operational complexity. Absorp-
tion processes, like amine absorption, are another alternative.
However, absorbents can degrade, thereby requiring a reclai-
mer to address contaminant buildup and volatility issues.”®

The use of membranes provides an alternative separation
strategy that avoids these limitations. Compared to other separa-
tion techniques, membrane-based separations offer reduced
indirect CO, emissions, modularity, low cost, and a continuous
operation, while avoiding the need for toxic absorbents.’ If such
non-thermally driven technology was adopted by the petroleum,
chemical, and paper manufacturing industries, it is estimated
that 100 million tons of CO, emissions could be eliminated and
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4 billion USD in energy savings could be recovered annually in
the United States alone.’

Membrane-based gas separations have been implemented
commercially in a wide range of applications such as hydrogen
recovery, nitrogen and oxygen production, natural gas treat-
ment, vapor recovery, and hydrocarbon separations.”'® The gas
separations market expanded from 0.150 billion USD in 2002 to
approximately 1.5 billion USD in 2017, and it is projected to
reach 2.61 billion USD by 2022."°"> While this market growth
indicates that membrane-based gas separations have success-
fully emerged as a promising platform technology, the techni-
que still has significant limitations relative to conventional unit
operations. Notably, a considerable number of studies have
shown upper bound trade-off relationships between permeabil-
ity and selectivity for membranes.”>® From a materials
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perspective, permeability and selectivity property sets need to
be improved under realistic conditions to displace legacy separa-
tion processes, and these efforts remain a primary barrier for
deploying membrane technology.'®*

Polymers of intrinsic microporosity (PIMs) contain persis-
tent intrinsic micropores smaller than 2 nm and have gained
significant interest in the field.>>*® For example, PIM-1—the
first microporous ladder polymer studied for gas separations—
contains a ladder-type backbone that hinders chain rotation
and a spirobisindane moiety that contorts polymer chains and
introduces configurational free volume.>>*® Such features lead
to high permeability while maintaining moderate selectivity. So
far, many sub-classes of PIMs, including PIM-polyimides,*”*®
Troger's base PIMs,>®® and triptycene-based PIMs,>%2934
among others,***° have been developed with exceptional upper
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bound performance. Despite these many advancements, the
operational stability of PIMs is still a key challenge. Of note,
stability issues frequently manifest themselves in the form of
physical aging and plasticization. Physical aging is the pro-
longed temporal relaxation of all solid-state non-equilibrium
glassy polymers. More precisely, the specific volume of a
polymer decreases as subtle macromolecular motions kineti-
cally drive the polymer packing structure into a denser, lower
energy state. This phenomenon results in decreased
permeability.'>*>*' On the other hand, plasticization results
in the increase of polymer chain translational motion in the
presence of strongly sorbing gases resulting in decreased size-
sieving ability and increased gas flux.** Physical aging rates and
plasticization generally increase with decreasing membrane
thickness, making these phenomena especially challenging to
control for industrial applications.***” Thus, stability remains
a major hindrance for industries to implement membranes as
their primary separation technique.

Developing a fundamental understanding of plasticization
is critical to further advance membranes as a platform technol-
ogy for energy-efficient gas separations. Strong plasticization
resistance is required in many industrial separation processes,
especially those involving highly condensable gases and vapors.
For example, natural gas treatment constitutes a large portion
of the current gas separation market. However, gas wells
frequently reach pressures exceeding 50 bar and contain high
levels of known plasticizers, including CO, and H,S.***° Mem-
branes for olefin/paraffin separations, such as ethylene/ethane
and propylene/propane, are also susceptible to plasticization
since these industrial gas feeds are usually at 8-11 bar and at
temperatures that result in high gas-phase activities.'* Under
these aggressive operating conditions, plasticization often
leads to a substantial deterioration in gas selectivity."">*>"

In addition to existing applications, there are many emer-
ging applications for membranes beyond olefin/paraffin
separations, but membrane materials need improved perfor-
mance and stability to address these potential markets. For
example, hydrogen recovery from steam methane reforming, in
which CO, is separated from syngas after a water-gas shift
reaction, is known to be economically more favorable when the
separation is performed at high reactor effluent pressures
(usually about 50 bar).>*>® Vapor separations like dehydration
of organic solvents are also attractive applications for
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membranes due to difficulties in separating azeotropic mix-
tures using traditional methods like distillation. However,
strong interactions between polymers and penetrants like water
and ethanol can plasticize membranes, causing reduced overall
diffusion selectivity.>*® To address plasticization issues in
many of these industrial processes, various methods have been
developed to reduce chain mobility in polymers, and thus,
increase resistance toward plasticization. Some common
approaches include crosslinking, increasing chain interactions
through polymer functionalization, adding fillers, blending,
grafting, and UV or thermal treatments.>’

While the concept of penetrant-induced plasticization in
polymers has been recognized since the earliest days of the
polymer field and its appreciation in membrane applications
can date back to at least the 1960s,°*®° developing a funda-
mental understanding of this phenomena for emerging materi-
als is still an evolving theme in the literature. The timeline in
Fig. 1 shows some of the major efforts and studies that have
contributed to the understanding of penetrant-induced plasti-
cization behavior for membrane materials. These are summar-
ized in more detail in Table 1. Interestingly, early research
efforts coincided closely with the first commercialization
efforts of gas separation membranes in the late 1970s.°"
Beginning in the 1980s, many membrane researchers made
efforts to develop a fundamental understanding of penetrant-
induced plasticization effects, especially by studying how
changes in membrane transport relate to polymer mobility
and chain dynamics. Based on these early studies, the general
approach in recent years has transitioned to developing mitiga-
tion strategies, which have been bolstered by computational
modeling and the synthesis and design of new types of
plasticization-resistant polymers. Of note, a significant effort
has been placed on studying the effects of plasticization on
new, high-performance membrane materials.

Plasticization has been a focus of many experimental stu-
dies, but there are few reviews on this topic.*>*”°>%° Hence,
this review focuses on plasticization studies in the membrane
field with a particular emphasis on new microporous polymer
membranes and experimental techniques used to mitigate
these effects. It should be noted that there are some limited
examples where plasticization is beneficial for a separation.
These examples are briefly discussed in Section 5.1.4.%%'%°
However, this review primarily focuses on applications where
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Fig. 1 Abridged timeline highlighting some major studies on penetrant-induced plasticization behavior in the membrane fiel
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it is undesirable. Section 2 of this review describes gas trans-
port theory in microporous polymer membranes, as well as
penetrant properties and their relationship to plasticization.
Section 3 describes polymer chain mobility and translational
cooperativity, their relation to plasticization, and methods to
measure these parameters, while Section 4 discusses plasticiza-
tion mitigation strategies in more detail. Section 5 reviews and
discusses all plasticization data for microporous polymers that
have been recorded to date, highlighting the best-performing
polymers and discussing common characteristics that lead to
enhanced plasticization resistance. Finally, Section 6 sum-
marizes the current research progress and future directions
for the understanding and development of microporous poly-

View Article Online
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2. Gas transport and plasticization
phenomena

Glassy polymers are viscous metastable solids.’®'** Over time,
contractive forces drive these non-equilibrium materials to a lower
energy state, resulting in polymer chain reorganization to form
denser polymer structures.'”'* Viewed another way, excess free
volume in glassy polymers can be envisioned as a fluid trapped in a
viscous polymer solid, which “bubbles” to the surface of a polymer
film, analogously resulting in a denser polymer structure over
time.'*'%” Regardless of the physical picture, polymer chains are
constantly in motion and intimately influenced by free volume."*®

Plasticization is broadly defined as the increase in polymer

mers that are plasticization-resistant. chain mobility in the presence of condensable diluents.* %911
Table 1 Selected studies that have contributed to the understanding of penetrant-induced plasticization behavior for membrane materials
# of

Year  Author Highlights Ref. citations

1978  Koros Observed hysteresis in sorption following high-pressure CO, exposure in semi-crystalline glassy 61 244
polymer

1979 Wonders Observed membrane transport property changes after high-pressure CO, exposure in glassy polymer 62 169

1983  Chern Membrane materials with high T, and rigid backbone structure will be more plasticization resistant 63 124

1985  Chiou Suppression of T, at high CO, pressure 64 304

1986  Fleming Glassy polymers show a markedly different response to external CO, pressure compared to rubbery 65 271
polymers

1988  Sanders Plasticization of glassy polymer, indicated by sorption kinetics and T, depression, does not necessarily ~ 66 159
increase permeability with higher CO, feed pressure

1989  Zhou Examination of plasticization effects using dual-mode sorption model with partial immobilization 67 53

1989  Puleo High CO, sorption swells cellulose acetate matrix, which disrupts interchain interactions and increases 68 239
Langmuir sorption capacity

1990 Smith Dissolved CO, enhances penetrant mobility in glassy polymers 69 20

1990 Fleming Comparison of hysteresis behavior of sorption and volume dilation at high CO, pressure implies that 70 32
polymers with high initial swelling exhibit more pronounced history-dependent behavior

1991  Chern Glassy polymers with high T, can still show a large plasticization effect 71 20

1991 Wessling Sorption kinetics and dilation kinetics are different 72 155

1992  Petropoulos Development of a model to describe the effect of plasticization on gas permeation 73 21

1992 Houde Increase in CO, permeability with pressure is caused by increased intersegmental spacing under high 74 51
CO, pressure

1995 Wessling A new experimental method and model to study sorption induced dilation kinetics 75 46

1998 Bos Stabilization of plasticization by high temperature thermal treatment 76 275

1999 Bos Polymers under study plasticized at the same critical CO, concentration of 36 + 7 cm(STp)3 em™? 42 461

1999  Staudt-Bickel Incorporation of polar groups and crosslinks can reduce plasticization effect 78 349

2001  Wessling Plasticization effects are more pronounced for sub-micron thick polyimide films 45 104

2002 Wind Diol chemical crosslinking strategy to mitigate plasticization 79 233

2003 Wind Thermal annealing and covalent cross-linking reduce polymer swelling at high CO, feed pressures 80 154

2003 Wind Mitigation of plasticization by chemically crosslinking with various diol crosslinker sizes 81 160

2003 Wind Thermal annealing and diol crosslinking to mitigate plasticization in gas mixtures 82 318

2004 Bos Blending a less plasticizable polymer with a highly plasticizable polymer can suppress plasticization 83 137

2005  Visser Introducing an inert gas to CO, feed suppresses plasticization through competitive sorption 84 129

2006 Lin When diffusion selectivity is undesired, strong plasticization can be beneficial to separation 85 684
performance

2007  Visser Polymers require different levels of CO, concentrations to reach the plasticization point 86 157

2007  Visser Any gas can exhibit non-Fickian diffusion and induce irreversible sorption relaxations once a critical 87 71
level of volume dilation is reached

2011  Horn The competing effects between plasticization and aging is balanced, with physical aging predominating 46 41
in polymers with less CO, sorption

2011  Qiu Sub-T, thermal crosslinking of copolyimide to mitigate plasticization 88 217

2012 Horn Plasticization effects in glassy polymers depend on film thickness, especially for sub-micron thick films 47 65

2013  Minelli Use of the Non-Equilibrium Lattice Fluid (NELF) model to predict permeability with plasticization 89 75
effect

2014  Swaidan Not only intrachain rigidity but also a balance between interchain rigidity and interchain spacing is 90 87
important for reducing plasticization in PIMs

2015 Swaidan Intrachain rigidity, crucial to PIM designs, does not solely mitigate plasticization 28 232

2015  Tiwari Glassy perfluorinated polymers show higher plasticization resistance compared to other glassy 91 46
polymers

2019 He Development of exceptionally high plasticization resistant materials can be achieved using ladder side 39 51
chains on flexible backbones
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@ Condensable or polarizable gases

Fig. 2 Pictorial representation of plasticization, which involves increased
polymer backbone mobility and chain spacing caused by incorporation of
condensable or polarizable gases. This phenomenon is illustrated by
showing an increase in chain mobility (arrows and vibrations) caused from
a decrease in polymer—polymer interactions and increase in polymer—
penetrant interactions.

Thus, this phenomenon correlates directly with a lowering of
the glass transition temperature of the polymer.'**>*'* In the gas
separations field, plasticization often refers to the observation
of increased permeability when a polymer is subjected to high
concentrations of certain gases (Fig. 2).”°*7*> The increase in
permeability is not necessarily a result of increased free volume,
but instead, lower activation energies of diffusion.”> Therefore,
plasticization is often more severe for larger gases because these
gases benefit more significantly from reduced activation energies
and show more significant increases in stochastic diffusive jump
steps.”>''® This section provides a short summary of (1) common
penetrant properties, (2) transport metrics and models used to
understand polymer-gas interactions and plasticization, and (3)
common tests and principles used to evaluate plasticization in

polymers.

2.1. Penetrant properties and their relation to plasticization

Heuristically, plasticization of polymer membranes correlates with
condensability or polarizability of penetrants in a mixture. The more
strongly sorbing the penetrant, the higher the expected degree of
plasticization. Because this phenomenon relates to the interactions
between polymer and penetrant, certain thermodynamic lattice
models such as the Flory-Huggins, Sanchez-Lacombe, and
non-equilibrium lattice fluid (NELF) are particularly useful for
quantifying interactions in polymer systems. In the case of
rubbery polymers without the consideration of unoccupied free
volume, the Flory-Huggins model can be used to describe the
activity of the penetrant as a function of penetrant volume
fraction:""®

infa) =n(g) + (1= 7)1 =) 210 (@

p

where ay is the activity of the penetrant, ¢, is the volume fraction
of the penetrant, V, and V; are the molar volume of the polymer
and solvent, respectively, and y is the Flory-Huggins interaction
parameter.'*®'"” The parameter ; represents the degree of
interaction between the polymer and penetrant and can be
experimentally determined by solubility measurements,"*® light
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scattering in polymer blends,"'*"*°

parameters ;'8 19121

or considering solubility

Vs

7 =034+ RT((SS —dp)? )

where v is the molar volume of solvent, and J; (where i refers to
either the polymer or solvent) can be found from:

o, AH™

op =20 ©)

Vi
where AH;?P is the heat of vaporization of species 7, and v; is the
molar volume of i.
Since the heat of vaporization of a polymer cannot be found

experimentally, an alternative method of finding the solubility
parameter of polymers is as follows:'**

2 Ag
52 =2

P TS Ay
7

(4)

where Ae; represents group contributions to molar cohesive
energy, and Av; the group contributions to molar volume.
Alternatively, it is also possible to use molecular simulations
to predict enthalpies of mixing and use the results to compute
solubility parameters.'*?

In the context of plasticization, as interactions between the
polymer and gas increase, the activity of the gas in the matrix
will likewise increase, making the polymer-gas system more
susceptible to plasticization. Such trends also apply in more
complex models of polymer systems that include free volume,
such as Sanchez-Lacombe and NELF, as will be discussed later
in this section.

Several properties that correlate with gas sorption of com-
mon gases relevant for membrane separations are tabulated in
Table 2.** Generally, larger penetrants have higher sorption in
polymers,'?® but there are notable exceptions for highly polar-
izable gases such as CO,, H,S, and H,0, among others. Pene-
trants with higher gas—-polymer interactions are more likely to
induce plasticization.

2.2. Transport theory for gas separation membranes

Permeability and selectivity are the two primary material prop-
erties to evaluate membrane performance. Permeability (P) is
defined as:

NI
P = Ap (5)

where N is the gas flux, [ is the membrane thickness, and Ap is
the transmembrane pressure.'** Under the framework of the
sorption-diffusion model, permeability can be described as the
product of the effective diffusion coefficient, D, and the effec-
tive sorption coefficient, §:'3>13¢

P=DS (6)

The ideal selectivity for a binary mixture is defined as the
ratio of the pure-gas permeability of the more permeable gas to
that of the less permeable gas. Using the sorption-diffusion

This journal is © The Royal Society of Chemistry 2024
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Table 2 Properties of gases that are frequently considered for membrane applications.8”124126-128 The categories of “No plasticization expected” and

"Plasticization observed” are general guidelines for most literature studies

Critical Critical Lennard-Jones
Gas temperature'*® (K) volume'*"*° (ecm® mol ™) Kinetic (A) well depth™*'** (K)
No plasticization expected He 5.19 57.3 2.551 10.2
H, 33.2 64.9 2.89 59.7
Ne 44.4 41.7 2.82 33.9
N, 126.2 89.3 3.64 71.4
CO 134.5 90.1 3.76 91.7
Ar 150.9 74.57 3.542 116.8
0, 154.6 73.5 3.46 106.7
CH, 190.6 98.6 3.8 148.6
Kr 209.4 91.2 3.655 162.6
Plasticization observed C,H, 282.5 131.1 3.9 224.7
Xe 289.7 118 4.047 226.1
CO, 304.2 91.9 3.3 195.2
C,Hg 305.3 147 4.443 215.7
C3Hg 365.2 184.6 4.5 298.9
C3Hg 369.9 200 4.3 237.1
H,S 373.3 87.7 3.6 301.1
i-C4Hyo 407.7 259 5 330.1
n-CyHy 426 255 4.3 531.4
SO, 430.3 122.2 3.6 —
H,O 647 55.9 2.65 809.1

model, selectivity can be written as the product of the diffusion
and sorption selectivities:
Pi _Di §;

oy = Lo Disi %
YR DS

In mixed-gas tests, the selectivity is defined as:

"y

xi/x j

where x; is the concentration of gas species 7 in the feed, and y; is the
concentration of i in the permeate. Unlike pure-gas tests, mixture
experiments are critical for evaluating the effects of plasticization
under more realistic conditions. These experiments can also be used
to elucidate additional complex phenomena such as competitive
sorption effects, which are discussed in more depth in Section 5.2.

Diffusion selectivity and sorption selectivity highlight primary
metrics by which separation performance can be improved.
Increases in diffusion selectivity are commonly targeted by form-
ing polymers with denser packing structures. Increases in sorp-
tion selectivity are commonly targeted through incorporation of
functional groups with strong gas affinity, such as amine or
carboxylic acid groups for CO,.**'3713°

Because permeability is the product of diffusion and sorp-
tion, it is important to evaluate both of these terms to elucidate
structure-property behavior, especially for understanding plas-
ticization. We begin by first considering gas sorption. One of
the most widely used models to describe sorption in glassy
polymers is the dual mode sorption (DMS) model,"**'*! where
the pressure dependence of penetrant concentration (C, cmgyp”
cmpol’a) in a polymer is the sum of sorption into Henry and
Langmuir modes:

(8)

Gij =

C;{bp )

C=k
dp+1+bp

This journal is © The Royal Society of Chemistry 2024

where kq is the Henry’s constant (cmgpp® cmpe ° atm ™), Cyy is
the Langmuir capacity constant (¢cmgrp® cmpe °), and b is the
Langmuir affinity constant (atm™'). This phenomenological
model is particularly helpful for understanding plasticization
in glassy polymers because it envisions sorption as occurring in
hypothetical equilibrium and non-equilibrium domains. For a
polymer above its T, (i.e., in its rubbery state), the linear portion
of the DMS model is often sufficient for describing sorption in
a polymer without volume dilation. For a polymer below its T,
(i.e., in its glassy state), a second population of sorption (the
Langmuir mode) accounts for excess sorption into non-
equilibrium free volume. Koros extended the DMS model to
mixtures, where competitive sorption effects are captured via a
combined Langmuir sorption term for a binary i-j system:"*"'*>

bipi

Ci = kapi +
i d,:P: 1+bi]7i +bj]7j

(10)
The mixed-gas extension to the DMS model has shown good
mixed-gas predictions using parameters derived from pure gas
tests."*?

The DMS model has also been extended to envision hypothe-
tical and discrete modes of diffusion through what is known as
the partial immobilization model. This model asserts that each
sorption ‘“mode” contributes its own diffusivity. ‘Partial immo-
bility” refers to the theory that penetrant molecules sorbed in
the Langmuir mode are partially immobile and therefore have
some contribution to the overall permeation, whereas the
remainder of diffusing molecules belonging to the Henry’s
mode are fully mobile."**'** In its initial conception, the partial
immobilization model did not address the effects of plasticiza-
tion, by virtue of considering D as invariant with respect to
penetrant concentration.'** Addressing plasticization via the
partial immobilization model became possible when extended
by Stern and Saxena, who implemented D as an exponential
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146 7hou and Stern extend

function of penetrant concentration.
the model further by describing each of the aforementioned
modes’ diffusivities as their own individual exponential func-
tion, in order to demonstrate the effects of plasticization on
mass transport in a single mode.®” Other studies demonstrate a

clear dependency between diffusivity and free volume:'*’

D = Aexp (fyv ) (11)
Ve

where v* is the volume required for diffusive displacement, v¢ is
free volume, and A and y are constants.

More rigorous models have also been developed to quantita-
tively describe and predict the sorption of gases in glassy polymers.
Specifically, the Flory-Huggins''® and Sanchez-Lacombe™*® lattice
fluid framework was extended by Doghieri and Sarti for glassy
polymers'®*® using the so-called non-equilibrium lattice fluid
(NELF) model, which is capable of reproducing isotherms under
relevant mixture conditions using one fitted binary interaction
parameter determined from pure-gas measurements.">>"*" Of
note, the NELF model can account for plasticization effects
through incorporation of a swelling parameter that describes the
change in polymer density () as a function of penetrant pressure:

p=p°(1 = kswp) (12)

where p° is the initial polymer density and &, (atm™') is the
swelling coefficient.®>'*? The swelling coefficient can be deter-
mined through dilation experiments, described in more detail
in Section 3, or through fitting of sorption isotherms. In this
way, the NELF model has been applied broadly to predicting
sorption isotherms even when plasticization plays a role.®>'>°

2.3. Effect of penetrant-induced plasticization on gas
transport

Penetrant concentration inside a polymer membrane is propor-
tional to feed pressure, so increasing pressure can exacerbate
plasticization effects. A commonly used approach to evaluate
plasticization in a polymer membrane is a high-pressure
pure-gas permeation test, in which gas permeability is mon-
itored while increasing upstream pressure in a stepwise
fashion.>®682152 These pressure steps are held for a pre-
determined time that is sufficiently above the expected time-
lag of the gas. However, because the time scale for diffusion
and the time scale for plasticization are vastly different, the
results of these high-pressure tests will be highly dependent on
the length of the hold time set at each pressure step.®®*>3715°
Standard methods to run these tests involve using the same
hold time for all pressures or, alternatively, running each
pressure point until some metric of steady state has been
achieved, such as tracking time intervals when the variation
in permeation is <1%.'*® In all cases, plasticization phenom-
ena (e.g., the plasticization pressure) will be highly dependent
on the experimental procedure, making it difficult to compare
performance across samples from different studies. As such,
reporting hold times is needed to gain a deeper understanding
of plasticization kinetics and behavior.
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Permeability isotherms have a dependence on pressure.®
Representative isotherms for glassy polymers are illustrated in
Fig. 3, including those for the following cases:

Type I: non-plasticizing penetrants that have low sorption

Type II: non-plasticizing penetrants that have moderate
sorption, which can saturate the Langmuir mode

Type III: highly-sorbing penetrants, where the permeability
initially decreases due to sorption into the Langmuir mode
before it increases at higher pressure due to plasticization

Type IV: highly plasticizing penetrants that have very high
sorption, inducing a significant plasticization effect in the
polymer matrix even at low pressures

Of note, Type IV is equivalent to the plasticization behavior
of rubbery polymers.'*”'>® When observed in traditional glassy
polymers, this finding indicates that plasticization is severe and
that the T, of the polymer may have been suppressed below the
testing temperature, thereby eliminating Langmuir sorption
behavior. In the parlance of the membrane-based gas separa-
tion literature, plasticization during a pure-gas permeation test
is often reported when permeability begins to rise with increas-
ing feed pressure. The minimum value in permeability is the
“plasticization pressure,” as shown in isotherm Fig. 3c.**>”>
Fundamentally, the plasticization pressure results from an
increase in the diffusivity of penetrants at high pressures,
which exactly balances the decrease in sorption for glassy
polymers.®**® Beyond this pressure, increases in diffusivity
dominate and permeability increases. However, the plasticiza-
tion pressure alone does not provide any indication of the
changes in gas selectivity or permeability of non-plasticization
gases that would co-permeate in a real application. Therefore,

”

—_
)
-

(b)

Type | Type Il

Permeability
Permeability

Pressure Pressure

(c

-

(d)

Type Il Type IV

.
Diffusion  +*
o

Permeability
Permeability

Plasticization Pressure

Pressure Pressure

Fig. 3 Illustration of 4 different cases of permeability trends for glassy
polymers,® in which the penetrants are: (a) non-plasticizing with low
sorption, (b) non-plasticizing with moderate sorption, (c) highly-sorbing,
where the permeability dependence initially decreases with increasing
pressure due to saturation of the Langmuir mode, followed by increasing
permeability at higher pressures due to enhanced diffusion, and (d) highly
plasticizing with very high sorption. (c) also depicts the plasticization
pressure as the point at which the increase in diffusion overtakes the
decrease in sorption.
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pure-gas experiments are useful for screening fundamental
plasticization behavior, but inadequate at predicting property
sets under realistic conditions.

A more comprehensive approach to evaluating plasticization
involves monitoring permeability isotherms during high-pressure
mixed-gas experiments. These experiments can also be used to
track emergent phenomena for co-permeating species, such as
competitive sorption effects that are discussed in detail in Section
5.2. For mixed-gas experiments, the plasticization pressure is
often reported as the onset of an increase in the permeability of
the less permeable gas.”®'° To illustrate these effects, Fig. 4
presents transport metrics used to identify plasticization for a gas
mixture of CO, and CH,. In this case, the response of the less
condensable penetrant (i.e., CH,) is an unambiguous indicator of
plasticization. An increase in the diffusivity from the pure- to
mixed-gas case (Fig. 4a) indicates plasticization, resulting in a
concomitant decrease in diffusion selectivity, and frequently, in
permselectivity for mixtures (Fig. 4c). Conversely, if the diffusivity
of CH, is largely unchanged between the pure- and mixed-gas
cases (Fig. 4b), the permselectivity of the mixed-gas case will be
higher than that of the pure-gas case due to competitive sorption
(Fig. 4d).*®° In this way, mixture testing can be used to decouple
the role of competitive sorption and plasticization for gas separa-
tion membranes. In addition to laboratory experiments, molecu-
lar dynamics (MD) simulations can be used to understand the
plasticization behavior of microporous polymers.'®' 4

In addition to pure- and mixed-gas permeation testing,
permeation and sorption hysteresis curves are also used to
examine the effect of plasticization and conditioning after a
high-pressure test, as shown in Fig. 5.2%'%°7'%” Because the free

Plasticizes Does Not Plasticize
(a) (b)

% Mixed-gas %

o o

o o

[ = [ =

o (s}

2 2
= =y

% % Mixed-gas

< < -
T T
O | certiieannnnnnes Pure-gas ] Pure-gas

Feed pressure Feed pressure
(c) (d)

] Ko} Mixed-gas

] ‘e, ]

gl \ e, Pure-gas £

gl \ e 3

T T | T

Q Q e,

S P I CL LT
) Mixed-gas O Pure-gas

Feed pressure Feed pressure

Fig. 4 Representations of the effect of plasticization on CH,4 diffusion and
CO,/CH4 permselectivity in pure- and mixed-gas experiments. (a) and (b)
represent the change in CH, diffusion coefficients between the pure- and
mixed-gas cases for a polymer that plasticizes and does not plasticize,
respectively. The change in CO,/CH,4 permselectivity between the pure-
and mixed-gas cases for a polymer that plasticizes and does not plasticize
are represented in (c) and (d), respectively. Note that competitive effects
are ignored for (a) and (b).
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Fig. 5 Hysteresis curves during pressurization and depressurization steps
of (a) permeation and (b) sorption tests.

volume architecture of a polymer changes during plasticization,
pressurization and depressurization steps can be compared to
quantify the performance change after exposure to certain
gases. Hysteresis tests for sorption have shown that sorption
of penetrants can increase after polymer plasticization, as
indicated by a higher equilibrium concentration of penetrant
during depressurization steps.’” While the polymer structure
can, over an extended period of time, return to its equilibrium
state, plasticization effects often can be detrimental over the
time scale relevant for industrial applications. In practice,
membranes are operated continuously and can experience
variability in feed compositions. Thus, the complex nature of
plasticization and the variations in environmental conditions
can result in pronounced effects over time during membrane
operation.

It should also be noted that dimensional changes of polymers
are rarely evaluated over identical testing conditions,”>%71¢%717°
and desorption from truly microporous materials requires more
energy than sorption,"”" so a multifaceted approach of considering
hysteresis along with mixed-gas testing is best for evaluating
details on plasticization and conditioning, and for identifying their
relative contributions.”*'”?> By doing so, the net consequences of
changes in permeability can be evaluated.®

3. Polymer chain cooperativity and its
relation to plasticization

Section 2 discussed chemical and thermodynamic properties of
gases and how parameters such as condensability and size can
influence plasticization behavior. This section highlights the
role of the polymer matrix and how polymer chain cooperativity
relates to plasticization. Pertinent concepts including polymer
chain cooperativity and the glass transition temperature (7y)
are reviewed, and a summary of characterization techniques
commonly employed to understand relaxation phenomena in
glassy polymers is provided.

3.1. Polymer chain cooperativity and the glass transition
temperature

As a polymer is cooled from its equilibrium rubbery state, it will
experience an apparent continuous phase transition with respect
to volume, entropy, and enthalpy. At temperatures below this
transition, several important polymer characteristics become
apparent, including decreased configurational entropy and the
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absence of cooperative polymer chain translation under relevant
timescales."”*”> As the more liquid-like rubbery polymer trans-
forms into a more solid-like glassy polymer, it becomes trapped
in a meta-stable and hence, non-equilibrium state.’”> While the
origins of the T, represent an active and ongoing topic of research
and debate within the scientific community,'”>™”” the T, is
generally viewed as a pseudo-second-order phase transition of
kinetic origin that is influenced by the processing and thermal
history of the sample.'”*'”*

Because of their disordered nature in the solid-state, glassy
polymers are characterized by the presence of localized
domains with distinct chain dynamics. These domains experi-
ence molecular level fluctuations in conformation, a phenom-
enon termed dynamic heterogeneity.'”>*”® Chain cooperativity
describes the collective motion of polymer segments as they
spontaneously switch from one conformation to another in the
glassy state.'”® Above the Ty, large energy fluctuations lead to
large-scale cooperative changes in the configuration of polymer
chains that are observed as liquid-like flow. Due to dynamic
heterogeneity, the Ty is often characterized by diverging relaxa-
tion times and broad or non-exponential response functions
with respect to temperature when evaluating spectroscopic or
relaxation experiments.'”®'” Around the Ty, liquid-like flow is
significantly minimized. Below the Ty, transient polymer chain
dynamics can also allow for changes in the macroscopic packing
structure, although these changes are significantly slowed and
become dependent on nascent driving forces that develop dur-
ing vitrification, such as those created by excess non-equilibrium
free volume. Of particular relevance to this review, these macro-
scopic changes also depend on environmental stimuli (e.g,
penetrant-induced plasticization).

3.1.1 Backbone chain mobility, chemical structure, and
the T,. When in contact with highly condensable gases (e.g.,
CO,, H,S, C3H,, and C3Hg) at high pressures, polymer chains can
reorganize, often resulting in increased overall gas permeability
and decreased permselectivity. In other words, in the presence of
condensable gases, an increase in chain mobility is observed with
a concomitant reduction in the 7,."* The T, of a polymer will also
define its ideal working conditions for certain applications. At
ambient conditions, polymers with a glass transition temperature
below room temperature (e.g:, polydimethylsiloxane (PDMS) and
polyethylene glycol (PEG)) are in their rubbery state, while poly-
mers with a T, above room temperature (e.g., cellulose acetate (CA)
and polymers of intrinsic microporosity (PIMs)) are in their glassy
state.”®" All microporous polymers considered in this review are
glassy. However, because of the wide array of chemistries acces-
sible through organic synthesis, the range of glass transition
temperatures covered by many glassy polymers varies widely. For
example, CA has a T, between 185-205 °C and PIMs actually
decompose around 400-500 °C, which is potentially below their
glass transition temperatures, although there is some uncertainty
in evaluating the 7}, of these polymers in the literature.'®*"** From
a chemical design perspective, some generalizations apply when
relating the T, to the structure of a polymer:'**'*?

1. Backbone rigidity. As backbone intrachain mobility
decreases, the T, typically increases. Polymers with aromatic
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backbones tend to have a higher T, than polymers with flexible
backbones such as those composed of single-bonded chains.
Examples of high T, structures include aromatic polyimides,
polymers with fused-rings, and ladder polymers such as PIMs.

2. Side group rigidity. Polymers with rigid side chains that
impede reorganization typically have a higher T, than polymers
with small or no sidechains. A classic example of this effect is
the difference in T, between polystyrene (T, = 100 °C) and
polyethylene (T, = -125 °C). Conversely, addition of flexible side
groups to rigid chains can result in a decreased T, because
flexible side chains can act as plasticizers. A classic example
here is for the poly(methyl methacrylate) (PMMA), poly(ethyl
methacrylate) (PEMA), and poly(propyl methacrylate) (PPMA)
series, where T, decreases from 105 °C for PMMA to 43 °C for
PPMA, which corresponds to the increasing length of the
flexible aliphatic side chain.

3. Intermolecular interactions. Interchain rigidity induced
by strongly interacting backbones or side group chemistries
results in higher glass transition temperatures than similar
backbones without interacting chemistries. These intermolecu-
lar interactions (e.g., hydrogen bonding, n-r stacking, etc.) can
reduce cooperative chain motion, and will be discussed in this
review as a feature with promise for mitigating plasticization
effects.

A summary of glass transition temperatures for select poly-
mers including some commodity and commercial gas separa-
tion polymers are provided in Fig. 6, where the state of the
polymer at room temperature is used to distinguish rubbery
from glassy polymers. Among glassy polymers, the T, of cellu-
lose acetate is dependent on the degree of acetyl substitutions.
For aromatic polyimides, the monomers selected for synthesis
can yield glass transition temperatures ranging widely from
200-400 °C, where some polyimides are considered traditional
glassy polymers and others are considered microporous and
referred to as PIM-PIs. Microporous PIM-PIs have characteristic
rigid and contorted backbone structures. The majority of the
summarized glass transition temperatures in Fig. 6 were col-
lected through standard experimental techniques such as dif-
ferential scanning calorimetry (DSC) and dynamic mechanical
analysis (DMA), which will be discussed in detail later in this
section.

For the past decade, chemists have focused on developing
increasingly rigid backbone structures to increase fractional free
volume (FFV) and molecular diffusion through polymer films.
Through this effort, solution-processable microporous polymers
with ultrahigh free volume and measurable Brunauer-Emmett-
Teller (BET) surface areas were developed. In many cases, the
ultrahigh backbone stiffness and limited chain mobility in
microporous polymers can sometimes result in T, values well
above the degradation temperature of the materials. In these
cases, standard techniques such as DSC and DMA do not identify
a Ty, and specialized methods such as molecular dynamics (MD)
simulations'®* and flash calorimetry'®*'®* are required, as is the
case for the PIMs shown in Fig. 6. While variations in glass
transition temperatures derived from simulation and ultrafast
DSC methods warrant investigation that is beyond the scope of

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Approximate values for the Ty of representative polymers including PDMS, %8 butyl rubber, '8 ps 186 pC 186 psf 187 CA 58 ppO, 186 polyimides, 88
DMDPH-TB,*®> PIM-1,184 PIM-EA-TB.*® For CA, cellulose diacetate is shown as the example. Polymers with glass transition temperatures below room
temperature (RT, 25 °C) are considered rubbery, while those with glass transition temperatures above room temperature are considered glassy. Among
glassy polymers, a line is drawn between examples of microporous polymers and traditional glassy polymers, where polyimides can be designated as

traditional polyimides or microporous PIM-Pls, depending on the structure.

this review, both methods have proved valuable in accessing
approximate 7, values where traditional techniques fall short.

3.1.2. Free volume theory. When a polymer solution is
processed into a solid-state film or powder, inefficient packing
of polymer chains generates spaces devoid of electron density
often referred to as free volume. The free volume (Viee) is a
material property that is typically defined as:'®°

Vitee =V — Vo (13)

where V is the experimentally derived specific volume of the
polymer (cm® g~ ') and V, is the volume occupied by polymer
chains (ecm® g™'). When considering molecular transport
through a film, V, includes the volume occupied by the polymer
chains called hard core volume (the temperature-independent
volume in Fig. 7) and the nearby free volume occupied by
polymer segment vibrations (the sloped line above the hard
core volume in Fig. 7). The latter is referred to as interstitial
volume and is the effective volume that originates from solid-
state packing.'®® Interstitial volume is not often correlated with
gas transport properties because the energy required for

Glassy Rubbery

Free volume

Non-equilibrium
free volume

Specific Volume

Interstitial volume

Hard core volume

Temperature

Fig. 7 Polymer volume as a function of temperature. The shaded area
indicates non-equilibrium free volume.
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redistribution of the polymer chains is too large to contribute
to molecular transport.'*® Therefore, the “free volume” respon-
sible for gas transport refers to the free volume that can con-
tinuously redistribute within polymer matrix by random thermal
fluctuations (above the interstitial volume line in Fig. 7)."*®*%!

As mentioned in the previous section, when a polymer is
cooled from the rubbery state, it will eventually traverse a glass
transition. Below this temperature, cooperative polymer chain
mobility becomes exceedingly unfavorable, trapping the poly-
mer in a non-equilibrium and meta-stable state.'®> This beha-
vior is reflected schematically in Fig. 7, where the specific
volume of the polymer with respect to temperature changes
slope with decreasing temperature and correspondingly devi-
ates from the theoretical equilibrium volume (dashed line). The
deviation from equilibrium packing results in the formation of
non-equilibrium free volume (shaded area in Fig. 7), which is
sometimes referred to as “excess free volume”. In the context of
the dual-mode sorption model, non-equilibrium free volume
provides an additional mode of gas sorption, the ‘“Langmuir
mode” discussed in Section 2, and generally results in an order-
of-magnitude increase in sorption coefficients for glassy poly-
mers compared to those of rubbery polymers."®* For highly
rigid microporous materials, non-equilibrium packing effects
can be even more significant and result in large improvements
in sorption capacity.'*

Fractional free volume (FFV) in a polymer can be correlated
with transport properties of diffusing molecules in a polymer
film:190,195

Viree

V-7,
FFV = =—
14 V

(14)

Hence, free volume theory is widely used in the gas separation
field to describe molecular diffusion and predict transport
behavior of gas penetrants. Estimation of FFV requires an
approximation of V,, typically calculated using group contribu-
tion theory.'*®'®” While group contribution theory is commonly
used due to its simplicity, it has several limitations that have
recently come under debate."*®"'%° Our group recently re-visited
and updated group-contribution theory for FFV calculations
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with a particular focus on the structural groups that compose
microporous polymers.”® Information on other characterization
methods used to determine free volume experimentally can be
found elsewhere.'%>2012%3

The relationship between free volume and diffusion coeffi-
cients of gas molecules in polymers is commonly shown as an
exponential correlation:

D = A x exp (— (15)

B
)
where A and B are gas and polymer specific constants,
respectively.”®! This equation demonstrates that polymers with
larger free volume elements yield higher diffusivity of gas
penetrants.'®>?°* The relevance of free volume in gas transport
through membranes is further emphasized when such plots are
generated using families of polymers with similar backbone
structures.” Stronger correlations are observed when structurally
related polymers (e.g., polysulfones, polycarbonates, polyimides,
etc.) are compared directly, while large scatter is observed when
such correlations are drawn with extensive sets of polymer
structures.”® In addition to diffusivity, the amount of free
volume is also known to influence gas sorption, and the excep-
tional gas transport performance of PIMs are often attributed to
their very high sorption coefficients resulting from their high
free volume structure.'>'**?°%2%7 For example, PIM-1 and PIM-7
showed high CH, sorption coefficients of 14 and 9 cm® cm™®
atm™", respectively, compared to conventional polymers that
typically showed CH, sorption coefficients below 4 cm® cm*
atm ™", These high uptakes arise from the high free volume of
the polymers and contribute to improved performance that can
sometimes surpass the Robeson upper bound."**

Importantly, the effect of plasticization on free volume is
seldom studied because of the difficulty in obtaining in situ
measurements of FFV for a polymer experiencing plasticization.
However, dilatometry and ellipsometry experiments have
shown that polymers that sorb condensable penetrants show
a decrease in density and increase in free volume.?*°">°
Additionally, molecular simulations have indicated the same
type of volume expansion: using cyclical Monte Carlo and
molecular dynamics simulations through a ‘“sorption-relaxa-
tion cycle”, experiments can be used to predict to what extent a
polymer matrix has physically expanded, correlating to lower
density and thus higher free volume."*®?%%1°

3.1.3. The dependence of T, on free volume, molecular
weight, and polymer blends. In addition to chemical structure,
the T, also depends on factors including blend composition,
molecular weight, and free volume. Such dependencies inform
our understanding of polymer relaxation in membranes made
using different synthetic or processing approaches.

3.1.3.1. Dependence of T, on free volume. The Doolittle
equation®'" is often used to describe the relationship between
viscosity and FFV in liquids***'* and rubbery polymers:*"®

In(y) = In(4) + B x v ;Vf =In(4) + B x (}- 1) (16)
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where A, B, and B’ are constants, 7 is the viscosity, V is the total
volume, and V¢ is the free volume. A linear dependence between
fractional free volume (f) and temperature can be expressed as
follows:**®

f=rlt oe(T — Ty) (17)

where f, is the free volume at the glass transition temperature
(Tg) and o is the coefficient of thermal expansion. The Doolittle
equation can then be re-written as:

1
In(n) =In(4)+ B x | ———F— 18
() = In(4) <fgﬂf(T_Tg)> (18)
and after some mathematical rearrangement:
In(y) = In(A4) + < (19)
= T—T,

where C=B'/agand Ty = T, — f—g. This equation is known as the
o

Vogel-Fulcher-Tamman-Hesse (VFTH) equation, which corre-
lates polymer relaxation times to temperature primarily
through their dependence on free volume. The three para-
meters required in the VFTH equation can be simplified into
two variables by incorporating a reference viscosity (1) at a
reference temperature (Ti.f), which can be described using a
modified version of eqn (18) with Ti.¢ instead of Ty: f= fier +

o¢(T — Twer) The resulting relationship is known as the
Williams-Landel-Ferry (WLF) equation:>'”

C(T-T,

log (i) = _ G =Tw) (20)
Mref G+ (T - Tl’ef)
where C; = Ll and C et are WLF coefficients, and
' 72303 X fror Ty ’

A ot is the WLF shift factor.
Href

For a polymer glass above its T, the WLF equation is a
universal function widely used to describe the temperature
dependence of properties of viscoelastic materials.*'®* The WLF
shift factor is a direct consequence of time-temperature super-
position (TTS), where a relaxation process occurring at a long
time scale is equivalent to one occurring at a low temperature
and vice versa. By running tests over a range of temperatures
and/or frequencies, TTS allows for the determination of a large
range of viscoelastic properties. As a result, viscoelastic tests
such as dynamic mechanical analysis (DMA) can provide useful
information on polymer mobility and the glass transition by
scanning across a large range of temperatures and timescales
and identifying temperatures where phase transitions and
relaxation processes occur. In turn, this information can be
used to better understand polymer chain dynamics and relaxa-
tion processes associated with plasticization phenomena.

3.1.3.2. Dependence of T, on molecular weight. The Flory-Fox
relationship describes the dependence of T, on polymer mole-
cular weight:'°%>'°

A
M,

(1)

Ty = To(my—o0) —
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where 4 is an empirical constant and M,, is the number average
molecular weight. Large variations in molecular weight result in
changes in molecular mobility and T,. As the M, of the polymer
increases, the second term in the Flory-Fox relationship
decreases, resulting in T, values close to the upper limit at an
infinite M,,. At very low molecular weights (e.g., for oligomers),
the subtracted term predicts a reduction in T,. This general
dependence of T, on molecular weight is related to free volume,
where shorter polymer chains have more chain ends, thereby
increasing overall free volume.****' The presence of other low
molecular weight components or impurities, such as plasticizers,
can similarly increase the free volume of the polymer matrix and
lower the T,. However, if the molecular weight is high enough,
the inverse relationship between T, and M,, renders T, essentially
independent of M,. In the context of gas separations, because
polymers need to have high molecular weights to cast strong and
ductile films for testing, variations in T, related to polymer
molecular weight are rarely significant.

3.1.3.3. Dependence of T, on blend or copolymer composition.
While many new microporous polymers have been developed in
the last decades, their sophisticated chemistries can often result
in low molecular weight, decreased mechanical integrity, and
expensive or time-consuming multistep syntheses. Blending
offers a time- and cost-effective alternative to tune the separation
performance and mechanical properties of membranes,**?
including properties related to plasticization, as will be discussed
in detail in Section 4.*>*2*® Additionally, copolymerization can
also serve as a method to engineer gas-separation properties. In
both of these approaches, understanding the dependence of T,
on blend or copolymer composition can assist in selecting the
appropriate polymer blend combinations.

For miscible polymer blends and random copolymers, the
Fox equation describes the general dependence of T, on
composition:**”

w w
= e + _2 (22)

where w; and Ty, are the mass fraction and T, of component ,
respectively. The accuracy of the Fox equation increases when
the difference in glass transition temperatures of the compo-
nents is small and when the two components have weak
intermolecular interactions.

3.1.4. Sub-T, transitions. In addition to the glass transition
temperature, there are several other thermal transitions that
occur below T, and are usually referred to as sub-Ty, transitions.
Sub-T, transitions can play a role in polymer dynamics asso-
ciated with physical aging, plasticization, and molecular diffu-
sion. The T, is referred to as an o transition, and subsequent
transitions are referred to as B transitions, y transitions, and so
on. Fig. 8 illustrates an idealized representation of the dynamic
mechanical spectrum of an amorphous polymer with v, , and
o relaxations.>*® Each of these transitions is associated with
molecular motions of progressively smaller molecular units of
the polymer chain (¢ > B > y). More specifically, the vy
transition is often associated with localized bond movement,
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Fig. 8 An example of a dynamic mechanical spectrum of an amorphous
polymer with vy, B, and a (Ty) relaxations.

Tq

the P transition with localized group movement, and finally, the o
transition is the traditional T, where large-scale cooperative
motion occurs. While the y and B transitions are usually found
to be local and non-cooperative in nature, there is some debate on
the molecular mechanisms involved in these transitions.”****

A number of studies have indicated that the presence of
residual water in a polymer can affect y relaxations, resulting in
changes to the location and intensity of these features.>**>*” From
a molecular perspective, the y transition is most commonly
associated with phenyl ring oscillations.”*®***° The B relaxation
has been associated with short-range motions that may be pre-
cursors to segmental polymer mobility occurring at the T,. For
instance, P relaxations in aromatic compounds have often been
associated with the ring flipping of para-phenylene groups.”*° The
temperature range and magnitude of some sub-T, transitions can
also be affected by factors such as film preparation methods,
thermal history, and moisture absorption.**®

Several characterization techniques are used to identify the
temperatures at which sub-T, relaxations occur. These tests
include dynamic mechanical analysis (DMA), broadband dielec-
tric spectroscopy (BDS), and thermally stimulated discharge
current (TSC) measurements.**® For example, Comer et al. inves-
tigated dynamic relaxation characteristics of Matrimid® poly-
imide using both dielectric and dynamic mechanical tests.**°
DMA storage and loss moduli were obtained at a number of
frequencies from 0.1-30 Hz, and at discrete temperatures ranging
from —150 °C to 425 °C. Additionally, dielectric spectroscopy
data, such as the dielectric constant and dielectric loss, were
recorded for frequencies from 1 Hz-1 MHz at 10 °C isothermal
intervals from —150 °C to 300 °C, which approaches the Tj. As
shown in Fig. 9a, two sub-T, relaxations in Matrimid® were
identified at —112 °C (T}) and 80 °C (Tp). Through Starkweather
analysis®*'*** of the activation energies for each transition, the
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(a) Dynamic mechanical loss modulus (GPa) and dielectric loss vs. temperature (°C) at a frequency of 1 Hz for Matrimid®™ polyimide. Two sub-glass

relaxations are observed at —112 °C (T,) and 80 °C (Tp). (b) Apparent activation energy (kJ mol™Y) vs. relaxation temperature (K) at 1 Hz for y transition (open
symbols) and f transition (filled symbols) based on dynamic mechanical analysis (squares) and dielectric spectroscopy (circles). Reprinted with permission

from ref. 240 (Copyright Elsevier, 2009).

authors found that the y transition was close to the zero-entropy
limit and non-cooperative in nature, while the B transition
showed more cooperative character, which is indicated by the
larger variation between the activation energies in Fig. 9b. Per-
forming similar in-depth analyses of sub-T, relaxation processes
in microporous materials would allow for better fundamental
understanding of mechanisms relevant in relaxation-related phe-
nomena like CO, induced plasticization.

3.2. Techniques to measure chain cooperativity

Common characterization techniques used to measure chain
mobility are reviewed in this section, including methods to
determine the T, and methods to characterize inter and intra-
chain cooperativity. Typical advantages and disadvantages of
each method are summarized in Table 3.

3.2.1. The glass transition temperature. This section
provides a brief overview of methods commonly used to
identify the T, including differential scanning calorimetry
(DSC), dynamic mechanical analysis (DMA), and dielectric
spectroscopy (DS).

3.2.1.1. Differential scanning calorimetry (DSC). Differential
scanning calorimetry (DSC) is a thermoanalytical characteriza-
tion technique used to study thermal transitions such as glass
transition temperatures, melting and boiling points, and
crystallization temperatures.>** DSC instruments can be classi-
fied into two types: heat-flux and power-compensated.?***** A
typical heat-flux DSC instrument consists of two pans heated in
a chamber: one pan contains the material of interest and a
second reference pan is typically empty or contains a well-
characterized sample.*****> As the pans are heated, transitions
such as T,, melting, and degradation will manifest as

2448 | Chem. Soc. Rev., 2024, 53, 2435-2529

differences in the heat flow (g) required to maintain a constant
temperature ramp.>**>*> The DSC heat flow, g, is defined as:

AT

= (23)

q
where AT is the temperature difference between the sample and
the reference, and R is the resistance of the plate on which the
pans sit. Using the temperature difference due to the specific
heat (C,) of the materials, the heat-flux DSC system can

determine the enthalpy change of a sample:**?

AH = C,AT (24)

where AH is the enthalpy.>*® In a power-compensated DSC, the
sample and reference pans are heated in separate furnaces and
the difference in power needed to keep the samples at the same
temperature is plotted against time or temperature.>**?**

When evaluating a DSC curve, exothermic processes (e.g.,
crystallization) require a reduction in heat flow to keep the
temperature constant, while endothermic processes (e.g., melt-
ing, evaporation) require an influx of heat flow. Conventional
DSC plots show endothermic reactions as valleys and exother-
mic reactions as peaks (i.e., “Exo up”), as shown in Fig. 10.>*®
The crystallization temperature, Ty, is an exothermic process
shown as a peak on Fig. 10, while the melting temperature, T,
is an endothermic process represented as a valley. The reported
values for T, and Ty, are commonly defined as the tempera-
ture in the middle of the peak/valley.

The heat capacity (Cp) of a polymer increases as the polymer
traverses the glass transition to the rubbery state.>*®> Two
heating/cooling cycles are usually conducted where the polymer
is heated to 50-100 °C above T, or 30 °C above Tp,, and the
second cycle is usually reported as it does not depend as much

This journal is © The Royal Society of Chemistry 2024
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Table 3 Characterization methods used to measure chain cooperativity
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Technique Parameters Information  Advantages Disadvantages

Differential Cp, q Tg, T, T Requires small sample amounts and easy Gas can diffuse out of non-hermetically

scanning to use. sealed pans over time for concentration

calorimetry dependent experiments.

(DSC) Accurate temperature reading and Pressure dependent tests have large sig-
analysis. nal variation.
Specialized DSCs reach high Difficult to decouple when more than
temperatures & heating rates. one reaction or transition occurs.
Provides information on reactions.

Dynamic E', E", tan(0), and Ty (T.), Tg, Ty, Provides information on major and Variation in calculation of T, from E', E”,

mechanical stress—strain response Tm, E, &, 0* minor thermal transitions. or tan(d) caused by differences in testing

analysis (DMA)

Allows for rapid scanning of modulus vs.
time, temperature, strain, or frequency.

Accepts a broad frange (~10° Hz to

Flexible sample type from liquids to
rubbery or glassy solids.

Accesses information on miscibility and

Dielectric e, &', ¢ Ty, Tg, Ty
spectroscopy ~10" Hz)
(DS)

reaction rates.
Relaxation NMR Intensity, chemical Ty, Ty,p

experiments shift (ppm)

Dilation Dimensions, capacitance, g1, Mg

experiments or wavelength AV
MF)%‘) 70y ksw

Provides information on mobility of
individual chemical shifts.

Can be performed in film or powder with
small quantities of material.

Can be performed using different
techniques depending on sample thickness.
Provides information for kinetic and
NELF sorption modeling.

parameters such as clamp types, sample
dimension, scan rate, etc.
Need continuous films for testing.

Long test times when f < 0.01 Hz.

DS only captures relaxations of dipoles
making non-polar or non-ionic samples
difficult to test.

Conductivity can often obscure other
relaxations in the system.

Challenging to de-convolute multiple
relaxations.

Overlapping chemical signals are diffi-
cult to deconvolute.

Fitting of relaxation time can be heavily
user dependent.

Does not provide information about 7.

Dimension tests in thin films are
affected by substrate surface (ellipsometry).
Parameters derived from fittings can vary
widely (ellipsometry).

Real-time measurement of changes in
sample due to plasticization.

Provides absorbed penetrant
concentration data.

on the processing history of the polymer or the residual
presence of solvent or impurities.>**>*> The first cycle should
be run at temperatures below the degradation temperature of
the polymer. As shown in Fig. 10, while the T, occurs over a

Heat Flow

Rioup Temperature

Fig. 10 Reference DSC curve with common thermal transitions observed
in a semi-crystalline polymer.

This journal is © The Royal Society of Chemistry 2024

range of temperatures, the T, is usually identified as the
midpoint of the inclined region in the curve.>"’

In addition to the traditional DSCs, specialized DSC techni-
ques have emerged in the last decades including microelec-
tromechanical systems (MEMS) DSC,**® infrared (IR) heated
DSC,*** modulated-temperature (MT) DSC,**® and pressure per-
turbation calorimetry (PPC).>>" A particularly interesting example
is the IR-heated DSC, also referred to as rapid-heating DSC, as it
can heat up at a rate up to 2000 °C per minute.*** High heating
rates are sub-categorized as fast-scan DSC (100-300 °C per
minute), Hyper-DSC (300-750 °C per minute), and Ultra-Fast or
Flash DSC (up to 2400 000 °C per minute). Ultra-fast or flash DSC
allows ultra-glassy materials to be studied as structural changes
can be more easily observed at higher heating rates. For instance,
this method is particularly useful in analyzing polymers with
rigid backbones like PIM-1 and PIM-EA-TB, which have degrada-
tion temperatures below their T,.'*'®

In the context of plasticization, high-pressure DSC can be
also used to limit desorption of condensable gases from the
sample and evaluate the effects of plasticization on the
T,.>**  Specifically, pressure-controlled DSC, or pressure
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perturbation calorimetry (PPC), can be used to apply a pressure to
the sample cell and subsequently determine differences in heat
absorbed and released.>>® PPC has been useful for measuring
temperature differentials in response to pressure change in
proteins.>*® However, a major limitation of high-pressure DSCs
is the appearance of noisy data even at baseline pressures.”>> As
pressure is increased, the noise increases due to phase transitions
of condensable gases that occur above their critical pressures,
making the data difficult to interpret.>>>>>?

Despite such limitations, DSC has been used to investigate
the effect of CO, plasticization on the Ty. In a typical experiment,
a pressure-controlled hermetic cell is used and the polymer film
is equilibrated at the CO, pressure of interest.”> Thicker mem-
branes help to minimize fractional loss of CO, through diffusion
before reaching the T, and retain a high content of CO, in the
polymer.®*?*? The total time between removing the polymer from
the sorption chamber to sealing the pan is kept short to minimize
desorption before testing.®* Erratic fluctuation in the DSC curve
above T, can sometimes reflect evidence of CO, desorption.®
Thus, in these specialized experiments, it is important to limit
CO, desorption while also reaching a high enough heating rate
and temperature to clearly observe the T, without polymer
degradation.”® Moreover, initial scans may feature sub-T,
changes associated with processing history, which make the
second heating curve a more useful metric for determining 7.

For certain polymers, as CO, sorption increases with increasing
pressure, a steady reduction in the T, has been documented.®**>*
Chiou, Barlow, and Paul demonstrated this effect for poly(methyl
methacrylate) (PMMA) evaluated at various CO, pressures, where
there is a clear decrease in T, with increasing CO, concentration
(Fig. 11).** On the other hand, crystallization and the addition of
fillers to the polymer matrix (i.e., mixed-matrix membranes) have
been shown to increase T,.°**** As such, DSC can be an effective
tool to study the effects of plasticization and provide insight into
thermal transitions (i.e., Tg, T, and Teryt)-
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Fig. 11 Glass transition temperature (Ty) plotted against CO, sorption
equilibration pressure for a sample of PMMA. Black circles represent col-
lected data, which were then fit through linear regression (gray line).%* The Tq
data was redrawn from ref. 64 with permission from Wiley, copyright 1985.
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3.2.1.2.
mechanical analysis (DMA) is generally used to investigate the
viscoelastic properties of materials by extracting stress-strain
information of samples at controlled frequencies.>®® Para-

Dynamic mechanical analysis (DMA). Dynamic

meters such as temperature and the frequency of the measure-
ment are often varied to obtain a comprehensive range of data
for the materials using the concept of time-temperature super-
position discussed earlier in this section. DMA data can then be
used to determine properties of the sample such as T,, mechan-
ical damping parameters (tan(d)), and other mechanical prop-
erties such as the storage (E') and loss moduli (£”) and, in
tensile tests, the Young’s modulus, a measure of a material’s
stiffness.?>24%256263 1y the presence of highly condensable
gases like CO,, glassy polymers susceptible to plasticization
often swell to accommodate additional volume from the gas,
leading to increases in polymer chain mobility that result in a
depression in the effective 7,.'>°"0*11%26172¢¢ Therefore, the
changing T, in the presence of CO, can be indicative of the
tendency of a polymer to increase chain mobility and, thus, be
affected by plasticization.

In a typical DMA experiment to measure T,, a piece of
polymer film is clamped and subjected to a sinusoidal oscillating
load while the material response (stress or strain) is recorded as a
function of time, temperature, and frequency.267 Tests in which
temperature is varied are known as “temperature sweep tests”,
while those in which frequency is varied are referred to as
“frequency sweep tests”. In an ideal elastic material, the stress
and strain will be in phase with each other, while in an ideal
viscous material, the stress and strain will be 90° out of phase
with each other.*®® The stress (¢) at any time, ¢, can be written as:

(25)

where 0, is the maximum stress achieved and o is the frequency
of oscillation.>”> Similarly, the strain (¢) can be written as:

o = g, sin(wt)

€ = ¢ sin(wt + J) (26)

where ¢ is the maximum strain achieved and ¢ is the phase
angle between stress and strain.>*® Therefore, in an ideal elastic
material, § = 0, while in an ideal viscous material, § = 90°.%%8
Fig. 12 depicts the three strain responses that can occur when a
sinusoidal stress is applied to a material.

The storage modulus (E'), which is a measure of the stored
energy in a material (i.e., the elastic portion), and loss modulus
(E"), which is a measure of the energy lost as heat (ie., the
viscous portion) can be defined as follows:>®

[0

E = gcos(é) (27)
E' = j—(?sin(é) (28)

In addition, the tangent of the phase angle, which is also
referred to as the damping factor, can be expressed as the ratio
of the loss modulus to the storage modulus:>*°

"

tan(d) = —

z (29)
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Fig. 12 Three strain responses (L) to applied stress (F): (a) an ideal elastic material, (b) an ideal viscous material, and (c) a viscoelastic material, in which the
strain response lies in between that of an ideal elastic and an ideal viscous material.?>®

Below the T, the material acts as a “rigid” solid with a very
high storage modulus, but when the T, is traversed, the
material enters a more “rubbery’’-like state, which is indicated
by a sharp decrease in E’ and a peak in both E” and tan(§).>”°
Fig. 13a depicts an idealized E’ scan of a polymer material as a
function of temperature. As temperature increases, transitions
(e.g., sub-Ty and Ty) will occur as indicated by sharp decreases
in E'. An example scan of both E' and E” as functions of
temperature is shown in Fig. 13b for a Matrimid® polyimide.
The T, is clearly indicated by the drop in E’ and peak in E”
(which is labeled as o in the graph), while both f and 7y
transitions are also present and labeled accordingly.>*°

Since the glass transition of a polymer is a macromolecular
relaxation process, the frequency (rate) of DMA tests can
influence the onset of transitions. Comer et al. ran a series of
DMA tests on an HAB-6FDA polyimide that was thermally-
rearranged at 300 °C for 1 h over a frequency range of 0.1 to
30 Hz.”°" As seen in Fig. 14, the sub-glass transition temperatures
(v and B), as well as the glass transition temperature (labeled o)
exhibited an increased response with increasing frequency,
implying that these transitions are kinetic motional processes

(@)

E' (Pa)

that are influenced by changes in testing frequency.’®* However,
above the glass transition, the dynamic mechanical scan
becomes independent of frequency, indicating that the polymer
is in an equilibrium (and not meta-stable) state. The increase in
the modulus starting at around 330 °C is associated with a
stiffening of the polymer backbone from thermal rearrange-
ment, while the increase in modulus at 450 °C is attributed to
the beginning of thermal degradation.”®*

Several studies have reported mechanical properties of
polymers in the presence of different concentrations of CO,.
Examples include those from Al-Enezi et al., in which a high-
pressure three-point bend testing cell was used to monitor the
mechanical properties of polycarbonate (PC), polysulfone (PSf),
and polymethyl methacrylate (PMMA) at CO, pressures of up to
120 bar.>”" It was found that all polymer samples generally
experienced similar deformations at lower temperatures when
exposed to more CO,, which can be attributed to CO, ‘“‘soft-
ening” the samples.>”" Ulrich et al. generated tensile stress-strain
curves for polycarbonate films exposed to CO, and found that
increasing CO, concentration led to a depression of yield stress
(the stress at which a material will experience permanent
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Fig. 13 (a) An idealized temperature scan of a polymer.2> Regions of transitions are labeled. (b) Storage modulus (solid line) and loss modulus (dashed
line) of Matrimid® polyimide.?4° Reproduced with permission from ref. 240 (Copyright Elsevier, 2009).
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Fig. 14 Dynamic mechanical analysis of a thermally-rearranged HAB-
6FDA polyimide at different test frequencies.?®* Reprinted with permission
from ref. 261 (Copyright Elsevier, 2013).

deformation).?***”* Flichy et al. conducted indentation experiments

of PMMA in a CO, atmosphere up to 160 bar, reporting that the
hardness of PMMA (as well as its T,) was reduced as CO, pressure
increased.”” In addition, Wang et al. measured the Young’s mod-
ulus, which is a measure of stiffness, of polystyrene as CO, pressure
was increased from 1 to 1050 bar and found that both the Young’s
modulus and the T, of polystyrene reached a minimum at a CO,
pressure of 200 bar.'®® The authors attributed this finding to two
competing effects that occur during CO, pressurization.'*® The first
effect, plasticization, causes decreases in both Young’s modulus and
T, The second effect, which is caused by increasing hydrostatic
pressure, leads to an increase in stiffness of the polymer,'® and
thus increases in Young’s modulus and T,.

A few studies have used DMA measurements directly to
determine the effects of plasticizers such as CO, on polymer

View Article Online
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properties. Fried et al. analyzed the effects of sorbed CO, on the
dynamic mechanical response of polysulfone (PSf), polycarbo-
nate (PC), and polyetherimide (PEI).*** DMA results for uncon-
ditioned samples and samples conditioned at ~ 30 bar of CO,
for 30 h are shown in Fig. 15. In all three cases, E’ exhibited a
sharp decrease at a lower temperature for conditioned samples,
indicating a lower T,.>** The peak associated with T, in the E”
scans was also broader and occured at a lower temperature for
all three conditioned samples.”®* The low-temperature second-
ary relaxation (y) was also enhanced in magnitude and occurred
at lower temperatures for all three conditioned samples, which
suggests that sorbed CO, increases chain separation and allows
for more chain mobility.***

Minelli et al. demonstrated through DMA that the presence
of CO, decreases the magnitude of E’ and increased tan(d) for
three different glassy polymers (PSf, PMMA, and Matrimid™)
that were in equilibrium with CO, at different pressures.””* The
three polymers were chosen based on their different perme-
ability behaviors in response to increased CO, feed pressures
(Fig. 16a). PSf showed a continuously decreasing trend in
permeability up to a CO, feed pressure of 30 bar,>”> PMMA
displayed an increasing permeability even at low feed
pressures,?’® and Matrimid® showed a plasticization pressure
of approximately 11 bar.?”’ In Fig. 16b-d, the change in storage
moduli as the amount of sorbed CO, increases is shown for PSf,
PMMA, and Matrimid ™, respectively.>’* For all three polymers
considered, the storage modulus decreases with increasing
amount of CO, dissolved into the material, demonstrating that
CO, decreased the elastic response of all three polymers.””* As
shown in Fig. 16e, tan(o) for all three polymers increases with
increasing CO, pressure, indicating an enhancement in the
viscous response relative to the elastic response of the three
polymers, as well as enhanced mobility and relaxation of
polymer chains.>”*
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In regard to microporous polymers, DMA measurements are
commonly used to determine T, or other mechanical properties,
but to the best of our knowledge, there have not been any direct
DMA studies on microporous polymers in a CO, environment.
However, a recent study by Cihal et al. analyzed the behavior of
PIM-1 films exposed to vapor methanol and dimethyl carbonate
(DMC) using DMA and found that E’ remained comparable to
that of untreated PIM-1 until exposure to DMC-rich vapor
mixtures or mixtures at higher degrees of saturation (63% of
the dew point pressure), where E' decreased.>’® This finding
indicated that the binary mixture acted as a plasticizer.>’® Since
DMA is a useful technique to determine the mechanical proper-
ties of polymer membranes, as well as the changes in such
properties when exposed to different environments (such as CO,
or other condensable gases), continued DMA tests on micro-
porous polymers will be useful to elucidate important structural
and functional correlations with plasticization.

This journal is © The Royal Society of Chemistry 2024

3.2.1.2. Dielectric spectroscopy. Dielectric spectroscopy is a
versatile experimental technique used to examine molecular
relaxation processes, such as the T, and sub-T, transitions, or
phase transitions, including the melting temperature in a
crystalline material. Dielectric spectroscopy is also one of only
a few analytical techniques that can survey a wide range of
behavior for a single material, spanning low viscosity liquids to
rubbery solids to hard glassy solids.>”® Additionally, dielectric
spectroscopy can also be used to understand mixture misci-
bility and polymerization reaction rates.”””

In a typical dielectric spectroscopy experiment for a polymer
film, a thin sample is placed in contact with two or more
electrodes while a time-varying sinusoidal voltage is applied.
Although there are several electrode-sample configurations for
polymer system measurements,””® the most commonly used
geometry is the parallel-plate arrangement. Pictured in Fig. 17
are two parallel-plate electrodes that sandwich a thin, flat sample,
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Fig. 17 Parallel-plate arrangement for dielectric spectroscopy. Two par-
allel plates sandwich a thin, flat sample. A guard ring is used to minimize
edge effects. Reprinted with permission from ref. 279 (Copyright Wiley,
2006).

and a guard ring that minimizes fringing or edge effects. After a
voltage is applied, the complex permittivity, also known as the
dielectric constant, is measured as a function of frequency. To
determine various properties of a given polymer, the measure-
ment can be performed as a function of temperature and time at
fixed frequencies. By surveying a broad frequency range (from
~10"°Hz to ~10"> Hz) and variations in temperature, molecular
responses on different length scales can be observed.*** However,
there is no single instrument that can cover this entire frequency
range, thereby requiring multiple instruments to extract the most
in-depth information. Common types of dielectric instrument
techniques along with their typical frequency coverage are dis-
cussed by Schultz.>”®

In a time-varying or oscillating electric field, dielectric
spectroscopy helps to measure the complex dielectric permit-
tivity, ¢*(f), which is represented by a complex number:

() =&'() — *"(N (30)

where f is the frequency, i is the imaginary unit, ¢’ is the real
part of the permittivity, and ¢” is the imaginary part of the
permittivity or the dielectric loss factor. Function &(f) depends
on several processes, including fluctuations of molecular
dipoles, propagation of charge carriers, and additional polar-
ization caused by separation of charges at interfaces.”®® The
dielectric loss factor, ¢’, is related to the energy absorbed by the
polymer. A more in-depth discussion of phenomena that con-
tribute to values of complex permittivity when analyzing dielec-
tric data has been covered by Schultz.?”® In general, a peak in
the imaginary part ¢’ and a step-like decrease of the real portion
¢’ with increasing frequency characterizes relaxation processes
in polymers.”®" Further analysis of dielectric relaxation data
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with respect to frequency can reveal additional information.
For instance, though several models have been applied for the
frequency domain data, the Havriliak-Negami (HN) equation
fits a wide range of data:*®

Ag

1+ (ime)/;“N] "

(31

CHN=%C+[

where ¢, is the real part for ® » 1/tyy, Ac¢ is the dielectric
strength, o is the radial frequency (w = 2mnf), tuy is the
relaxation time that corresponds to the frequency of maximal
dielectric loss fiax, and fun and yyn are shape parameters
which describe the symmetric and asymmetric broadening of
relaxation peaks.>*®

Many studies have used dielectric spectroscopy and analysis
to determine T, and sub-T, relaxations in various polymers,
including PIM-1, pr-polylactic acid (PLA), and polystyrene
(PS).240:280,284.285 por example, Konnertz et al. investigated the
molecular mobility of PIM-1 by using dielectric spectroscopy.?®*
The complex dielectric permittivity was measured in a frequency
range from 10~ '-10° Hz using a parallel-plate geometry, and a
temperature program with several heating and cooling cycles in
the range of —100 to 250 °C was applied (depicted in Fig. 18a) to
analyze the influence of temperature on sample structure and
dynamics. Fig. 18b illustrates the dielectric spectra (loge” vs.
temperature) at a fixed frequency of 1000 Hz for the different
heating and cooling runs performed, and a distinct relaxation
peak is observed around 187 °C. Further analysis suggested that
this relaxation process in PIM-1, denoted f*, demonstrates a non-
cooperative character due to a linear van’t Hoff behavior, com-
pared to the exponential dependence typically observed for
cooperative segmental relaxation processes.”’®* This relaxation
can be attributed to n-n stacking in the polymer backbone that
leads to local intermolecular agglomerates. Because PIM-1 can be
susceptible to factors like physical aging and, therefore, lose its
separation performance, Konnertz et al. investigated the mole-
cular mobility of solution-cast nanocomposite films of PIM-1 and
polyhedral oligomeric silsesquioxane with phenethyl substituents
(PhE-POSS) as nanofillers using dielectric spectroscopy.**® The
same frequency range and temperature program from an earlier
PIM-1 study was used.”®* Fig. 19 shows the dielectric spectra for
the second heating run for pure PIM-1, pure PhE-POSS and
selected composites at 1000 Hz. Though only a f relaxation
(due to m-m stacking) is observed for pure PIM-1, composites
with higher wt% of PhE-POSS (i.e., PIM-1 with 15 wt% PhE-POSS
and 30 wt% PhE-POSS) begin to show a weak but distinct second
relaxation process, which the authors attributed to the « relaxa-
tion observed in pure PhE-POSS. Thus, these two studies helped
to demonstrate that the addition of a secondary component, such
as nanofillers or plasticizing agents, to an existing polymer can
lead to changes in the T, and sub-T, relaxation processes.
Dielectric spectroscopy is a useful way to observe, measure, and
analyze these molecular dynamic changes in composites or
pristine materials.

3.2.2. Intra and interchain mobility. In addition to measur-
ing the Ty, relaxation studies using nuclear magnetic resonance

This journal is © The Royal Society of Chemistry 2024
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(a) Heating/cooling cycles in the range of —100 to 250 °C of the dielectric measurements on PIM-1. (b) Dielectric spectra (log ¢” vs. temperature)

at a fixed frequency of f = 1000 Hz for the different heating and cooling runs for PIM-1. Reprinted with permission from ref. 284 (Copyright American

Chemical Society, 2020).
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Fig. 19 Dielectric spectra (loge” vs. temperature) for pure PIM-1 (unfilled
black squares), of PIM-1 with 1 wt% PhE-POSS (unfilled blue circles),
7.5 wt% PhE-POSS (unfilled green triangles), 30 wt% PhE-POSS (unfilled
gray stars) and pure PhE-POSS (filled dark gray squares) at a frequency of
1000 Hz. Reprinted with permission from ref. 280 (Copyright Elsevier, 2020).

(NMR) and dilation studies can provide useful information on
the mobility of polymer chains in a solid-state film before and
after plasticization. On one hand, NMR experiments can probe
chain dynamics at a molecular level, while dilation experiments
can reveal dimensional changes in a film upon exposure to a
plasticizing gas. A description of these methods and examples

This journal is © The Royal Society of Chemistry 2024

of their use in probing chain motion and plasticization is
described in this section.

3.2.2.1. NMR relaxation experiments. Solid-state magic angle
spinning (MAS) NMR can provide in-depth information on the
energetics of polymer chain motion and even individual atom-
specific motions through spin-lattice relaxation experiments.
These studies help evaluate subtle variations in localized,
molecular-level dynamics, which can correlate with gas trans-
port phenomena.’”® In general, NMR relaxation experiments
evaluate the process through which an excited magnetic state
returns to its equilibrium state. Specifically, the spin-lattice
relaxation time (73) is the process where an excited spin returns
to equilibrium along the axis of the applied magnetic field. Spin-
lattice relaxation can also be measured using a spin-lock, which is
referred to as the spin-lattice relaxation in the rotating frame (7,)
that forms a rotating magnetic field perpendicular to the applied
field. Because NMR signals are associated with specific atoms in an
organic molecule, both T; and T}, can resolve relaxation times for
individual atoms or clusters of similar atoms in a polymer chain.
This feature enables analysis of mobility for atoms on side chains or
atoms on the polymer backbone and provides information on both
the intra and interchain mobility of polymer chains in a solid-state
film. Generally, when thinking of polymer chain dynamics, longer
relaxation times indicate less chain mobility. Detailed information
on the fundamental theory and common procedures to conduct
NMR relaxation experiments can be found elsewhere.?5¢258
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or its amine-functional counterpart. Reprinted with permission from ref.
291 (Copyright Wiley, 2016).

In the context of gas separations, NMR experiments have
been used to elucidate (1) the evolution of chain mobility as a
function of CO, content, (2) the mechanism for densification
of polymer chains over time in mixed-matrix membranes
(MMMs), and (3) the influence of plasticizing solvents or small
molecules on the overall chain dynamics. In general, decreases
in Ty or Ty, as a function of physical aging time, additive
concentration, or plasticizer content indicate increased mobility
and higher local free volume, while increases in T; or T,
suggest reduced chain mobility, higher local packing density
or increased secondary interactions.>®’

Because of the relationship between relaxation times and
packing density, NMR has been used to study physical aging
mechanisms in films.?*° For instance, in work by Lau et al., **C
solid state NMR was used to understand how addition of a
hypercrosslinked additive (a-dichloro-p-xylene, p-DCX) helped
reduce aging of poly(1-trimethylsilyl-1-propyne, PTMSP).”*! In
that study, the relative change in T, values for the carbon atoms
was evaluated over time. As shown in Fig. 20, films with added p-
DCX showed little change in T; over time while the pristine
PTMSP polymer had a 13% increase in T, values for the side
chains and reduced mobility for the backbone, which was
attributed to the collapse of free volume and hindered chain
motion.>** Similar **C-NMR T; studies have been performed with
PIM-1-based MMMs based on different additives such as PAF-
1,°> hydroxyl-functionalized p-DCX,*** and functionalized silica
nanoparticles.”®* These studies have revealed some characteris-
tics of particle-polymer interactions that may help or hinder
chain mobility. NMR analysis has also been used to elucidate the
effect of casting solvent and particle-solvent interactions on the
resulting solid-state chain mobility, such as in cases where the
same polymer was cast using solvents of different polarity,”** or
where increases in chain mobility arose after solvent treatments
or conditioning®® (e.g:, methanol in PTMSP). While not as
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frequently applied in the context of plasticization, the measure-
ment of T, relaxation over time is inherently similar to the chain
dynamics that occur on exposure to plasticizing agents, such as
low molecular weight diluents and condensable gases, and may
provide useful information on the mechanisms affecting such
processes.

In addition to relaxation experiments as a function of time,
T, or Ty, experiments have also been used to probe the atom
mobility as a function of plasticizer content. For instance,
Koval’akova et al. evaluated how a small plasticizing agent,
glycerol triacetate (TAC), affected the relaxation of polylactic
acid (PLA)*®® using solid-state >C and "H-NMR experiments. In
this case, the presence of plasticizers led to an increase in
mobility (decrease in *C T, values) of PLA chains at room
temperature. In separate studies, T;, values measured at fre-
quencies in the mid-kilohertz range have been used to probe
relaxations associated with cooperative main-chain motions in
polymers.®® In one instance, Sefcik and Schaefer performed **C
NMR tests as a function of CO, pressure from vacuum to ~ 1 bar
and observed a reduction in T,, values, indicating increased
mobility with increasing pressure.?*® In subsequent work, Sefcik
and Schaefer investigated the role of the tricresyl phosphate
plasticizer on the mobility of poly(vinyl chloride) (PVC) and
related these correlations to time-lag diffusion.®” The diffusion
coefficients decreased when concentrations of the plasticizer
were below 15%, while diffusion coefficients and relaxation
rates increased at concentrations above 15%. The authors
suggested that these similarities in trends may indicate a close
relationship between main-chain molecular motions and gas
diffusion. To complement this work, Smith and Moll performed
deuterium (*H) NMR T; studies as a function of CO, pressures
ranging from vacuum to ~ 35 bar for polycarbonate, a polyester
carbonate, and polystyrene.®® As shown in Fig. 21, relaxation
times were found to consistently decrease with increasing CO,
pressures, indicating increased main-chain motions once again.

T (sec)

S
v
BPA
ol 1® 1 1%
10 15 20 25 a0
CO; Pressure (ATM)

| | |
3 40 45 S0

Fig. 21 Dependence of 2H-NMR T; values on CO, pressure for polystyr-
ene (PS-dg), polyester carbonate (PEC-d,4), and bisphenol A polycarbonate
(BPA-dg). Reprinted with permission from ref. 69. (Copyright American
Chemical Society, 1990).
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Here, the authors considered two hypotheses: that (1) the micro-
scopic dynamic processes (oscillatory motions and phenyl ring
flips) assist in diffusion, or that (2) CO, gas plasticizes the film
leading to increased chain motion and diffusion. Importantly, they
also note that relative frequency of diffusion (correlation times
~10" s7") is much shorter than the slow relaxations probed by
NMR (10°-10” s ). Therefore, diffusion and NMR relaxation may
be independent but both can still suggest how CO, alters the
dynamics of the films. Taken together, these examples showcase
the utility of NMR relaxation experiments in understanding intra
and interchain motions in relation to plasticization. Applying such
analyses to microporous materials would assist in revealing clear
structure-property relationships and understanding the molecular
origins of plasticization, especially in rigid microporous polymers
with ultrahigh glass transition temperatures, where sub-T,
motions can influence plasticization effects.

3.2.2.2. Dilation experiments. As discussed in Section 2,
sorption tests can reveal information on interaction parameters
when using models such as the NELF model, but an additional
consideration is dilation of the membrane—the physical expan-
sion of the polymer matrix when forming a mixture of the polymer
and penetrant.®® This volume expansion has been correlated with
the increase of diffusivity related to plasticization.”” Dilation
experiments have been used as tools to (1) estimate molar volume
of the sorbed penetrant,®>'***?% (2) differentiate Fickian and non-
Fickian diffusion in polymer chains,”>®”'%® and (3) validate ther-
modynamic model predictions (such as the kg, swelling parameter
used in the NELF model).®>®7-13%:298

Dilation experiments are typically performed sequentially
through equilibration with a gaseous atmosphere at discrete
pressure steps. Additionally, dimensional changes are recorded
for the polymer film as it comes into equilibrium, typically using
the assumption of isotropic expansion®?°® to measure volume
changes at different sorption equilibrium conditions. These
experiments can be performed using a variety of methods such
as dilatometry and spectroscopic ellipsometry. Dilatometry mea-
sures the change in size of a single dimension using either a
camera or a capacitance sensor.®>’>®8 For spectroscopic ellipso-
metry, light of a certain wavelength is refracted through a thin
polymer sample attached to a reflective substrate, and the
changes in the polarization state of the dispersed waves collected
by the detector can be fitted to an appropriate model to obtain
thickness and refractive index of the sample.”*® The key assump-
tion in spectroscopic ellipsometry is that the measured refractive
index of a mixture is based on the refractive indices of both the
polymer and penetrant, and can be linked to the individual
density of the polymer and penetrant through the Clausius-
Mosotti equation.*”*°***> Using volume change data, a dilation
isotherm can be created, measuring the fractional volume change
from the starting volume (i.e., AV/V,) versus pressure p.

Dilation experiments have been used to estimate the partial
molar volume of the penetrant’>*>® based on its thermody-
namic definition:

(32)

Vi = (8 V/an,)
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Using AV/V, data from the dilation isotherm, the penetrant
partial molar volume is found using the following equation:

) e

where Vgrp is the volume of an ideal gas at STP, f is the
isothermal compressibility of the polymer, p is the pressure
of the penetrant, and c is the concentration of penetrant in the
polymer.

Hysteretic behavior seen in sorption isotherms of plasticized
polymers is also observed in dilation experiments, where the
fractional volume change due to an external penetrant (AV/V,) is
higher for depressurizataion curves than the pressurizing
curves.®>”>%” Importantly, the treatment history and condition-
ing of the polymer play a role in dilation.®® The changes to the
polymer matrix caused by dilation at high pressures remain for
additional time that is dictated by a relaxation time inherent to
the polymer structure and morphology.****** For example, Ogie-
glo et al. leveraged in situ spectroscopic ellipsometry to investi-
gate high-pressure CO, sorption (0-45 bar) for ultrathin films of
microporous polymers including PIM-1, AO-PIM-1, a Troger’s
base PIM, and PIM-6FDA-OH.’* As shown in Fig. 22a and b,
the PIMs showed typical hysteretic behavior for glassy polymers
and swelled significantly more than the non-microporous poly-
styrene. However, PIMs with higher CO, affinity, PIM-6FDA-OH
and Troger’s base PIM, showed higher swelling of about 15% at
45 bar compared to PIM-1 and AO-PIM-1. The hysteretic behavior
of ultrathin PIM-1 films (7-128 nm) was also investigated
(Fig. 22¢). As film thickness decreased, the shape of the sorption
isotherms changed to reflect a more rubbery-like isotherm (i.e.,
the slope of the desorption curve increased). Moreover, the
maximum swelling increased to 18% for the 7 nm film, about
three times that of the 128 nm thick film. Thin films appeared to
have a higher susceptibility to plasticization, which corresponded
to an apparent T, reduction of 200 °C.

Dilation experiments can also be used to gain insight into the
kinetics of gas sorption in plasticized polymers. In these cases, a
distinction between Fickian and non-Fickian diffusion must be
made.*”"*®*% While Fickian diffusion describes the transport
behavior expected for molecular diffusion using Crank’s
solution,”**% non-Fickian diffusion needs to be considered if
dimensional changes occur to the polymer during an experiment.
As proposed by Berens and Hopfenberg,”>*”**® penetrant uptake
can be modeled as a two-component relaxational process: the
relatively fast matrix response to Fickian diffusion and the slower,
relaxational motions of the polymer matrix during dilation.
Newns proposed a viscoelastic functional form to model this
uptake behavior, which can be found at this reference.*®” This
model was designed to match viscoelastic phenomena with a
distribution of relaxation times.”>*°**%” Information on the final
mass uptake at steady-state (Mg ), the maximum sorbed masses
for the corresponding relaxational mode (Mg ), and time con-
stants (t;) can be obtained by fitting the Newns equations to
transient pressure-decay data provided by sorption experiments.
Dilation experiments to capture experimental data on volume
dilation versus penetrant pressure can also be used to calculate a

<
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Fig. 22  Film swelling versus CO, pressure for (a) PS (112 nm) and PIM-1 (128 nm), (b) Tréger's base PIM (105 nm), PIM-6FDA-OH (132 nm), and AO-PIM-
1, (135 nm), and (c) PIM-1 films of different thicknesses. Filled and unfilled symbols indicate sorption and de-sorption curves, respectively. Reprinted with

permission from ref. 305 (Copyright American Chemical Society, 2018).

swelling coefficient, kg, used for the NELF model. Doing so
constrains fitting for the NELF model with one less variable
required, significantly improving model predictions.'*®

In addition to enabling evaluation of the various fundamental
phenomena reviewed above, ellipsometry can be used to further
investigate thin films and even the thin selective layers of hollow-
fiber membranes,**®?°° which are critical considerations for indus-
trial deployment. As demonstrated in Fig. 22c, thin films exhibit
vastly different swelling and plasticization behavior than bulk
membrane samples.’**°>*%” However, ellipsometry experiments
can be challenging for certain membrane geometries, preventing
widespread adoption of this technique in literature reports.

4. Approaches to mitigate
plasticization

In general, there are three primary approaches that researchers
pursue to mitigate the effects of plasticization in microporous
polymers: (1) engineering the polymer backbone or sidechain
chemistry to induce rigidity, (2) applying post-synthetic modifica-
tion such as crosslinking, and (3) developing composites, blends,
and copolymers. Fig. 23 provides an overview of these approaches.
When analyzing the success of each approach, the figure of merit
is often the plasticization pressure and/or changes in permeability

2458 | Chem. Soc. Rev., 2024, 53, 2435-2529

and selectivity between pure- and mixed-gas measurements. These
approaches and their resulting trends will be discussed in more
detail in Section 5 and compared across an extensive dataset of
literature collected from all microporous polymer reports to date.
It should also be noted that some reports included in this section
performed mixed-gas tests at low pressures (e.g., 1 bar partial
pressure CO,). While these sorts of mixed-gas tests do not neces-
sarily provide information relevant to penetrant-induced plastici-
zation effects, they are still valuable as they often reveal
information related to competitive sorption. Therefore, we have
decided to include these reports in this section but generally
recommend that high pressure mixed-gas permeation experiments
be run when evaluating stability to plasticization.

4.1. Novel syntheses of polymer structures to induce rigidity

Previous studies on non-microporous polymers such as
polyimides®°**'%*'! have demonstrated successful plasticization
resistance through the restriction of chain mobility via
crosslinking,”®*'>?* addition of polar moieties,***>'® and for-
mation of charge transfer complexes (CTCs).”**'**'® These meth-
ods specifically aim to increase the interchain rigidity of polymers,
while, in other cases, researchers have looked to increase the
intrachain rigidity of polymers. The differences between interchain
and intrachain rigidity are depicted in Fig. 24. Interchain rigidity

This journal is © The Royal Society of Chemistry 2024
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results from physical or chemical interactions between chains,
while intrachain rigidity results from mobility restrictions within a
single chain.”

The seminal work by Budd and McKeown in 2004 on
polymers of intrinsic microporosity (PIMs)**"**® and subsequent
development of many microporous polymers that contain rigid
and contorted backbones*®'** has prompted researchers to
pursue microporous polymer chemistries for gas separations
and plasticization resistance. In particular, increasing the intra-
chain rigidity of PIMs with addition of bridged-bicyclic contor-
tion centers such as triptycene®®****>* and Troger’s base (TB)
has led to improved gas separation properties,>*3>:32%:326

RIGIDITY
INTRA-chain | ]

INTER-chain |

Fig. 24 Classification of polymer rigidity into intrachain and interchain
rigidity. The blue ribbons represent polymer chains, red segments feature
areas of rigidity, and red arrows represent regions of polymer chain
movement that are restricted. Adapted with permission from ref. 90
(Copyright American Chemical Society, 2014).

This journal is © The Royal Society of Chemistry 2024

4.1.1. Intrachain rigidity. A classic synthetic example of
applying the concept of intrachain rigidity comes from Lasseu-
guette et al., who studied gas transport properties of PIM-EA(H,)-
TB, a PIM-containing TB polymer (Fig. 25).>° Over the pure-gas
pressure range tested (1-20 bar), no plasticization pressure was
observed, suggesting plasticization resistance due to the rigidity
of the polymer structure.>® Williams et al. synthesized PIM-MP-
TB (Fig. 25), a TB-based polymer containing the structural unit
methanopentacene (MP), which is designed to increase rigidity
in the polymer chain.**” In mixed-gas studies (52.1:47.9 vol%
CO,/CH,), they found that while CO, permeability was constant
up to a total feed pressure of 6 bar, CH, permeability increased
slightly and CO,/CH, selectivity decreased with increasing feed
pressure.*”” The presence of CO, in the mixture likely induced
dilation of the polymer matrix, which would allow CH, to
permeate more easily.*”” However, in a 10:90 vol% CO,/N,
mixture, both CO, and N, permeability, as well as CO,/N,
selectivity, remained fairly constant up to a total feed pressure
of 6 bar.**” This result could be attributed to the presence of less
CO, in the CO,/N, mixture, which would not induce as much
swelling. Wang et al. synthesized two microporous polymers
containing a diamine analogue of TB, known as Hiinlich’s
base (HB), to create 6FDA-HB and TDAi3-HB (Fig. 25).>*® While
the calculated pure-gas CO,/CH, selectivity decreased from a
feed pressure of 2 bar to 15 bar for both polymers, no obvious
COy-induced plasticization was observed since the perme-
abilities of both CO, and CH, did not increase with increasing
feed pressure.**® While these structures show promising initial
results, additional studies including mixed-gas tests would
be helpful in determining whether the addition of HB onto
a polymer backbone can mitigate plasticization more than
that of TB.
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Another highly rigid and fused structural component that
has been used to increase intrachain rigidity in polymers
is triptycene (Fig. 26).>%%>>?3?>?3%3 Thys, the effects of incor-
porating triptycene, along with other iptycene structures, on
plasticization resistance has been investigated. Swaidan et al.
compared the C3Hq/C3Hjg gas transport properties of KAUST-PI-1
and PIM-PI-1 (Fig. 26) for a feed mixture of 50:50 C3He/C3Hg
and a C;Hg partial pressure of 1.0 to 2.5 bar. KAUST-PI-1
experienced a 33% increase in C;He permeability while PIM-
PI-1 experienced a 7% increase.*”® Over this same pressure
range, there were also a decrease in C3H¢/C;H;g selectivity (7 to
5 for KAUST-PI-1 and 3.4 to 2 for PIM-PI-1).>?° However, KAUST-
PI-1 both exceeded PIM-PI-1 in terms of C;Hy permeability and
C;3H,/C;Hj selectivity for the entire pressure range studied.**® In
addition, mixed-gas data for KAUST-PI-1 was on the C3Hs/C;Hg
pure-gas upper bound, while pure-gas data exceeded the upper
bound.***?3° Another triptycene-containing polymer, PMDA-DAT
(Fig. 26), was also studied for its plasticization resistance.*' pure-
gas permeability measurements found that PMDA-DAT had a CO,
plasticization pressure of around 15 bar.**' PIM-TMN-Trip,
another PIM with a triptycene unit in the backbone, did not show
obvious CO,-induced plasticization effects when exposed to a feed
mixture of 22.2 vol% CO,, 6.8 vol% O,, 70.2 vol% N,, and
2220 ppm SO, over a trans-membrane pressure difference from
1 to 4 bar.>**> However, as the CO, partial pressure was limited to
less than 4 bar, plasticization may not have been observed,
which would necessitate tests at higher feed pressures, if
required for the application.

Triptycene and an extended iptycene were compared in the
forms of 6FDA-DAT1 and 6FDA-DAT2, respectively (Fig. 26), and
it was found that 6FDA-DAT2 contained larger micropores due
to the bulkier nature of the extended iptycene.*** In terms of
gas transport properties, both polymers experienced CO,-
induced plasticization when exposed to a mixture feed of
50:50 CO,/CH, up to a CO, partial pressure of 16 bar, as
evident from the increase in both CO, and CH, permeability
with increasing feed pressure.**?

2460 | Chem. Soc. Rev, 2024, 53, 2435-2529

Several other studies have shown that solely increasing the
intrachain rigidity to mitigate plasticization may not be
effective.”®°%?34733¢ [n 2014, Swaidan et al. examined the gas
transport properties of two triptycene-based intrinsically micro-
porous polyimides, KAUST-PI-1 (TPDA-TMPD) and KAUST-PI-5
(TPDA-6FpDA) (Fig. 26).”° When comparing the degrees of
torsional freedom at 35 °C for the characteristic highlighted
bonds in Fig. 27a and Fig. 27b, it was found that KAUST-PI-5,
which contains the 6FpDA diamine, exhibits more torsional
freedom due to (a) the non-substituted N-phenyl-imide bond
and (b) the single bonds between the phenyl rings. Thus, it was
expected that KAUST-PI-1 would exhibit higher plasticization
resistance due to its increased backbone rigidity and reduced
rotational mobility.

While the more flexible KAUST-PI-5 exhibited a plasticization
pressure at 10 bar CO, partial pressure in both pure- and mixed-
gas (50: 50 CO,/CH, mixture) tests, KAUST-PI-1 showed signifi-
cant effects from plasticization, as indicated by an immediate
rise in CO, permeability with pressure in both pure- and mixed-
gas tests.”® Thus, it was concluded that intrachain rigidity alone
is insufficient to mitigate plasticization and, instead, intrachain
flexibility could actually result in changes in polymer conforma-
tion to help suppress plasticization. In the case of KAUST-PI-5,
for example, flexible backbones can coplanarize and assume a
denser packing configuration, leading to interchain interactions
that subsequently restrict chain mobility.”® Thus, establishing a
balance between intrachain and interchain rigidity can lead to
plasticization-resistant membranes.

In 2015, Swaidan et al. continued this study by comparing
the effects of plasticization on gas transport properties in PIM-1
and two triptycene-based ladder polymers, TPIM-1 and TPIM-2
(Fig. 26).”® When comparing the degrees of torsional freedom at
35 °C for representative PIMs, it was found that TPIM-1 contains
higher intrachain rigidity compared to PIM-1 due to the presence
of the rigid triptycene group in its backbone (Fig. 28).>® However,
when measuring mixed-gas permeability (50:50 CO,/CH, mix-
ture) at 10 bar CO, partial pressure, TPIM-1 experienced a 93%

This journal is © The Royal Society of Chemistry 2024
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increase in CH, permeability compared to pure-gas permeability
at a feed pressure of 10 bar, while PIM-1 experienced a 62%
increase.”® This increase in CH4 permeability is an indication of
CO,-induced plasticization despite the high intrachain rigidity of
TPIM-1. TPIM-2, instead, plasticized less readily than TPIM-1,
showing less than a 10% increase in CH, permeability from the
pure- to mixed-gas test up to a CO, partial pressure of 15 bar.>®
The authors investigated the potential origin of this difference in
plasticization susceptibility through transport analysis. TPIM-1
possessed higher O, permeability and O,/N, selectivity than
TPIM-2, suggesting a highly ultra-microporous, size-sieving pore
structure with a significant amount of pores around the sizes of
0, and N, at 3-4 A.?® If such pores are dilated during exposure to
CO, at higher pressures, both CO, (dy = 3.3 A) and CH, (dyx =
3.8 A) diffusivities will be significantly affected.*®* This hypoth-
esis is illustrated further in Fig. 29.

2462 | Chem. Soc. Rev., 2024, 53, 2435-2529

Genduso et al. also examined the effects of intrachain
rigidity on plasticization resistance by conducting mixed-gas
permeability experiments on PIM-Trip-TB, PIM-1, and 6FDA-
mPDA (Fig. 26).>** At ~10 bar CO, partial fugacity in a
50:50 mol% CO,/CH, mixture, it was found that the CH,
diffusion coefficients for PIM-1 and PIM-Trip-TB were 1.4 and
2.2 times higher than those for 6FDA-mPDA.*** From this result,
the authors concluded that intrachain rigidity alone found in PIM
structures cannot suppress CO,-induced plasticization.***

Zhu et al. synthesized and characterized two different regioi-
somers of triptycene-containing TB-based polymers, CTTB and
MTTB, with ITTB being a 50: 50 mixture of the two (Fig. 26), and
found that there was a 30-50% increase in CO, and CH, perme-
ability for all three polymers compared to pure-gas experiments
at feed pressures from 2 to 16 bar.*** Although CTTB, MTTB, and
ITTB possessed both triptycene and TB, the polymers still

This journal is © The Royal Society of Chemistry 2024
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experienced CO,-induced plasticization,**’ solidifying the hypoth-
esis that intrachain rigidity alone may not suppress plasticization.

Ma et al generated a fluorine-functionalized triptycene-
containing TB-based polymer known as DFTTB (Fig. 26).>** When
increasing the upstream pure-gas CO, pressure, the CO, perme-
ability of DFTTB decreased around 4% from 2 to 5 bar.**
However, from 5 to 15 bar, DFTTB experienced an approximately
30% increase in CO, permeability.>*® When mixed-gas tests
(50:50 CO,/CH, mixture) were conducted from a feed pressure
of 2 to 20 bar on DFTTB, the CO,/CH, selectivity decreased from
28.1 to 18.9, and the CH, permeability increased from 82 barrer
to 119 barrer, once again indicating CO,-induced plasticization in
structures with intrachain rigidity.**® Still, at a CO, partial
pressure of 10 bar, DFTTB exhibited a CO,/CH, selectivity of
18.9 and a CO, permeability of 2253 barrer, which lies above the

This journal is © The Royal Society of Chemistry 2024

2018 CO,/CH, mixed-gas upper bound**” and renders DFTTB as
a promising candidate for natural gas purification.**®

The effects of additional chemical moieties on intrachain rigidity
and gas transport properties have also been studied. Using
superacid-catalyzed hydroxyalkylation Friedel-Crafts polymeriza-
tion, Cai et al. synthesized a series of microporous polymers named
SACP-1 (BET surface area = 307 m> g~ '), SACP-2 (BET surface area =
273 m”> g '), and SACP-3 (BET surface area = 568 m* g~ ') (Fig. 30).>*®
When mixed-gas tests (50:50 vol% CO,/CH,) were performed with
total feed pressures ranging from 4 to 40 bar, it was found that while
SACP-1 and SACP-2 experienced a 34% and 40% decrease in CO,/
CH, selectivity, respectively, SACP-3 experienced only a 29%
decrease in CO,/CH, permselectivity.>*® The authors ascribed the
superior plasticization resistance of SACP-3 to its increased chain
rigidity from the presence of spirobisindane moieties, as well as its
micropore architecture, which consists of micropores larger than
the kinetic diameter of CH,.>*® Dilation of these micropores would
thus not affect CH, permeability as much.**®

Chen et al. studied the plasticization resistance of PIM-PBOI-3
(Fig. 30) before and after thermal annealing at 400 °C.**® Both the
unannealed and thermally-annealed PIM-PBOI-3 exhibited a
pure-gas CO, plasticization pressure of ~10 bar, but the CO,/
CH, selectivity of the annealed PIM-PBOI-3 decreased by only
13.8% from 28.6 at a feed pressure of 1 bar to 24.7 at a feed
pressure of 30 bar.>*° In contrast, the CO,/CH, selectivity of the
unannealed PIM-PBOI-3 dropped by ~40.9% from 23.2 at a feed
pressure of 1 bar to ~13.7 at a feed pressure of 30 bar.**° The
authors attributed the improved plasticization resistance of the
thermally-annealed PIM-PBOI-3 to potential crosslinking,**
which is a plasticization mitigation method that will be discussed
in further detail in Section 4.2.2.

The gas transport properties of PIM-ABAs, which contain
difluorenylanthracene-based moieties, synthesized by Han

Chem. Soc. Rev,, 2024, 53, 2435-2529 | 2463
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et al. were also reported.’*® Mixed-gas (15:85 CO,/N,) data of
PIM-ABA-TMEN (BET surface area = 952 m” g~ ') (Fig. 30) at a
total upstream feed pressure of 2 to 15 bar was collected. The
mixed-gas CO, permeability of PIM-ABA-TMEN increased very
slightly from 9191.50 barrer at a total feed pressure of 2 bar to
9242.50 barrer at a total feed pressure of 15 bar, indicating a
less than 1% increase over the pressure range considered.’*® In
addition, the mixed-gas CO,/N, selectivity increased slightly
from 19.63 to 21.20, representing an 8% increase over the
pressure range considered.>*°

Polymers developed via catalytic arene-norbornene annula-
tion (CANAL) polymerization have also shown promising plasti-
cization resistance. Mixed-gas permeation for CO,/CH, (50: 50) of
one such polymer developed in 2022, known as CANAL-Me-Me,F
(Fig. 30), was evaluated. It was found that the mixed-gas selectiv-
ity remained above 35 even at 14 bar of CO, partial pressure,
significantly exceeding the 2018 CO,/CH, mixed-gas upper
bound. The authors attributed this high performance to the 3D
backbone contortions of CANAL polymers contributing to high
gas selectivity.*”**!

4.1.2. Interchain rigidity involving hydrogen bonding
groups. The idea that intrachain rigidity alone cannot be used
to mitigate plasticization in polymer membranes has prompted
researchers to investigate the effects of interchain rigidity on

2464 | Chem. Soc. Rev., 2024, 53, 2435-2529

plasticization resistance. The incorporation of polar moieties
that can hydrogen bond has shown some success in mitigating
the effects of plasticization.'****>34% In this section, BET sur-
face areas are reported, where applicable, to further illustrate
the effects of hydrogen bonding groups on polymer packing.
BET analysis is somewhat variable for microporous polymers,
and oftentimes, different groups will report slightly different
values for the same polymer composition, which can relate to
testing conditions or polymer preparation. In addition, the use
of BET surface area to assess the microporosity in polymers has
been a subject of controversy.>*® However, in this review, we will
indicate BET surface area reported for a specific study, even if
those values differ from one paper to another for the same
polymer.

Abdulhamid et al. demonstrated that a trimethyl-functional
polyimide with substituted carboxylic acid (6FDA-TrMCA, BET
surface area = 260 m”> g~ ') had higher CO,/CH, selectivity (both
in the pure- and equimolar mixed-gas cases) than the unsubsti-
tuted 6FDA-TrMPD analog (BET surface area = 450 m* g~ ). While
these polymers have classically been defined as non-porous,***>*
we choose to include them in this review because of their reported
BET surface areas. This unambiguous structure-property study
suggests that the presence of -COOH functionality leads to inter-
chain hydrogen bonding and charge transfer complex (CTC)

This journal is © The Royal Society of Chemistry 2024
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formation, two key features that correlate with increased inter-
chain rigidity.>** Note that TrMPD is also referred to as 2,4-
diaminomesitylene (DAM) in the membrane literature,*>**3>*3
Both structures, as presented in Fig. 31, have been investigated for
plasticization.**> At ~2 bar CO, partial pressure, the mixed-gas
selectivity of 6FDA-TTMPD was almost 10% higher than its pure-
gas selectivity, while the mixed-gas selectivity of 6FDA-TrMCA was
about 7% higher than its pure-gas selectivity.>*> Similarly, at ~15
bar CO, partial pressure, the mixed-gas selectivity of 6FDA-TTMPD
was about 15% higher than its pure-gas selectivity, while the
mixed-gas selectivity of 6FDA-TrMCA was about 2% higher than
its pure-gas selectivity.>*> Such effects are typically associated with
competitive sorption®**>® and also suggest plasticization resis-
tance since selectivity was not compromised at higher feed
pressures.”*> However, Mizrahi Rodriguez et al. found that the
pure-gas CO, plasticization pressure of PIM-COOH (~5 bar) was
lower than that of PIM-1 (~15 bar), despite the former being a
carboxylic acid-functionalized version of the latter."*® The struc-
tures of PIM-COOH (BET surface area = 373 m”> g~ ') and PIM-1
(BET surface area = 886 m> g~ ') are shown in Fig. 31. The authors
attributed this unexpected result to a potential disruption of
secondary interactions when exposed to CO,, which subsequently
can lead to increased free volume and higher CO, diffusion at
higher pressures.'*® In addition, mixed-gas (50: 50 CO,/CH,) data
was collected for PIM-COOH below and above the pure-gas
plasticization pressure of ~5 bar (~1 bar and ~7 bar CO, partial
pressure)."*® While the mixed-gas CO,/CH, selectivity for PIM-
COOH at ~1 bar CO, partial pressure was higher than that at ~7
bar CO, partial pressure, suggesting plasticization, PIM-COOH still
displayed excellent transport properties that lied on the 2018
mixed-gas upper bound."****

A number of plasticization studies have also been performed
on hydroxyl-functionalized PIMs, and these structures are pre-
sented in Fig. 32. When comparing the hydroxyl-functionalized
TPDA-DAR to its non-functionalized analog (TPDA-mPDA), Ala-
slai et al. found that TPDA-DAR exhibited higher CO,/CH,
selectivity than TPDA-mPDA in both the pure- and mixed-gas
(50:50 vol% CO,/CH,) scenarios up to a CO, partial pressure of

This journal is © The Royal Society of Chemistry 2024
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~20 bar.**® For instance, at a CO, partial pressure of ~20 bar,
both the pure- and mixed-gas selectivity of TPDA-DAR were
about 65% higher than that of TPDA-mPDA.>** This finding can
be explained from the higher BET surface area found in TPDA-
mPDA (565 m” g~ ') versus that of TPDA-DAR (308 m” g~ "), due
to the presence of hydrogen bonds in the latter sample that
increased CTC formation and tighter chain packing.*** Both
polymers displayed excellent plasticization resistance, as evi-
dent from the absence of an increase in either CO, or CH,
permeability up to a CO, partial pressure of ~20 bar in both
the pure- and mixed-gas cases.’*® Additionally, while the CO,/
CH, selectivity of both polymers decreased with increasing CO,
partial pressure for both pure- and mixed-gas cases, the mixed-
gas CO,/CH, selectivity and CO, permeability of TPDA-DAR
was 38 and 140 barrer, respectively, at a partial CO, pressure of
~10 bar. This result lies on the 2018 mixed-gas upper bound**”
and thus indicates promising gas separation properties.**?

Alaslai et al. also compared 6FDA-DAT1-OH with its non-
functionalized analog 6FDA-DAT1 (Fig. 32) and found that the
former had a pure-gas CO, permeability of 70 barrer and a CO,/
CH, selectivity of 50, while the latter had a pure-gas CO, perme-
ability and a CO,/CH, selectivity of 120 barrer and 38,
respectively.>** The decrease in permeability and increase in selec-
tivity with hydroxyl-functionalization can be attributed to the lower
BET surface area of 6FDA-DAT1-OH (160 m* g~ ') compared to that
of 6FDA-DAT1 (320 m® g~ "), which results from strong CTC
formation that could occur because of hydrogen bonding tightening
the polymer microstructure.>** In addition, 6FDA-DAT1-OH did not
exhibit a CO, plasticization pressure up to 20 bar CO, partial
pressure in either the pure- or mixed-gas (1:1 molar ratio CO,/
CH,) scenario while maintaining a mixed-gas CO, permeability of
50 barrer and a CO,/CHj selectivity of 40 at a CO, partial pressure of
10 bar, indicating strong plasticization resistance.>**

Alghunaimi et al. synthesized the hydroxyl-functionalized
PIM-polyimide (PIM-PI) TDA1-APAF (BET surface area =260 m” g~ ")
(Fig. 32), which exhibited a pure-gas CO, permeability of 44 barrer
and a CO,/CH, selectivity of 55 at a feed pressure of 2 bar.>* In both
the pure- and mixed-gas (1:1 CO,/CH, mixture) cases, TDA1-APAF
did not show a CO, plasticization pressure up to 15 bar CO, partial
pressure**® and displayed a mixed-gas CO,/CH, selectivity of ~45 at
15 bar CO, partial pressure,®*® which shows promise for plasticiza-
tion resistance. Similarly, Ma et al demonstrated that both PIM-
6FDA-OH (BET surface area = 225 m”> g~ ') and PIM-PMDA-OH (BET
surface area = 190 m”> g~ ') (Fig. 32) had high mixed-gas CO,/CH,
selectivity (> 20) even at a high CO, partial pressure of 20 bar for
a 1:1 molar ratio.**® More recently, in 2022, Weng et al.
synthesized HSBI-4-CF; (BET surface area = 318 m* g ') and
HSBI-3-CF; (BET surface area = 287 m”> g ') (Fig. 32), two
hydroxyl-functionalized PIMs via a Friedel-Crafts polycondensa-
tion reaction.**” Both the pure-gas CO, and CH, permeabilities
of HSBI-4-CF; and HSBI-3-CF; continuously decreased with
increasing feed pressure from 2 to 18 bar, indicating strong
plasticization resistance that can be attributed to hydrogen
bonding between the hydroxyl groups.**”

Amidoxime functionalization of PIM-1 (listed as AO-PIM-1
(Fig. 33)) has also shown promising plasticization resistance, as
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Fig. 32 Chemical structures of polymers of intrinsic microporosity containing hydroxyl functionality (along with non-functionalized counterparts), for

studies that reported pure-gas pressurization studies and/or mixed-gas permeation.
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Fig. 33 Chemical structure of AO-PIM-1, a polymer of intrinsic micro-
porosity containing amidoxime functionalization (highlighted in red).*47348

it can rigidify the polymer matrix and introduce more micro-
porosity due to intermolecular hydrogen bonding.**” Swaidan
et al. found that AO-PIM-1 (BET surface area = 482 m> g~ ') had
a three-fold increase in pure-gas CO,/CH, diffusivity selectivity
over PIM-1 (BET surface area = 768 m”> g~ ') with comparable

2466 | Chem. Soc. Rev., 2024, 53, 2435-2529
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solubility selectivity.>®” In addition, the mixed-gas CO,/CH,
(50:50 CO,/CH, mixture) selectivity of AO-PIM-1 decreased by
about 13% from ~23.7 at a total feed pressure of 4 bar to ~21 at
a total feed pressure of 20 bar.**’ For PIM-1, the mixed-gas
selectivity decreased by about 60% under similar conditions to
~8 at a total feed pressure of 20 bar due to the significant
increase in CH, diffusion coefficients from CO,-induced
swelling.**” These results suggest that amidoxime functionaliza-
tion can lead to plasticization resistance.>*’ AO-PIM-1 was also
examined for its efficacy in sour gas separations by Yi et al., and it
was found that when the polymer was exposed to a ternary feed
mixture of 20% H,S, 20% CO,, and 60% CH, at 35 °C, the CO,/
CH, selectivity was relatively stable up to a total feed pressure of
80 bar, while H,S/CH, selectivity increased from 50 at a total feed
pressure of 10 bar to ~70 at a total feed pressure of 80 bar.**®
This suggests some degree of plasticization with H,S.

This journal is © The Royal Society of Chemistry 2024
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Fig. 34 Chemical structure of amine-PIM-1, a polymer of intrinsic micro-
porosity containing amine functionalization (highlighted in red).3*8

Satilmis et al. synthesized an amine-functionalized version
of PIM-1, named amine-PIM-1 (Fig. 34).>>® This structure is
often referred to as PIM-NH,.*®"'** Post-synthetic modification
reactions reached 93% conversion from the cyano group in
PIM-1 to an amine group. For gas permeation testing, increas-
ing the feed pressure of CO, from 0.2 to 1 bar resulted in a
decreased permeability from ~ 1400 to ~ 800 barrer, while—
interestingly—CO, diffusivity increased by almost 60%.%°® This
unusual transport behavior warrants further investigation to
understand the role of amine functionality on CO, transport
and plasticization resistance in these microporous polymers.

In addition to introducing hydroxyl groups to facilitate CTC
formation, thermal annealing has been used to further supple-
ment interchain hydrogen bonding with CTCs, allowing polymer
chains to relax into a denser structure.***®'>® Swaidan et al.
thermally annealed PIM-6FDA-OH (Fig. 35) at 250 °C for 24 h,
which resulted in enhanced interchain hydrogen bonding with
CTCs." In the pure-gas case, no observable C;Hg plasticization
pressure was found in the thermally-annealed PIM-6FDA-OH
sample up to a feed pressure of 5.0 bar, while PIM-6FDA-OH
without thermal annealing had a C;H, plasticization pressure of
~3.0 bar.”™ In the mixed-gas case (50 : 50 C;Hg/C3Hg), thermally-
annealed PIM-6FDA-OH did not exhibit a plasticization pressure
up to a C3H, partial feed pressure of 2.5 bar, while PIM-6FDA-OH

D

H TPDA-ATAF

PIM-6FDA-OH

View Article Online

Review Article

without thermal annealing showed a C;Hj plasticization pressure
of ~2.0 bar.”® In addition, thermal annealing of PIM-6FDA-OH
still resulted in a 50% increase in C3;Hg/C3Hg selectivity in both
pure- and mixed-gas cases.”® Yi et al. also thermally annealed
PIM-6FDA-OH using the same procedure, but studied this poly-
mer for sour gas separations.*® They found that in pure-gas tests,
the H,S plasticization pressure was around 4.5 bar and the CO,
plasticization pressure was greater than 28 bar for thermally-
annealed PIM-6FDA-OH.*® In addition, in mixed-gas tests (15%
H,S, 15% CO,, 70% CH,), thermally-annealed PIM-6FDA-OH
maintained an excellent CO,/CH, selectivity (~25) even at a total
feed pressure of nearly 50 bar, while H,S/CH, selectivity reached
up to 30 at a total pressure of nearly 50 bar.*®

In a study by Swaidan et al., the effects of thermal annealing
at 250 °C on the hydroxyl-functionalized TPDA-APAF and
methyl-functionalized TPDA-ATAF (Fig. 35) were investigated.®*
Without thermal annealing, both TPDA-APAF and TPDA-ATAF
experienced increases in CO, and CH, permeability in the
mixed-gas (50:50 CO,/CH,) case, along with observable CO,
plasticization pressures of 10 bar for both polymers in pure- and
mixed-gas cases.>® However, when the polymers were thermally
annealed, CO, and CH, permeabilities, in both the pure- and
mixed-gas cases, were relatively consistent up to a CO, partial
pressure of 25 bar, with TPDA-APAF exhibiting lower CO,
permeability but higher CO,/CH, selectivity due to hydroxyl
functionality.** Examples involving more intensive thermal
treatments that lead to changes in chemical structure (such as
thermal rearrangement, carbon molecular sieve formation, and
crosslinking) will be discussed in Section 4.2.

4.1.3. Interchain rigidity involving other secondary interac-
tions. While hydrogen bonding has shown promise in rigidifying
PIM structures to mitigate plasticization, other secondary inter-
actions have been shown to be effective as well. For example, the
triptycene moiety is often used to increase intrachain rigidity and

FsC CF;

Fig. 35 Chemical structures of thermally-treated polymers of intrinsic microporosity containing hydrogen bonding functionality that reported pure-gas

pressurization studies and/or mixed-gas permeation.

This journal is © The Royal Society of Chemistry 2024
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(a) Example of n—m interactions found in electron-rich aromatic groups of PIM-6FDA-OH due to the formation of charge-transfer complexes

(CTCs). Reprinted with permission from ref. 159 (Copyright Elsevier, 2015). (b) Chemical structure of the triptycene-containing 6FDA-DATRI, which is

equivalent to 6FDA-DATL in Fig. 32.36°

generate free volume in microporous polymers,829:321,322,359-364

Aromatics can also introduce pseudophysical crosslinking by inter-
locking and n-n interactions between the m orbitals present in
phenyl rings (Fig. 36a).>®*>% In 2011, Cho and Park demon-
strated that, with a mixed-gas 50:50 CO,/CH, feed at a CO,
partial pressure of up to ~9 bar, the CO,/CH, selectivity of the
triptycene-containing 6FDA-DAT1 (referred to as “6FDA-DATRI”
in the manuscript) (Fig. 36b) was maintained, while CO,/CH,
selectivity of 6FDA-mPDA and 6FDA-mTMPD decreased with
increasing feed pressure.’®® This result suggests that the sec-
ondary interactions resulting from the triptycene moiety may
help to mitigate plasticization.

In addition to the n-m interactions between phenyl rings in
triptycene groups, it has also been found that different sub-
stituents that alter packing of polymer chains may likewise lead
to plasticization resistance. In 2018, Bezzu et al. examined PIM-
SBF-1 and PIM-SBF-5 (Fig. 37), which have a hydrogen and tert-
butyl substituent, respectively.**® When exposed to a CO,/CH,
mixture feed of 35: 65 vol% from 1 to 6 bar, both the hydrogen-
containing PIM-SBF-1 and the ¢-butyl-containing PIM-SBF-5
experienced a CO, permeability and CO,/CH, selectivity
decrease of about 20% as feed pressure increased.*®® However,
when the feed pressure was kept constant at 3 bar, it was found
that permeability and selectivity of PIM-SBF-5 was independent
of gas composition ranging from 10-50% CO,.**® While this
study focused on physical aging and found that PIM-SBF-5 had
considerably slower aging than PIM-SBF-1 due to the bulkier
tert-butyl groups, which resulted in more stable polymer chain
spacing during aging,**® these findings suggest that strategies
to improve stability of polymer chain spacing could be applied
to mitigate plasticization as well.

) o
L o Lo
el

PIM-SBF-1

PIM-SBF-5

Fig. 37 Chemical structures of PIM-SBF-1 and PIM-SBF-5.%%% The t-butyl
group in PIM-SBF-5 is highlighted in red.
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Introducing fluorine functionality to polymers can enhance
interchain interactions,?***® which can improve plasticization
resistance. A fluorine-functionalized PIM that has been ana-
lyzed for gas transport properties is PIM-2 (Fig. 38).°*° In this
work, Fuoco et al. investigated mixed-gas tests for both CO,/
CH, (50:50 vol%) and CO,/N, (15:85 vol%), and found that
when the feed pressure was increased from 1 to 6 bar, both
CO,/CH; and CO,/N, mixed-gas selectivities were slightly
higher than the respective ideal selectivities, likely due to
competitive sorption.>®® In addition, as the feed pressure was
increased, mixed-gas CO, permeability decreased slightly due
to saturation of Langmuir sorption sites, while both CH, and
N, permeability were relatively constant.*®® This finding is
indicative of plasticization resistance as CH, and N, perme-
ability would otherwise increase if the polymer experienced
dilation from CO,-induced plasticization.

In 2019, a class of polymers generated via ring opening
metathesis polymerization (ROMP) were studied for gas separa-
tion applications.*® These polymers, CF;-ROMP and OMe-ROMP
(Fig. 39), contain rigid side chains and flexible poly(norbornene)
backbones.*® This new structural design may have promoted
greater “physical interlocking” and interchain rigidity between
side chains, ultimately leading to outstanding plasticization
resistance in which no CO, plasticization pressure was observed
up to a pure-gas CO, feed pressure of 51 bar.* In addition,
preliminary mixed-gas experiments on CF;-ROMP with a 50:50
vol% CO,/CH, mixture at a feed pressure of 2 bar showed that the
mixed-gas CO,/CH, selectivity increased by 21.5% compared to
the pure-gas case, potentially indicating an increase in solubility
selectivity (due to competitive sorption).** In follow-up studies
that investigated the role of side-chain length on plasticization

PIM-2 n

Fig. 38 Chemical structure of PIM-2.%%° Fluorines are highlighted in red.

This journal is © The Royal Society of Chemistry 2024
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CF3-ROMP

Fig. 39 Chemical structures of CF3-ROMP and OMe-ROMP.*® The CFs functional group is highlighted in blue, while the OMe functional group is
highlighted in red.

resistance for OMe-ROMP, it was found that increasing side-chain
length led to increased plasticization resistance. This was attrib-
uted to greater interchain rigidity from longer side chains.>”**"*

4.2. Post-synthetic packing structure modification

The following section addresses strategies related to post-
synthetic packing structure modification (PPSM) to improve
plasticization resistance. This section focuses on methods tar-
geted towards altering the solid-state packing structure as
opposed to the chemical structure described in detail in Section 4.1.
PPSM strategies include structural rearrangement via thermal or
UV methods as well as thermal and chemical crosslinking. Fre-
quently, these strategies produce insoluble materials.

4.2.1. Structural transformation

4.2.1.1. Thermally rearranged polymers. The solid-state pack-
ing structure of certain polymers can be altered through a so-
called thermal rearrangement reaction of a pre-cast film. As an
aside, these polymers are more technically described as under-
going decarboxylation reactions since they do not follow classic
rearrangement reactions found in organic chemistry. Never-
theless, thermally rearranged (TR) polymers have a corres-
ponding conformational change to the angles of backbone
connectivity from precursor to final form, and hence, they
assume the descriptor of “rearrangement” to emphasize this
structural change. First detailed by Park et al., thermal rear-
rangement occurs when a polymer containing an ortho-
functional hydroxy-imide is heated to approximately 400 °C.
At this elevated temperature, the hydroxyl group reacts with the
imide to form a benzoxazole via decarboxylation, causing a shift
in the pore size distribution and generally improving transport
properties.’" A generalized reaction scheme is shown in Fig. 23.
Originally demonstrated using polyimide homopolymers,*!*
this strategy has been applied by a number of researchers for
PIM-PI structures, shown below in Fig. 40.>”>~”” The rearranged
polymers containing benzoxazole groups have a more rigid and
potentially crosslinked backbone structure compared to their
polyimide precursor, indicated by the increase in glass transi-
tion temperature.®”®

Investigation of plasticization resistance for TR PIMs was
first reported by Swaidan et al, where they investigated the
mixed-gas separation of CO,/CH, and C3;H4/C3Hg mixtures for
TR polybenzoxazole (PBO) PIM-6FDA-OH (Fig. 40).>”>37 For a
50:50 CO,/CH, mixture ranging from 4 to 20 bar total pressure,
the base PIM-6FDA-OH polymer showed a decrease in selectiv-
ity from 34 to 22,>*® while the TR PBO displayed better
plasticization resistance, showing a small decrease in selectivity

This journal is © The Royal Society of Chemistry 2024

OMe-ROMP

from 18 to 15.3”% For a 50:50 C;He/C;Hg mixture at 2 bar total
pressure, the TR PBO showed a decrease from pure-gas selec-
tivity of 15 to a mixed-gas selectivity of 11. However, in this case,
the mixed-gas selectivity was stable with increasing feed pres-
sure up to 5 bar, indicative of plasticization resistance.*”* Other
researchers have investigated the plasticization benefits of the
TR technique on other homopolymer backbones. Yerzhankyzy
et al. reported the transport behavior of TR-6FDA-DAT1-OH
(Fig. 40) for a 2 bar total pressure feed of 50:50 C;He/C3Hsg,
where the pure-gas to mixed-gas selectivity of a 28 day aged film
decreased from 16 to 8, indicating significant effects of
plasticization.?”* In contrast, Luo et al. reported no discernable
plasticization pressure up to 15 bar CO, for TPHI-TR (Fig. 40).>”>

A variety of copolymer structures have been modified via the
TR method to combine the transport and plasticization-
resistance benefits of multiple structural groups. For example,
Luo et al. synthesized TPBO, a copolymer based off of their
previously reported TPHI structure, varying the relative
amounts of each component (Fig. 40).%”>” All copolymer films
showed no CO, plasticization pressure up to 10 bar. However,
the mixed-gas performance for only the homopolymer, posses-
sing the same structure as TPHI-TR (Fig. 40), was reported. For
20:80 and 50:50 CO,/CH, mixtures, the TPBO homopolymer
showed decreasing selectivity from 68 to 59 and 63 to 55,
respectively, with increasing CO, partial pressure from 1.5 to 3
bar for the 20:80 mixture and from 4 to 6.7 bar for the 50:50
mixture. The decrease in selectivity was driven by increased CH,
permeability from 5.3 to 6.0 with respect to CO, partial pressure.
The magnitude of these selectivities compare favorably against
the stable CO,/CH, pure-gas selectivity of 56 for pressures up to
10 bar.’’® More recently, Huang et al. developed a series of
thermally rearranged pentiptyciene-based polybenzoxazoles
(PPBO) polymers from a poly(ortho-hydroxyl imide) (PPHI)
precursor.>”® PPBO films showed no plasticization pressure up
to 16 bar in pure-gas permeation tests. The highest performing
film (i.e., a polymer treated using a heating rate of 50 °C min~*
for the intermediate heating step at 300 °C) showed no plasticiza-
tion up to 6.6 bar in binary CO,/CH, mixed-gas tests. Several
variations of TR polymers with the Troger’s base structural group
were recently reported by Hu et al, whereby the 6F6FTB,
6FHABTB, and 6FTMTB copolymers were synthesized with vary-
ing amounts of the TR and Tréger’s base repeat units (Fig. 40).>””
The mixed-gas behavior was investigated for the 6F6FTB-0.3
(n = 0.3) copolymer treated at 400 °C, 425 °C, and 450 °C for a
50:50 CO,/CH, mixture for CO, partial pressures from 2 to
15 bar. The plasticization behavior for the three treatments were

Chem. Soc. Rev,, 2024, 53, 2435-2529 | 2469
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Fig. 40 Chemical structures of thermally rearranged polymers of intrinsic microporosity from studies that reported pure-gas pressurization studies or

mixed-gas permeation. The benzoxazole functionality is highlighted in red.*27377:379

relatively similar, where the selectivity decreased as a function of Along with TR PBO and PIM-6FDA-OH discussed earlier,
increasing CO, partial pressure. More specifically, the selectivity ~Swaidan et al. also investigated the formation of CMS mem-
decreased from 54 to 26, 40 to 25, and 30 to 20 for the 400 °C, branes from PIM-6FDA-OH.>’> For 50:50 CO,/CH, mixtures
425 °C, and 450 °C treatments, respectively, showing a smaller ranging from 4 to 30 bar total pressure, the CMS membranes
percentage decrease in selectivity and improved plasticization formed from 600 °C and 630 °C cures showed roughly the same
resistance with increasing treatment temperature.*”” drop in selectivity from 40 to 20, while the CMS membrane
formed from an 800 °C cure showed a larger drop in selectivity

4.2.1.2. Carbon molecular sieves. In addition to thermal from 80 to 50 compared to the base PIM-6FDA-OH
rearrangement, higher temperature pyrolysis reactions can be polymer.**®3”> While the significant decrease in selectivity with
used to create carbon molecular sieve (CMS) materials.>®® After  pressure is indicative of morphological changes, the mixed-gas
pyrolysis in a controlled atmosphere at temperatures typically selectivity values are very high for the tested pressures and may
ranging from 500-800 °C, polymer precursors transform into be suitable for natural gas sweetening applications. Separation
chains of fused aromatic rings, significantly increasing both of equimolar C,H,/C,H¢ mixtures for PIM-6FDA-OH CMS
intrachain and interchain rigidity and resulting in improved membrane treated at 800 °C was also tested by Salinas et al.,
plasticization resistance.*®' While there are a large number of ~where a decrease in selectivity from 14 to 8 was observed with
studies regarding the transport behavior of CMS membranes increasing total feed pressure from 4 to 20 bar.*®** The decrease
derived from polyimides,*®*' % this section focuses explicitly in selectivity was attributed to an increase in the C,Hg perme-
on CMS membranes derived from microporous polymers. ability originating from physical changes to the CMS structure.

2470 | Chem. Soc. Rev., 2024, 53, 2435-2529 This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00235g

Open Access Article. Published on 31 January 2024. Downloaded on 4/11/2026 9:55:09 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

Salinas et al. also investigated the mixed-gas C,H4/C,Hg
transport performance for a CMS formed from PIM-6FDA.**®
The PIM-6FDA CMS membrane treated at 800 °C showed a
smaller decrease in selectivity compared to PIM-6FDA-OH CMS,
decreasing from 17.9 to 15.6 for an equimolar C,H,/C,Hs
mixture with increasing total feed pressure from 4 to 20 bar.
The improved stability was attributed to its tighter packed CMS
structure compared to its PIM-6FDA-OH counterpart, as sug-
gested by the XRD and Raman spectra. The authors note that
the presence of hydroxyl functional groups appeared to
negatively affect performance and hypothesized that “it is likely
that the additional larger pores created during PBO transfor-
mation for PIM-6FDA-OH precursor CMS membranes during
the pyrolysis process undermine or slow down the formation of
more tightly sintered CMS structure”.*®®> Recently, thin-film
composite CMS membranes were fabricated based on PIM-
6FDA-OH>*® and had CO,/CH, selectivities of 43. The authors
found that the 3 um and 100 nm films had accelerated micro-
structure collapse indicative of physical aging. In another
study, Pinnau and colleagues prepared CMS membranes
through the pyrolysis of a CANAL-Troger’s base ladder polymer
of intrinsic microporosity precursor (CANAL-TB-1).>*” The
membranes showed pure-gas selectivities of 39, 1952, and
> 8200 for H,/CO,, H,/N,, and H,/CH, and mixed-gas selectiv-
ities of 174 for H,/CO, at a 10 bar total feed pressure with a H,
permeability of 8.2 barrer.

4.2.1.3. Polymers with UV transformations. Another method
that has been considered to induce transformation of the
polymer backbone is UV treatment, primarily focusing on
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PIM-1. Li et al. investigated the effect of UV irradiation on
PIM-1 through exposure of dense membranes to a 254 nm
wavelength lamp for periods ranging from 10 min to 4 h.*®® As
shown in Fig. 41, the authors proposed a 1,2-migration reaction
mechanism involving the destruction of the spirocenter cata-
lyzed by radicals generated by UV exposure. The destruction of
the spirocenter was confirmed through WAXS and PALS, where
the elimination of the peak corresponding to the largest d-
spacing in PIM-1 and a decrease in the average free volume
radius supported the hypothesized mechanism. The authors
tested the UV-rearranged PIM-1 polymer for a number of gas
mixtures, including ternary mixtures with H,S and water.?**>%°
Comparing a binary mixed-gas feed of 50:50 CO,/CH, to a
ternary feed of 50:49.95:0.05 CO,/CH,/H,S at ~7 bar total
pressure, the CO,/CH, selectivity dropped from 25.4 to 9.1 for
the 20 min treated sample, demonstrating the strong effect of
H,S as a plasticizing gas.*®® A similar test was conducted on a
4 h UV treated membrane with increasing water concentration
in a 50:50 balance H,/CO, feed at 2 bar total pressure. As the
water concentration in the feed increased from 0 to 15.8 mol%,
the selectivity dropped from 10.5 to 6.9, which the authors
attributed to both water vapor induced plasticization and
competitive sorption from water vapor and CO, that would
decrease H, permeability.**’

Song et al. also investigated the effect of UV irradiation on
PIM-1 membranes through exposure to a 254 nm wavelength
lamp for a period of 5 to 60 minutes.**® Interestingly, a photo-
oxidation mechanism was proposed, counter to the 1,2-
migration reaction mechanism previously discussed. Specifi-
cally, Song proposed an oxidative chain scission mechanism in

CN

CN |,

CN

CN |,

Fig. 41 Proposed 1,2-migration mechanism for UV-exposed PIM-1 proposed by Li et al., resulting in the elimination of the spirocenter. Adapted with

permission from ref. 388 (Copyright Wiley-VCH, 2012).
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Fig. 42 Proposed chain scission mechanism for UV-exposed PIM-1 in the presence of oxygen, resulting in smaller, fragmented chains. These
fragmented chains are hypothesized to pack closer together and effectively form a selective layer at the exposed surface of the film. Adapted with

permission from ref. 390 (Copyright Springer Nature, 2013).

which the UV radiation generates singlet oxygen and ozone
from atmospheric O,, which then attack the polymer chains at
the surface (Fig. 42). This hypothesis was supported by the
presence of peaks corresponding to carbonyl and hydroxyl
groups observed via FTIR for the UV-treated samples. The
fragmented chains can pack more efficiently and reduce por-
osity, as explored via molecular dynamics simulations for PIM-1
and the fragmented polymer. The tighter packing of chains at
the surface effectively formed a thin selective layer at the
exposed surface, similar to an asymmetric membrane, resulting
in decreased pure-gas CO, permeability and increased CO,/CH,
ideal selectivity as a function of UV exposure time. When tested
in a 50:50 CO,/CH, mixture ranging from 4 to 12.5 bar CO,
partial pressure, UV-treated membranes displayed an almost
identical percentage loss in selectivity from 23 to 12 (48%) to
that of the PIM-1 control, which decreased from 13 to 7 (46%).
These films were also tested using a 50: 50 CO,/N, gas mixture
under the same partial pressure conditions, showing decreased
selectivity with respect to CO, partial pressure from 32 to 20 for
the UV-treated samples and from 25 to 17 for PIM-1.%°

4.2.2. Crosslinking

4.2.2.1. Thermal crosslinking. Thermal crosslinking is a com-
mon method to mitigate the effects of plasticization by redu-
cing interchain mobility. In terms of microporous polymers,
the PIM subclass has been investigated rather extensively. Du
et al. thermally treated carboxylic acid-functionalized PIMs
(C-PIMs).**" In their study, the authors prepared C-PIM through
a post-synthetic base-catalyzed hydrolysis reaction to convert a
percentage of the nitrile groups in PIM-1 to carboxylic acid.***
They hypothesized a thermally-induced decarboxylation reac-
tion could produce a stable phenyl radical site that would
crosslink with other sites across chains, as shown in Fig. 43,
resulting in crosslinked decarboxylated PIMs (DC-PIMs). High
pressure pure-gas CO, tests revealed DC-PIM films formed from
C-PIM films with higher degrees of conversion did not display a
plasticization pressure up to ~ 56 bar CO,. Additionally, mixed-
gas tests for 90:10 CO,/N, showed a smaller decrease in the
relative mixed-gas CO,/N, selectivity with respect to CO, partial
pressure for all DC-PIMs compared to PIM-1.*%!

Li et al. investigated the thermal crosslinking of pristine
PIM-1, where a 300 °C treatment of dense PIM-1 membranes
under vacuum was proposed to cause the native nitrile groups
to form stable, bulky triazine rings connecting separate chains,

2472 | Chem. Soc. Rev., 2024, 53, 2435-2529

as shown in Fig. 44.°°> The crosslinked polymers showed
excellent mixed-gas selectivity of 54 for a 50:50 CO,/CH,
mixture at ~7 bar and a mixed-gas selectivity of 38.9 for a
50:50 CO,/N, mixture after crosslinking.***

Song et al. reported a different method for crosslinking PIM-
1 via controlled thermal oxidation, where dense PIM-1 films
were heated to 385 °C under a controlled atmosphere containing
0 to 200 ppm 0,.3% The authors hypothesize that the high
temperature treatment will cause oxidative crosslinking of polymer
chains similar to vulcanization (Fig. 45), thus resulting in a cross-
linked network. The mixed-gas separation performance for the
thermally-oxidated films (TOX-PIM-1) was tested using 50:50
mixtures of CO,/CH, and CO,/N, for a CO, partial pressure range
of 2 to 15 bar. For CO,/CH,, TOX-PIM-1 showed a decrease in
mixed-gas selectivity from 60 to 20 while PIM-1 decreased from 12
to 6. For CO,/N, mixtures, TOX-PIM-1 selectivity showed a decrease
from 45 to 23 and PIM-1 selectivity decreased from 20 to 14 for the
same CO, partial pressure range. Additionally, a CO, plasticization
pressure was not observed for the TOX-PIM-1 films.**?

Chen et al. reported a method for crosslinking of PIM-BM-x, a
partially bromomethylated structure using a methyl-substituted
PIM-1 (PIM-M, see Fig. 46) as the precursor.’** After thermal
treatment at temperatures ranging from 200 °C to 300 °C, the
bromine groups are hypothesized to react with the aromatic
hydrogens, showing a loss of HBr and forming a crosslinked
network, as shown in Fig. 46. High pressure pure-gas CO,
permeability tests indicated improved plasticization resistance
for longer treatment times and at higher temperatures, where
pristine PIM-BM-70 and PIM-BM-70 treated at 200 °C for 10 h
samples displayed a plasticization pressure less than 3.4 bar
while the samples treated for 250 °C for 10 h and 300 °C for 5 h
did not display a plasticization pressure up to ~35 bar.**

Zhang et al. reported a thermal crosslinking method for a
carboxylate PIM (CA-PIM) using a decarboxylation method similar
to Du et al.**'% The authors synthesized copolymers consist-
ing of 2,6-diaminotriptycene (DAT) and 2,6-diaminotriptycene-
14-carboxylic acid (DATCA) using 9: 1 and 8:2 monomer ratios.
When heated to at least 325 °C, it was proposed that the
carboxylic acid groups on adjacent chains reacted and formed
radicals, resulting in a direct crosslinking of the triptycene
groups across chains, as shown in Fig. 47. High pressure
pure-gas CO, permeation tests on both copolymer compositions
showed similar results, where a plasticization pressure of 7 bar

This journal is © The Royal Society of Chemistry 2024
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Fig. 43 Synthesis route from PIM-1 to DC-PIM and proposed crosslinking sites. Adapted with permission from ref. 391 (Copyright National Research

Council of Canada, 2012).

and 17 bar was observed for copolymers heated to 300 °C and
325 °C, respectively, while a plasticization pressure was not
observed up to 30 bar for the copolymer heated to 350 °C,
suggesting that the crosslinking reaction had reached comple-
tion according to the authors.?*®

4.2.2.2. Chemical crosslinking. As opposed to thermal meth-

ods, chemical crosslinking takes advantage of multi-functional
compounds to create crosslinked networks. One such method

This journal is © The Royal Society of Chemistry 2024

was reported by Du et al., where 4-azido phenyl sulfone and 2,6-
bis(4-azidobenzylidene)-4-methylcyclohexanone (Fig. 48) were
used as chemical crosslinkers for PIM-1 via a nitrene reaction
with the nitrile groups.**® The crosslinked polymer films were
tested for 50:50 and 80:20 CO,/CH, feeds ranging from ~3 to
~17 bar total pressure. As pressure increased, the 4-azido phenyl
sulfone-crosslinked film showed a decrease in selectivity from 19
to 17 and the 2,6-bis(4-azidobenzylidene)-4-methylcyclohexanone-
crosslinked film showed a decrease in selectivity from 23 to 21.
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Fig. 45 Schematic for thermally-oxidated crosslinking of PIM-1 to form
covalent crosslinks, effectively blocking off diffusion pathways. Adapted
with permission from ref. 393 (Copyright Springer Nature, 2014).

Both films compared favorably to PIM-1, which showed a
decrease in selectivity from 14 to 11. A plasticization pressure
was not observed up to ~20 bar for pure-gas CO, tests for the
crosslinked films.?>?® A similar crosslinking reaction was inves-
tigated by Khan et al., using a PEG-biazide (Fig. 48) to crosslink
PIM-1.>*” In this case, high pressure pure-gas CO, tests up to
~ 30 bar did not show a plasticization pressure for samples with
as little as 5 wt% of crosslinker.

2474 | Chem. Soc. Rev., 2024, 53, 2435-2529
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Chemical crosslinking for polymers containing triptycene
and Troger’s base structural units was investigated by Zhang
et al., where a triptycene-based diamine was functionalized
with a carboxylic acid group and copolymerized with the
triptycene-based diamine precursor to form a Troger’s base
copolymer, CoPIM-TB.**® The copolymers were crosslinked
using a glycidol agent to react with carboxylic acid groups on
different chains (Fig. 49). The crosslinked films were tested in a
50:50 CO,/CH, mixture from ~2 to ~41 bar total pressure,
showing a decrease in selectivity from 12 to 8 over this pressure
range, primarily due to decreasing CO, permeability and stable
CH, permeability. A plasticization pressure was not observed
for pure-gas and mixed-gas CO, pressures up to ~ 20 bar.>**

Liao et al. investigated the incorporation of divalent metal
ions, such as Zn**, Mg”*, and Ag", in hydrolyzed PIM-1 (C-PIM)."*®
The authors hypothesized that the carboxylic acid groups of C-PIM
would deprotonate in the presence of metal ions, after which the
ions would then act as crosslinkers between polymer chains. The
metal-crosslinked PIMs were tested for a 50:50 mixture of C;Hg/
C;Hg at total feed pressures up to ~9 bar. All three crosslinked
systems showed improved plasticization resistance compared to
PIM-1, with the Zn*" crosslinked polymer showing the highest
permeability due to its larger ionic radius, which results in higher
internal free volume. Conversely, the Mg”* crosslinked polymer
showed the highest selectivity at high pressures, which the authors
attributed to m-orbital interactions with C;Hs.'*®

4.3. Composites, blends, and copolymers

The following section focuses on the use of composites, blends,
and copolymers to improve plasticization resistance. The
majority of strategies already discussed involve only one poly-
mer backbone and its potential treatments and modifications.

This journal is © The Royal Society of Chemistry 2024
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Here, we expand the discussion to include systems with up to
three unique components and their interactions that affect
transport and plasticization resistance.

4.3.1. Polymer systems

4.3.1.1. Copolymers. Copolymerization has been previously
investigated for conventional glassy polymers with the goal of
combining the beneficial aspects of each component.??™4!
This section only focuses on reports detailing the plasticization
resistance of copolymers that incorporate microporous struc-
tural units. It should be noted that many polymers discussed
earlier in this section are copolymers as well (e.g., 6F6FTB,
CoPIM-TB, etc.) but are omitted from this section, since we

This journal is © The Royal Society of Chemistry 2024

(a) Structure for PIM-M. (b) Proposed crosslinking mechanism for heat-treated PIM-BM-70. Adapted with permission from ref. 394 (Copyright

intend to highlight approaches that are specifically designed to
incorporate microporous subunits.

Wu et al. reported the copolymerization of 4-tert-butylcalix-
[4]arene (CA) with the typical PIM-1 monomers to form a
modified PIM-1 backbone structure, shown in Fig. 50.*°* The
addition of small amounts of the CA unit was intended to force
frustrated packing through both forced contortion and
increased rigidity. The mixed-gas selectivity for a 50:50 CO,/
CH, mixture at ~7 bar total pressure was consistently lower
than the pure-gas selectivity for each loading, with the 1.0%
loading showing the best performance and plasticization
resistance."*>
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(@) Monomers 2,6-diaminotriptycene (DAT) and 2,6-diaminotriptycene-14-carboxylic acid (DATCA). (b) Proposed crosslinking mechanism

between two carboxylic acid groups when heated. (c) The final crosslinked structure, demonstrating the connection between two chains at the
carboxylic acid groups of the DATCA monomer. Adapted with permission from ref. 395 (Copyright American Chemical Society, 2020).
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Fig. 48 Three azides investigated for the chemical crosslinking of PIM-

A similar approach was reported by Liu et al., where up to
2 wt% of beta-cyclodextrin (3-CD) monomer, possessing a hollow-
bowl structure, was introduced to rigidify the backbone structure
of PIM-1, shown in Fig. 51."°> The polymers were tested under
50:50 CO,/CH, mixed-gas conditions, where increasing amounts
of B-CD resulted in more stable selectivity, with pure PIM-1
showing a 35% decrease in selectivity compared to a 13% decrease
for 2% B-CD for CO, partial pressures from 2 to 10 bar.**

4.3.1.2. Miscible polymer-polymer blends. In a similar vein to
copolymerization, the physical blending of polymers has also
been investigated for a number of microporous polymers, with
the same goal of combining the beneficial aspects of each
component. Here, the focus is again on systems that
incorporate at least one component that has microporous
characteristics.

Yong et al. published a series of papers detailing the transport
behavior of PIM-1/Matrimid® blended membranes.?>***4%

2476 | Chem. Soc. Rev., 2024, 53, 2435-2529
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First, the authors reported a simple physical blend of PIM-1
and Matrimid® and hypothesized that formation of CTCs
between the two polymers could increase intrachain rigidity
and thereby contribute to better performance and plasticization
resistance. The mixed-gas selectivities of 34 and 30 for a 50:50
CO,/CH, mixture at ~7 bar total pressure for 10:90 and 30:70
compositions of PIM-1/Matrimid® blends showed little change
compared to the pure-gas selectivities of 35 and 30.*** These
polymer blends were then fabricated into hollow fibers, followed
by heat treatment at 75 °C for 3 h and a subsequent silicon
rubber coating procedure for 3 min to cure defects in the fibers.
For a 50:50 CO,/CH, mixture at ~2 bar total pressure, the
10:90 blend composition showed a decrease in selectivity to
23.1 compared to 26.2 for the pure-gas test, while the 15:85
blend composition showed a decrease in selectivity from 34.3 to
28.8, indicating low plasticization resistance with increasing
amounts of PIM-1."** The authors then investigated the effects
of a post-casting diamine crosslinking reaction.*®® In this work,

This journal is © The Royal Society of Chemistry 2024
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Fig. 49 Synthetic route for the synthesis of CoPIM-TB-1 and CoPIM-TB-2, followed by chemical crosslinking using a glycidol agent reacting with the
carboxylic acid groups to form C-CoPIM-TB-1 and C-CoPIM-TB-2. Adapted with permission from ref. 398 (Copyright Elsevier, 2018).

as-cast PIM-1/Matrimid® films were immersed in a diamine
solution (e.g, trimethylenediamine (TMEDA), p-xylylenediamine
(pXDA), triethylenetetramine (TETA), etc.). The diamine would
then act as a crosslinker for the imide functionality on Matri-
mid® and form a Matrimid® crosslinked network within the
PIM-1 polymer. The TETA-crosslinked membrane was tested in a
50:50 H,/CO, gas mixture at ~ 7 bar total pressure and showed a
decrease in pure-gas to mixed-gas selectivity from 9.6 to 5.3.
It should be noted that both plasticization and competitive
sorption could contribute to the decrease in selectivity for
H,/CO, mixtures, but requires further investigation.**®

A similar strategy of blending PIM-1 with a commercial
polymer was reported by Hao et al., where the effect of adding
PIM-1 to Ultem® was investigated.**®*°” For a 90:10 blend of
Ultem®™/PIM-1, 50:50 mixtures of CO,/CH, and CO,/N, at
~7 bar total pressure showed selectivities of 27.3 and 37.0, a

This journal is © The Royal Society of Chemistry 2024

slight increase compared to the pure-gas selectivities of
23.5 and 33.8, respectively, which was attributed to PIM-1
affinity to CO, and competitive sorption effects. Similar small
increases were observed for the 80:20 blend as well.**® The
authors also formed hollow fibers of the 90:10 and 85:15
blended systems. Both fibers were tested for 50:50 CO,/CH,
with 3 bar CO, partial pressure and showed slight increases in
permselectivity compared to the pure-gas permselectivities.*®”

A PIM-1 blend with sulfonated polyphenylenesulfone (sPPSU)
was investigated by Yong et al., where the secondary interactions
caused by the sulfonic acid groups on sPPSU were hypothesized
to increase interchain rigidity.*°® The blends were tested for a
50:50 CO,/CH,4 gas mixture from ~5 to ~30 bar total pressure,
where the 20: 80 sPPSU/PIM-1 blend showed a slight decrease in
mixed-gas selectivity from 26 to 23 over the pressure range.*®
PIM-1 was also blended with a Troger’s base polymer by Zhao

Chem. Soc. Rev,, 2024, 53, 2435-2529 | 2477
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Reprinted with permission from ref. 403 (Copyright Elsevier, 2017).

et al., chosen for its favorable nitrogen-nitrile interactions with
PIM-1 and resulting in good miscibility and interchain rigidity.”**
The 8:2 and 6:4 PIM-1/TB blends did not show a plasticization
pressure up to 40 bar, while PIM-1 displayed a plasticization
pressure at 15 bar.>*?

Blends of PIM-1 and PEG of varying molecular weights (2k to
20k) and loadings (0 to 5 wt%) were investigated by Wu et al.**®

2478 | Chem. Soc. Rev,, 2024, 53, 2435-2529

The authors hypothesized that the addition of the CO,-philic
PEG to the PIM-1 matrix would improve the separation perfor-
mance for CO,-based gas pairs, such as CO,/CH, and CO,/N,.
For pure-gas CO, tests ranging from 4 to 12 bar, plasticization
pressures were not observed for PIM-1 or the blend containing
2.5 wt% of 20k PEG. In addition, similar decreases in perme-
ability (77% for PIM-1 and 72% for the blend) were observed for

This journal is © The Royal Society of Chemistry 2024
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both membranes when comparing the permeability at 12 bar to
that at 4 bar."*

C-PIMs have also been explored in blends with commercial
polymers, such as Torlon™ and Matrimid®, by Yong et al.?>>*°
In both cases, it was hypothesized that the carboxylic acid
functional group on C-PIM would allow for secondary hydrogen
bond interactions with the other polymer in the blend, thereby
increasing interchain rigidity. For the 90:10 C-PIM/Torlon™
system, no plasticization pressure was observed up to ~30 bar,
while pure C-PIM showed a plasticization pressure at ~ 20 bar.
Additionally, the mixed-gas selectivity of 22.2 for a 50:50 CO,/
CH, mixture at ~7 bar total pressure was slightly lower than
the pure-gas selectivity of 24.1.*'° Similarly, for the C-PIM/
Matrimid® system, incorporation of 90 wt% C-PIM into Matri-
mid® increased the plasticization pressure to ~20 bar from
~4 bar for pure Matrimid®™. The same mixed-gas conditions
showed a small decrease in mixed-gas selectivity to 16.9 com-
pared to the pure-gas selectivity of 17.2, showing comparable
results to the C-PIM/Torlon® blend.**®

In addition to the archetypal PIM-1 backbone, PIM-EA(H,)-
TB has also been blended with polybenzimidazole (PBI) and
Matrimid® by Sanchez-Lainez et al and Esposito et al,
respectively.*""*'> For the PIM-EA(H,)-TB/PBI blend, the
authors aimed to combine two structures that showed promis-
ing separation for H,/CO, mixtures, arguing that PIM-EA(H,)-
TB is more appropriate for this separation than PIM-1 due to its
higher intrachain rigidity. Asymmetric membranes were pre-
pared for blends with 0 to 20 wt% of PIM-EA(H,)-TB in PBI and
tested for a 50:50 H,/CO, mixture from 3 to 6 bar total
pressure, showing increased mixed-gas selectivity from 10 to
21 with increasing pressure in the 20 wt% case due to dual-
mode effects.*'’ For the 50:50 PIM-EA(H,)-TB/Matrimid®™
blend, a 35:65 CO,/CH, mixture ranging from 1 to 6 bar total
pressure resulted in a constant selectivity of 29 and showed
little hysteresis. A constant selectivity of 43 was observed for a
15:85 CO,/N, mixture for the same pressure range.*'?

4.3.2. Polymer-filler systems

4.3.2.1. Metal-organic frameworks. This section focuses on
reports detailing the use of non-miscible fillers in a microporous
polymer continuous phase to form what is generally considered to
be a mixed-matrix membrane (MMM). In particular, significant
research effort has been expended on the use of MOFs as a filler.
A wide variety of MOFs, namely ZIFs and UiO-66, among others,
and their various derivatives, have been investigated to improve
transport performance and plasticization resistance of
microporous polymers. Out of 34 studies resulting from our
literature search related to the incorporation of MOFs in
microporous polymers, MMMs fabricated with ZIF- and UiO-
66-based MOFs were reported in 41% and 35% of the studies,
respectively. Interestingly, 21% of the total studies reported an
amine or nitrile functionalization of the ligand, indicating an
emphasis on improved interfacial compatibility between the
polymer and MOF. The unmodified structures for the most
studied MOFs discussed in this section are shown in Fig. 52."*
These structures do not include all varieties and variations of
MOFs discussed below for the sake of brevity.

This journal is © The Royal Society of Chemistry 2024
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Fig. 52 MOF structures for (a) ZIF-8, (b) ZIF-67, and (c) UiO-66. Legend:
gray, C; red, O, teal, N; dark blue, Zn; light blue, Co; light green, Zr.
Reprinted with permission from ref. 134 (Copyright American Chemical
Society, 2020).

There has been a significant research effort on incorporating
the ZIF family of MOFs as a filler in microporous polymers
primarily due to their excellent size-sieving properties, with the
most well-known and most investigated being ZIF-8.*"* Ma
et al. reported an MMM of PIM-6FDA-OH and ZIF-8 with filler
loadings up to 65 wt%.*'* The authors investigated enhanced
interfacial compatibility between the polymer and MOF based
on hydrogen bonds between the -OH groups of the polymer
and the nitrogen groups on ZIF-8. MMMs with 33 wt% and
65 wt% loading were tested for 50:50 C3He/C3;Hg mixed feed
from 2 to 7 bar total pressure and showed only a small decrease
in selectivity from 22 to 21 and 31 to 29 with increasing feed
pressure, respectively, while pure PIM-6FDA-OH selectivity
decreased from 21 to 12 from 2 to 6 bar total pressure.*'* ZIF-
8 was also used as a filler in a blended PIM-1/6FDA-DAM
polymer matrix by Sinchez-Lainez et al'® The authors
observed that ZIF-8 exhibited better compatibility with 6FDA-
DAM than with PIM-1, resulting in uniform dispersion through-
out the polymer matrix. The MMMs were tested for 50: 50 CO,/
CH, and 10:90 CO,/N, mixtures at 3 bar total pressure, with
MMMs containing 10 wt% ZIF-8 in PIM-1/6FDA-DAM showing
the best combination of permeability and selectivity.*'*> ZIF-8
and SiO, were also investigated as fillers in TOX-PIM-1 by Song
et al., where the authors first blended the filler with PIM-1 and
the entire system was thermally oxidized as described
previously.****'® For a 50:50 CO,/CH, mixture for CO, partial
pressure from 2 to 9 bar, the TOX-PIM-1/ZIF-8 and TOX-PIM-1/
SiO, MMMs showed effectively the same mixed-gas selectivity
change from 35 to 20, while the pure TOX-PIM-1 selectivity
decreased from 60 to 30, indicating improved plasticization
resistance due to the presence of the fillers.*'® More recently,
Xiong et al. developed porous asymmetric composite mem-
branes based from ZIF-8 and the amidoxime-functionalized
polymer, AO-PIM-1.*"” The MOF was grown in situ using the
amidoxime functionality as coordinate sites for Zn>" ions. The
membranes had H, permeabilities of 5688 barrer and H,/CO,
selectivities of 12.

A number of different ZIFs have been investigated as a filler
for PIM-1. Hao et al. combined up to 30 wt% of ZIF-71 in PIM-1,
followed by UV treatment to promote photo-oxidative scission
that resulted in a dense selective layer as described by Song
et al. earlier.>***'® ZIF-71 was chosen for its large pore aperture
of 42 A to promote permeability. The UV-treated 30 wt%
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ZIF-71/PIM-1 MMM showed a pure-gas CO,/CH, selectivity of
35.6, which was greater than the demonstrated mixed-gas
selectivity of 28.8 and 28.3 for a 50:50 and 30:70 CO,/CH,
gas mixtures at ~ 7 bar total pressure. Additionally, the mixed-
gas CO, permeability for a 50:50 CO,/CH, mixture increased
from 2,224 to 3,020 barrer with increased loading from 20 wt%
to 30 wt%.*'®* Wu et al. investigated MMMSs with up to 30 wt% of
ZIF-67 in PIM-1. ZIF-67 is isostructural to ZIF-8, but contains Co
instead of Zn, which results in slightly stiffer metal-ligand
coordination, and hence improved size-sieving separations.*'?
The MMMs were tested in a 30:70 CO,/CH, mixture at 2 bar
CO, partial pressure and showed a decrease in mixed-gas
selectivity when compared to the pure-gas selectivity, with the
smallest decrease from 12 to 11.2 observed for the 30 wt%
loaded MMM.*"® The same group also reported the transport
behavior of up to 36 wt% of ZIF-67 hollow nanoparticles
(ZIF-HNPs) in a PIM-1 matrix.**® The authors differentiate
conventional solid nanoparticles (ZIF-SNPs) from ZIF-HNPs by
the ability to regulate the cavity size of ZIF-HNPs and thereby
control the permeability ratio of PIM-1 to the ZIF-HNPs.**°
Under the same testing conditions, similar changes in mixed-
gas selectivity were observed with the highest loading MMMs
showing the smallest decrease from 17 to 16.**° Again from the
same group, Wang et al. investigated the effect of up to 30 wt%
of amino-functionalized ZIF-7 (NH,-ZIF-7) in PIM-1.**' The
authors suggested that the addition of the -NH, promoted
favorable interaction with the PIM-1 matrix and caused rigidi-
fication of the polymer chains at the interface and partial
blockage of the MOF pores. Under the same 30:70 CO,/CH,
mixed-gas testing conditions, the highest loading MMM tested
showed the smallest decrease in mixed-gas selectivity from 21
to 20.**! Task-specific ionic liquids (TSILs) have also been used
to modify ZIF-67 to form MMMs with PIM-1 by Han et al.***
Specifically, the TSILs shown in Fig. 53, tetramethylgunidinium
phenol (TMGHPhO) and tetramethylgunidinium imidazole
(TMGHIM), were coated on the ZIF-67 particles and were
hypothesized to improve CO, solubility as well as improve the
interfacial compatibility between the MOF and the PIM-1 matrix.
For a 50:50 CO,/CH, mixture at 2 bar total pressure, the 10 wt%
TMGHIM@ZIF-67/PIM-1 MMM showed a mixed-gas selectivity of
9.3, lower than the ideal selectivity of 10.5 and suggesting limited
sorption enhancement effects.**?

Significant research efforts have focused on the addition of
UiO-66 derivatives in microporous matrices. Tien-Binh et al.
explored the incorporation of UiO-66-NH, in PIM-1 through an
in situ cross-interfacial nucleophilic aromatic substitution

(a) (b)

o) + _
+
H,N N/ HNC N
i Y

- N

-~ N\ N
Fig. 53 Chemical structures for (a) TMGHPhO and (b) TMGHIM used to
modify ZIF-67.4%2
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reaction during polymer synthesis shown in Fig. 54a.*** By
introducing the UiO-66-NH,, particle as a starting polymerization
reagent, the MOF effectively acts as a chain terminator for PIM-1
polymer chains, thus introducing a covalent bond between the
polymer and the filler. This system was tested for a 50:50 CO,/
CH, mixture from 2 to 10 bar CO, partial pressure and showed a
constant selectivity of 19 across the entire pressure range, while
the control UiO-66-NH,/PIM-1 MMM showed a decrease in
selectivity from 13 to 10.*** UiO-66-NH, was also used as a filler
in partially converted amidoxime-modified PIM-1 (PAO-PIM-1)
by Wang et al*** The authors hypothesized that a hydrogen
bonding network between the -NH, groups on the MOFs and the
amidoxime groups on the PAO-PIM-1 backbone would result in
improved interfacial compatibility as shown in Fig. 54b. An
MMM containing 30 wt% UiO-66-NH, was tested under a mixed
CO,/CH, and CO,/N, feed at 1 bar total pressure with varying
volumetric compositions (3:7, 1:1, and 7:3). For both gas
mixtures, the mixed-gas selectivity increased with CO, partial
pressure, indicating beneficial competitive sorption and mini-
mal plasticization for the tested pressure range.*>* Another UiO-
66 derivative, UiO-66-CN, was investigated by Yu et al for
incorporation into PIM-1, followed by a high temperature cure
to form bulky triazine rings between two nitrile groups of
separate PIM-1 chains and the nitrile group of UiO-66-CN, using
a thermal crosslinking reaction as described earlier in this
section. The process is shown in Fig. 54¢.**>**> The 20 wt%
MMM showed hysteresis resistance via high pressure CO,
cycling tests, where consistent CO, permeability was observed
for a 50:50 CO,/N, feed cycled three times between 1.4 to 4
bar.**® UiO-66 was once again modified by Prasetya et al. through
a mixed-ligand approach by loading azobenzene linkers inside of
the framework.**® The MMMs were tested for a 15:85 CO,/N,
mixed feed at 1.4 bar total pressure, and it was found that higher
loadings of azobenzene linkers displayed a smaller difference
between pure-gas and mixed-gas selectivity, with the 100%
azobenzene linker MOF showing a decrease in selectivity from
19 to 18. The change in performance with respect to increasing
azobenzene linker percentage was attributed to the bulky azo-
benzene structure causing decreased CO, sorption, resulting in
improving plasticization resistance.**® UiO-66-NH, was also
investigated as a filler in a blended PIM-1/MEEP80 system by
Muldoon et al., where the -NH, functionality was hypothesized
to promote favorable polymer-filler interactions and thereby
improve plasticization resistance.*”” The MMM with 10 wt%
loading of UiO-66-NH, in a 75:25 PIM-1/MEEP80 blend was
tested in a 14 : 86 CO,/N, mixed-gas feed from 1.5 to 3.5 bar total
pressure, showing a small decrease in mixed-gas selectivity from
27.1 to 26.7.*” Work by Geng et al. has also implemented defect-
engineered UiO-66 nanoparticles as pillars to prevent the col-
lapse of the PIM-1 structure and reduce physical aging.**® In
another recent study, Husna et al. grafted UiO-66-NH, particles
with PIM-1 to increase the overall compatibility of the filler into a
PEBAX matrix."*® The surface-modified MOF provided addi-
tional molecular transport channels for the MMM, yielding a
CO, permeability of 247 with a CO,/N, selectivity of 56, improved
mechanical properties and excellent aging resistance.

This journal is © The Royal Society of Chemistry 2024
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Elsevier, 2018; Royal Society of Chemistry, 2017; and Wiley-VCH, 2019).

Another class of widely investigated MOFs are MIL-type
MOFs. For simplicity, MIL-101 refers to MIL-101(Cr) MOF unless
stated otherwise. Khdhayyer et al. investigated the effect of MIL-
101 MOFs and their derivatives in PIM-1."*° The authors found
that MIL-101 showed the best performance among those tested.
The 47 vol% MIL-101/PIM-1 MMM was tested for 15: 85 CO,/N,
and 35:65 CO,/CH, mixtures from 1 to 6 bar total pressure,
showing small decreases in mixed-gas selectivity of 27 to 25 and
24 to 20, respectively.”*® Sabetghadam et al. reported the incor-
poration of NH,-MIL-53(Al) with Matrimid® in a PIM-1 matrix.***
The authors hypothesized that a small loading of Matrimid®
would promote enhanced phase compatibility between the MOF
and PIM-1. For an MMM containing 25 wt% loading of MOF in a
9.1:90.9 Matrimid®/PIM-1 blend, mixed-gas selectivity for a
15:85 CO,/N, feed compared to a feed with 2.3 mol% water
increased from 23 to 28, demonstrating beneficial competitive
sorption effects resulting from a plasticization-resistant MMM.***
Similarly, Fan et al. fabricated MMM:s with loadings up to 30 wt%
using NH,-MIL-53(Al) in Troger’s base polymers to take advan-
tage of beneficial interaction between the MOF -NH, and the
Troger’s base functionality.*** For 10: 90 CO,/N, and 50: 50 CO,/
CH, mixtures ranging from 4 to 15 bar total feed pressure, the
20% loading MMM showed a constant mixed-gas selectivity for
both mixtures of 26 and 24, respectively, while the mixed-gas
selectivity for the pure polymer decreased from 26 to 22 for the
CO,/CH, mixture.**?

Prasetya et al. also investigated the use of Azo-DMOF-1 as a
filler in PIM-1, shown in Fig. 55a.*** The authors hypothesized

This journal is © The Royal Society of Chemistry 2024

and (c) post-synthesis crosslinking.*2> Reprinted with permission from ref. 423-425 (Copyright

that the azobenzene functionalities would improve CO, sorption.
When tested for a 50:50 CO,/N, mixed feed at 1.5 bar total
pressure, the 10 wt% Azo-DMOF-1/PIM-1 MMM showed a
decrease in pure- to mixed-gas selectivity from 20 to 11, indicat-
ing limited sorption enhancement effects.**> Mg-MOF-74 was
also used to form MMMs with PIM-1 by Tien-Binh et al.*** The
authors hypothesized that the hydroxyl groups of the Mg-MOF-74
fillers could undergo a chemical crosslinking reaction with the
fluoride chain ends of PIM-1 and improve interfacial compat-
ibility while constructing channels for gas transport, shown in
Fig. 55b. PIM-1 and MMMs containing 10 and 20 wt% MOF in
PIM-1 were tested using 50 : 50 CO,/CH, mixed-gas feeds ranging
from 4 to 20 bar total pressure. PIM-1 showed a drop in mixed-
gas selectivity from 13 to 6 as a result of increasing CH, perme-
ability with pressure. Meanwhile, the 10 and 20 wt% MMMs
showed stable CH, permeability and consistent mixed-gas selec-
tivity of 13.1 and 19.2, respectively, indicating effective plasticiza-
tion resistance.”*® In 2022, Pu et al incorporated amino-
functionalized NUS-8-MOF nanosheets into PIM-1**® to increase
interfacial compatibility and improve overall CO, transport in
MMMs. At a 10 wt% filler loading, the MMMs had a CO,
permeability of 14000 barrer and a CO,/N, selectivity of 30.
The effect of plasticization on the MMMs was tested using
mixed-gas high-pressure permeation tests up to 50 bar for CO,/
N, and CO,/CH, mixtures at 20 vol% and 30 vol% of CO,,
respectively. No plasticization was observed for CO,/N, tests up
to 50 bar. In CO,/CH, tests, CH, permeability increased slightly
after approximately 5 bar for PIM-1. The plasticization pressure
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Fig. 55 (a) Structure for Azo-DMOF-1%*3 and (b) conceptualization of transport channels created by Mg-MOF-74 in PIM-1.4*4 Reprinted with permission
from ref. 433 and 434 (Copyright American Chemical Society, 2018 and Elsevier, 2016).

for CH, decreased as a function of MOF addition, where at 13.2%
MOF loading, no increase in CH, permeability was observed up
to 50 bar.

4.3.2.2. Other fillers. While MOFs occupy a large portion of
the research space for fillers in polymer membranes, several
other fillers have also been investigated such as silica-based
particles, carbon nanotubes, graphene oxide, and porous
organic frameworks.

Polyhedral oligomeric silsesquioxane (POSS) nanoparticles
have been investigated as a filler in PIM-1 due to their potential
to improve gas diffusion by increasing porosity as well as for their
tunable functional groups to improve compatibility and
dispersibility."*® For example, Yong et al. created MMMSs using
up to 20 wt% of DiSilanolIsobutyl POSS nanoparticles (S01440)
in PIM-1 to study changes in plasticization behavior with filler
content.**® DiSilanollsobutyl POSS, shown in Fig. 56a, was cho-
sen for its high solubility in a dichloromethane casting solvent.
MMMs containing 2 and 10 wt% of POSS were tested using a
50:50 CO,/CH, mixed feed from ~5 to ~30 bar total pressure
and showed a similar decrease in mixed-gas selectivity from 12.5
to 9 with increasing pressure.”*® Kinoshita et al. investigated the
effect of up to 20 wt% of nitro- and amine-modified POSS
particles in PIM-1, hypothesizing that the modified groups could

@ . o) . .
N /O\s / o—\S'/O\Si/
R 0_/SI R/I\ R /0/I /R
\Si//o’\Si’/"o o N O/\Si" \O
o
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R = i-butyl - N@_NHZ
DiSilanolisobutyl POSS
(S01440) OAPS

Fig. 56 Chemical structures for (a) DiSilanollsobutyl POSS**¢ and (b) octa
aminophenyl POSS (OAPS).4¥”
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promote improved interfacial compatibility between the filler and
the polymer matrix. The structure of the amine-modified POSS
(OAPS) is shown in Fig. 56b.**” The 5 wt% amine-modified POSS
MMM was tested for 50: 50 CO,/CH, and 50: 50 CO,/N, mixtures
from 2 to 10 bar CO, partial pressure. For the CO,/CH, mixture,
the mixed-gas selectivity decreased from 12 to 9, while CO,/N,
mixed-gas selectivity decreased from 17.5 to 15 with increasing
pressure.”*’

Carbon nanotubes have received interest as a filler in polymer
membranes for their beneficial mechanical properties and fast
diffusion due to their inherent inner-wall smoothness. Khan et al.
synthesized functionalized multi-walled carbon nanotubes (f-
MWCNTs) as a filler in PIM-1.*® The authors modified the
MWCNTs with poly(ethylene glycol) (PEG) to aid in matrix dis-
persion and created MMMs with up to 3% f-MWCNT loading.
Addition of just 0.5 wt% of -MWCNTS resulted in the elimination
of a plasticization pressure for high pressure CO, tests up to ~30
bar, which was attributed to the strong interaction between the
PEG functionality and the polymer matrix.**® Along a similar line,
Sun et al. synthesized pristine, acid-, and amine-functionalized
MWCNTs as a filler in Cardo-PIM-1.**° The MMMs were tested
for a 50:50 CO,/N, mixture at ~1 bar, showing the highest
selectivity for the amine-functionalized MWCNTs,***

In addition to the 1-D nature of carbon nanotubes, 2-D
sheet-like materials have been used as fillers as well. For
example, Kim et al. formed 2-D scaffolds of graphene oxide
nanosheets inside of a TR polymer.**° Graphene oxide (GO) was
expected to improve size selectivity and mechanical properties
of the material. MMMs with 1.0 wt% loading of GO showed a
CO,/CH, pure-gas selectivity of 32.4 and a mixed-gas selectivity
of 35.1 for a 50:50 mixture at ~1 bar total feed pressure. A
slight increase in selectivity was observed for CO,/N, as well,
from 17.7 to 18.2.**°

In contrast to MOFs, another category of fillers that have
been incorporated into microporous polymers are porous
organic frameworks (POFs). These materials are similar to MOFs
in that the porous structure is meant to improve diffusion and
potentially diffusion selectivity, but they do not contain metal-
ligand coordinative bonds. As such, the porous structure is

This journal is © The Royal Society of Chemistry 2024
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entirely organic, and thus, it is expected to have better dispersion
in the continuous organic polymer phase.**' Bushell et al.
synthesized a porous imine cage (CC3) as a filler for PIM-1
(Fig. 57a).*"" CC3 was synthesized from 1,3,5-triformylbenzene
and (R,R)-1,2-diaminocyclohexane to form a cage-like structure.
MMMs with 30 wt% loading were tested in a ternary 35:10:55
CO,/0,/N, mixture for a total pressure up to 6.5 bar and showed
an increase in selectivity from 13 to 15 due to a combination of
suppressed plasticization and competitive sorption effects.**!
Similarly, Yu et al. synthesized MAPDA, a POF made from
melamine and 1,4-piperazinedicarboxaldehyde, as a filler in
PIM-1 (Fig. 57b).**> MMMs with loadings up to 20 wt% MAPDA
were fabricated. The incorporation 15 wt% of the POF showed a
decrease in mixed-gas selectivity for a 50:50 CO,/N, mixture
from 40 to 30 with increasing pressure from 2 to 4 bar total
pressure. However, a stable CO,/N, mixed-gas selectivity was
observed for up to 70 h of continuous testing at 3 bar feed
pressure.**> There have also been significant research efforts
into the application of porous aromatic frameworks (PAFs) in
microporous polymers, but these materials have primarily been
studied for aging resistance.***™*4°

5. Overview of plasticization
performance of microporous polymers

This section summarizes published work on the plasticization
behavior of microporous polymers that have been evaluated
through high-pressure permeation and/or mixed-gas tests. In
addition, studies on long-term performance and stability of
membranes are summarized. A list of recent reports on micro-
porous materials was compiled using the SciFinder search
engine, where the keywords “PIM”, “polymers of intrinsic
microporosity”’, ‘“‘gas separations”, ‘“membranes”, and ‘‘plasti-
cization” were used to identify research papers that reported
gas separation performance on microporous polymers until the
end of 2022. When not tabulated in the studies, permeability
and selectivity data points were digitally extracted using
WebPlotDigitizer.**’

This journal is © The Royal Society of Chemistry 2024

5.1. High-pressure permeation performance

One of the most common methods to evaluate the suscepti-
bility of a membrane to plasticization is a high-pressure per-
meation test. This test involves increasing the feed pressure of
polarizable or condensable gases (e.g., CO,, C;Hs, H,S, etc.)
while monitoring pure- or mixed-gas permeability. During
high-pressure tests, the pressure at which the permeability
begins to increase is commonly referred to as the “plasticization
pressure”. As discussed in Sections 2 and 3, the plasticization
pressure is the point at which increasing diffusion coefficients
overtake decreasing sorption coefficients, resulting in an overall
increase in permeability.**”> While the plasticization pressure of
the condensable gas can be an initial indication of plasticization
in a polymer film, it does not evaluate co-permeating species, and
thus reveals no information on changes in selectivity for a real
binary separation. Therefore, other more direct indications of
plasticization are also discussed in this section. The following
sections summarize the performance of a variety of microporous
polymers that have been evaluated with high-pressure permea-
tion tests, including polymers with post-synthetic modifications
(PSM) and multi-component systems, such as blends and mixed-
matrix membranes (MMMs).

5.1.1. Pure microporous polymers. This section will con-
sider films formed solely from microporous polymers developed
for gas separations. Fig. 58 showcases high-pressure permeation
data of CO, and CH, for polymers containing hydrogen bonding
groups (such as -OH, -COOH, -NH,, among others) and poly-
mers without hydrogen bonding groups (such as those contain-
ing -CN functionality). Fig. 58a and b represent data collected
from pure-gas tests, while Fig. 58c—f represent data collected
mixed-gas tests (CO,/CH,). To allow for direct comparisons
across different manuscripts, high-pressure permeation tests
were normalized using permeability values for tests at the lowest
pressure, usually 1 bar. Additionally, graphs were truncated at
17 bar CO, partial pressure for ease of comparison among
datasets, which were most commonly limited to pressures below
20 bar. It is important to note, however, that plasticization
pressures above 20 bar have been reported. For example, He
et al. reported a pure-gas CO, plasticization pressure of ~27 bar

Chem. Soc. Rev,, 2024, 53, 2435-2529 | 2483
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for PIM-1,*° which would not appear in Fig. 58. Evaluating
plasticization performance beyond 20 bar is of importance
when considering applications such as natural gas sweetening,
where wellhead pressures can reach well over 50 bar.***

In general, polymers containing hydrogen bonding groups
exhibit less significant increases in CO, permeability, in both
pure- and mixed-gas cases, compared to polymers without
hydrogen bonding groups. This finding can be attributed to
secondary forces that help facilitate the formation of charge
transfer complexes (CTCs) and a reduction in cooperative polymer
chain mobility, which is often described in the literature as
“rigidifying” polymer chains.?****?**%8 A more rigorous method
to identify plasticization effects involves evaluating the permeabil-
ity of the weaker sorbing gas at high pressures during mixed-gas
tests.”® CH, is typically not a plasticizing gas due to its lower
critical temperature (7, = 190.55 K) than common plasticizing
gases such as CO, (T, = 304.13 K). As a result, in a pure-gas
scenario, CH, permeability would not be expected to increase
significantly with increasing feed pressure. However, when CO,/
CH, mixtures are considered, polymer chain mobility due to the
presence of CO, can cause CH, permeability to increase, also
known as “CHy-creep,” a phenomena that can more directly
identify plasticization effects, especially in cases where CO, perme-
ability appears constant.** Notably, when considering CH, perme-
ability for high-pressure mixed-gas tests, polymers with hydrogen
bonding groups generally show smaller increases in CH,
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permeability than polymers without hydrogen bonding groups.
Secondary forces offer a clear means to mitigate plasticization
effects.

Fig. 59 presents normalized CO,/CH, permselectivity as feed
pressure increases. Fig. 59a and b distinguish between polymers
with hydrogen bonding groups and polymers without hydrogen
bonding groups. Both pure- and mixed-gas permselectivities are
reported. In general, mixed-gas permselectivities are lower than
pure-gas permselectivities regardless of whether the polymer
contains hydrogen bonding groups. This general trend can be
attributed to the increase in CH, permeability in the presence of
CO,. Moreover, the decrease in CO,/CHj, selectivity from the pure-
to mixed-gas case for polymers without hydrogen bonding groups
is much more significant than that for polymers with hydrogen
bonding groups, consistent with previous trends suggesting that
hydrogen bonding moieties can suppress plasticization.

5.1.2. Post-synthetic modification. In this section, trends
for high-pressure permeation tests on post-synthetically modified
samples are discussed. Fig. 60a and c showcase the effects of
thermal annealing on CO, and CH, permeability with increasing
pressure in a 50:50 CO,/CH, mixture for TPDA-APAF and TPDA-
ATAF. In this work, Swaidan et al. showed that thermally annealing
TPDA-ATAF and TPDA-APAF at 250 °C for 24 h led to more stable
CH, permeabilities up to a CO, partial pressure of 25 bar.>* While
TPDA-ATAF and TPDA-APAF showed mixed-gas CO, plasticization
pressures at ~10 bar before annealing at 250 °C, no detectable
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(b) S H bonding
§ 1.6
8
£ 144
2
« 124 o
- .
Q ©
o' 104 s @ ) a 1 o
(6] (-] % O(D-: é
° h
3 0.8 & o®% 80 @8“" gao(
g 061
S
< 04 T : .
0 5 10 15
CO, partial pressure (bar)
® TPDA-DAR (pure) A  AO-PIM-1 (pure)
O TPDA-DAR (mixed) A AO-PIM-1 (mixed)
* TDA1-APAF (pure) ¢ TZPIM-2 (pure)
#* TDA1-APAF (mixed) & TZPIM-2 (mixed)
* TDA1-APAF (250 days) (pure) ® 6FDA-TrMCA (pure)
% TDA1-APAF (250 days) (mixed) © 6FDA-TrMCA (mixed)
¢ TPDA-APAF 120C (pure)
& TPDA-APAF 120C (mixed)
© 6FDA-DAT1-OH (pure)
® 6FDA-DAT1-OH (mixed)
® PIM-6FDA-OH (pure)
O PIM-6FDA-OH (mixed)
@ PIM-PMDA-OH (pure)
© PIM-PMDA-OH (mixed)

Fig. 59 Normalized CO,/CH,4 permselectivity vs. CO, pressure for pure polymers with (a) hydrogen bonding groups, and (b) no hydrogen bonding
groups. Red points represent polymers containing triptycene units, green points represent polymers containing SBI/SBF units, purple points represent
polymers containing both triptycene and TB units, and orange points represent all other types of polymers.
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Fig. 60 Normalized CO, permeability vs. CO, partial pressure for (a) thermally annealed polymers® and (b) carbon molecular sieves or thermally
rearranged polymers.®”2 Normalized CH,4 permeability vs. CO, partial pressure for (c) thermally annealed polymers®* and (d) carbon molecular sieves or

thermally rearranged polymers.>”?

mixed-gas CO, plasticization pressure up to 25 bar CO, partial
pressure was found after annealing.>* The authors concluded that
thermal annealing helped to decrease polymer chain mobility and
facilitate CTC formation in both TPDA-ATAF and TPDA-APAF,
which improved resistance to CO,-induced swelling.**

In a separate study, Swaidan et al. examined how high-
pressure mixed-gas (50:50 CO,/CH,) permeation changed
between PIM-6FDA-OH and its thermally-rearranged (TR) and
carbon molecular sieve (CMS) analogues.®’* Fig. 60b and d
depict the CO, and CH, permeabilities as functions of CO,
partial pressure, respectively, of the TR and CMS analogs of
PIM-6FDA-OH.*”*> While the CO, permeability of the TR analog
decreased more than that of the CMS analog treated at 800 °C,
the CH, permeability of the TR analog was more stable than
that of the three CMS analogs up to a CO, partial pressure of 15
bar.?”? Swaidan et al. concluded that sorption of CO, increased
due to an increase in the number of ultramicropores formed
when transforming the TR polymer to a CMS material.**° The
resulting dilation from enhanced CO, sorption thus increased
CH, permeability.’”> However, when treated at 800 °C, pore

2486 | Chem. Soc. Rev, 2024, 53, 2435-2529

collapse from heat treatment was significant enough to reduce
CO, sorption and also reduce corresponding effects from
dilation.*”?

Besides thermal annealing and TR/CMS formation, thermal
and chemical crosslinking have been used to suppress plastici-
zation in microporous polymers. Fig. 61 displays high-pressure
CO, permeation data for three examples of thermal crosslinking
on microporous polymers. Specifically, Fig. 61a shows a com-
parison between PIM-1 and its thermally-oxidated crosslinked
version (TOX-PIM-1).** PIM-1 and TOX-PIM-1 (treated for 24 h)
exhibit similar decreases in mixed-gas (50:50 vol% CO,/CH,)
CO, permeability up to a CO, partial pressure of ~15 bar.?**?
When comparing the mixed-gas CO,/CH, selectivity (Fig. 61d),
both samples showed similar decreases over the pressure range
considered.***

In Fig. 61b, pure-gas high-pressure CO, permeation data is
shown for PIM-1, as well as two thermally crosslinked decar-
boxylated PIMs, denoted as “DC-PIM-1” and “DC-PIM-2".%!
Before thermal crosslinking, PIM-1 underwent a controlled
base hydrolysis reaction to convert the nitrile groups into

This journal is © The Royal Society of Chemistry 2024
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Fig. 61 Normalized CO, permeability vs. CO, pressure/fugacity for thermally crosslinked samples including (a) TOX-PIM-1,%%% (b) decarboxylated PIM-
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PIM-1%t vs. CO, fugacity.

carboxyl groups.®*" C-PIM-1 (degree of hydrolysis = ~22%) and
C-PIM-2 (degree of hydrolysis = ~41%) were then thermally
crosslinked to form DC-PIM-1 and DC-PIM-2.*°* While PIM-1,
DC-PIM-1, and DC-PIM-2 do not show signs of CO,-induced
plasticization pressure points up to a feed pressure of 55 bar,
PIM-1 is severely affected by strongly sorbing CO, (as evident by
the large decrease in CO, permeability as pressure increases).>**
However, with increased degrees of hydrolysis and crosslinking,
DC-PIM-1 and DC-PIM-2 experience a smaller change in

This journal is © The Royal Society of Chemistry 2024

permeability.*** This relative change in normalized CO, perme-

ability with increasing pressure does not indicate plasticization
resistance, but is likely a result of decreased CO, sorption
capacity.** Fig. 61e presents the normalized mixed-gas selectiv-
ity for CO,/N, (90:10) for PIM-1, DC-PIM-1, and DC-PIM-2.
Notably, the change in selectivity over the fugacity range tested
for DC-PIM-1 and DC-PIM-2 is less than that for PIM-1, which the
authors attributed to the presence of crosslinks rigidifying the
polymer chains and suppressing plasticization.** This example
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showcases the importance of mixed-gas testing to elucidate the
effects of plasticization. Fig. 61c shows the effects of increasing
levels of thermal crosslinking (with increasing temperatures and
hold times) on the pure-gas high-pressure CO, permeation of
PIM-BM-70.>** As the degree of crosslinking of PIM-BM-70
increases, the film becomes more plasticization-resistant as
evident by the stabilization of CO, permeability with increasing
feed pressure.***

Fig. 62 displays two examples of chemical crosslinking on
microporous polymers for high-pressure permeation tests.>**3%”
As seen in Fig. 62a, Du et al. found that crosslinking PIM-1 with
either 4-azido phenyl sulfone (azidel) or 2,6-bis(4-azidobenzyl-
idene)-4-methylcyclohexanone (azide2) (PIM-1/azide mol ratio =
80/20) led to more stable pure-gas CO, permeabilities up to a feed
pressure of ~20 bar.**® Pure- and mixed-gas CO,/CH, high-
pressure tests for PIM-1/azide1 and PIM-1/azide2 are shown in
Fig. 62¢.>°° In the pure- and mixed-gas (80:20 or 50:50 mol%
CO,/CH,) scenarios, crosslinking led to more stable permselec-
tivities across all pressures tested, suggesting that chemical
crosslinking can increase plasticization resistance.’*® In
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Fig. 62b, Khan et al. found that crosslinking PIM-1 with 5 wt%
PEG-biazide led to increased stability of pure-gas CO, perme-
ability up to a feed pressure of ~30 bar, but further increasing
the amount of PEG-biazide up to 20 wt% led to minimal
improvements.*”” The normalized high-pressure pure-gas CO,/
CH, selectivity as a function of pressure for PIM-1/PEG-biazide is
shown in Fig. 62d, where the addition of PEG-biazide led to more
stable selectivity.*”” Of course, these pure-component tests may
not fully capture plasticization effects that would be more
apparent in mixed-gas tests.

5.1.3. Composites, blends, and copolymers. As discussed
in Section 4, multi-component systems such as MMMs, polymer
blends, and copolymers have been considered for plasticization
resistance in microporous polymers. To show a few examples,
Fig. 63a-d present high-pressure CO, permeation tests for a few
select MOF-based MMMs formed with microporous polymers.
Fig. 63a depicts pure-gas high-pressure CO, permeation data of
PIM-1, as well as ZIF-7/PIM-1 and NH,-ZIF-7/PIM-1. Interest-
ingly, the addition of ZIF-7 resulted in CO, permeabilities that
changed less with pressure than PIM-1. Even smaller changes in
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Fig. 62 Normalized CO, permeability vs. CO, pressure for PIM-1 samples chemically crosslinked with (a) azides®?® and (b) PEG-biazide.**” CO, pressure
vs. normalized CO,/CH,4 permselectivity for PIM-1 samples crosslinked with (c) azides**® and (d) PEG-biazide.*®” Filled symbols represent pure-gas
measurements, while unfilled symbols represent mixed-gas measurements. For (c), mixed-gas CO,/CH,4 compositions tested were 50:50 or 80:20
mol%. Total feed pressures tested were 3.4, 6.9, 10.3, 13.8, and 17.2 bar, which correspond to 1.7, 3.4, 5.2, 6.9, and 8.6 bar CO, partial pressures (50 : 50
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CO, permeability were recorded with the addition of NH,-ZIF-7.**"
Similar results were reported for UiO-66/PIM-1 MMMs, where
UiO-66-NH, in PIM-1 resulted in smaller changes in mixed-gas
CO, permeability compared to UiO-66 fillers. An in situ cross-
linked MMM (PIM-co-UiO-66) experienced very small changes in
normalized CO, permeability over the pressure range tested,
and the authors suggested that this finding was due to cross-
links that enabled less polymer chain movement (Fig. 63b).***
The addition of ZIF-8 to both PIM-1 and TOX-PIM-1*'® and the
crosslinking of MOF-74 to PIM-1*** similarly result in smaller
changes in normalized CO, permeability over the tested pres-
sure range in mixed-gas conditions (50:50 vol% CO,/CH,), as
highlighted in Fig. 63c and d. These findings contrast those of
polyimide/MOF MMMs, where normalized CO, permeaility,
while more stable, often decreases with MOF addition.*>*™*>°
Thus, an additional figure of merit needs to be considered to
better understand the role of plasticization for MOF-based
MMMs formed with microporous polymers.
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As previously highlighted, high-pressure CO, permeability is
often insufficient for determining the degree of plasticization
resistance for a sample, especially when plasticization pressures
(as often indicated by an increase in CO, diffusivity) are not
observed within the pressure range considered. This effect is
demonstrated in Fig. 63e, which presents high-pressure mixed-
gas CH, permeabilities for select MMMs as a function of CO,
partial pressure. While previously discussed CO, data showed an
apparent stabilization of permeability with MOF incorporation,
MOF addition does not always result in stable CH, permeabilities
as feed pressure increases, indicating susceptibility to plasticiza-
tion. For instance, over the pressure range tested, the addition of
UiO-66 to PIM-1 resulted in a slight increase in normalized CH,
permeability while addition of UiO-66-NH, to PIM-1 led to more
stabilized CH, permeabilities, due to increased interfacial com-
patibility from the amine.**! It was also found that the addition
of ZIF-8 to either PIM-1 or TOX-PIM-1 led to slightly increased
normalized CH, permeability over the pressure ranges tested.*'®
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Fig. 63

(a)—(d) Normalized CO, permeability vs. CO, pressure for select MMMs,

416421423.434 (3) represents data for pure-gas measurements, while

(b)—(d) represents data for mixed-gas measurements. (e) Normalized CH,4 permeability versus CO, partial pressure for mixed-gas tests for select MMMs.
For ease of comparison, crystal structures of unfunctionalized MOFs are presented next to corresponding figures.
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Compared to physical mixing of MOFs and polymers, one
approach that shows consistent improvements in plasticization
resistance is using MOF-polymer crosslinking. For instance, by
chemically crosslinking PIM-1 and UiO-66 (PIM-co-UiO-66), the
normalized CH, permeability over the pressure range tested was
stable, suggesting plasticization resistance.**" Similarly, cross-
linking MOF-74 to PIM-1 resulted in a very stable normalized
CH, permeability over the pressure range tested.***

High-pressure permeation tests have also been conducted on
polymer blends as shown in Fig. 64. It was found that the
integration of Torlon® into cPIM-1 improved plasticization resis-
tance by forming hydrogen bonds and also reducing the interseg-
mental mobility in cPIM-1 (Fig. 64a).*'° Blends of Matrimid® and
cPIM-1 were also studied. While Matrimid® had a pure-gas CO,
plasticization pressure of ~ 5 bar, the addition of cPIM-1, even at a
small loading of 5 wt%, increased the plasticization pressure up to
~10 bar (Fig. 64b).>>® The suppression of plasticization in Matri-
mid® by the addition of cPIM-1 was attributed to newly-formed
hydrogen bonds between the polymers, as well as the inclusion of
the rigid backbone of cPIM-1.%%

5.1.4. High-pressure permeation considering gas mixtures
in addition to CO,. While CO, high-pressure permeation tests
in pure- and mixed-gas cases are the most commonly used to
study plasticization, C;He/C3Hg and CO,/CH,4/H,S mixtures have
also been reported. Fig. 65a and b show normalized high-
pressure permeation tests in select microporous polymer sam-
ples for C;Hg and C3;Hg, respectively. Although KAUST-PI-1 dis-
plays stronger intrachain rigidity than PIM-PI-1, its C;He and
C;Hg permeabilities increased more rapidly for the pressure
range tested, again bolstering the claim that intrachain rigidity
alone cannot suppress plasticization.””****** When considering
the sorption isotherms (Fig. 65c), which were fit using the dual-
mode sorption model, KAUST-PI-1 possessed higher Cj; values
for C;He and C;Hg (72 and 70 cmgpp’ cmyo °, respectively) than
PIM-PI-1 (69 and 63 cmgpp’ Cmye °, respectively), which is
consistent with the more microporous structure of KAUST-PI-
1.2° However, the k4 values for KAUST-PI-1 for C;Hg and C;Hg
(7.9 and 6.1 cmgrp’ cmy,, ° bar™ !, respectively) are lower than
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those for PIM-PI-1 (9.9 and 9.0 cmgrp’ cmp, ° bar ', respec-
tively), which the authors attributed to the spirobisindane unit
of PIM-PI-1 facilitating slightly higher chain mobility than the
triptycene unit in KAUST-PI-1 and increasing gas uptake in the
equilibrium sorption mode.**®> KAUST-PI-1 has a strongly siev-
ing microstructure with narrower ultramicropores (promoted by
intrachain rigidity) than PIM-PI-1 and was also found to be more
susceptible to plasticization.?**2° PIM-6FDA-OH, on the other
hand, sorbs less gas than both KAUST-PI-1 and PIM-PI-1.">° The
normalized C;He and C;Hg permeability profiles of PIM-6FDA-
OH (Fig. 65a and b) are also considerably more stable with
increasing pressure than those of KAUST-PI-1 and PIM-PI-1."°
The presence of the hydrogen bonding -OH group in PIM-6FDA-
OH creates a denser polymer structure through secondary forces
and facilitates CTC formation,"® which help to decrease poly-
mer chain translational motion and mitigate plasticization
effects. The lower sorption capacity of PIM-6FDA-OH compared
to KAUST-PI-1 and PIM-PI-1 (Fig. 65c) can be attributed to the
tighter packing in PIM-6FDA-OH, restricting gas sorption."*%*73
Both thermal annealing™*® and addition of nitrogen-containing
ZIF-8"'* to PIM-6FDA-OH also led to a more stable C;Hg perme-
ability and a lower normalized C;Hg permeability (Fig. 65a and b).
Thermal annealing facilitated CTC formation and improved plas-
ticization resistance,' similar to earlier results for TPDA-ATAF
and TPDA-APAF discussed in Section 5.1.2.>* The strong molecular
interactions between the hydroxyl groups in PIM-6FDA-OH and the
nitrogen in ZIF-8 also restricted polymer chain mobility, improving
plasticization resistance.*'* In addition, TR and CMS analogues of
PIM-6FDA-OH were tested (Fig. 65a and b), and it was found that,
while both analogues did not show signs of plasticization over the
pressure range tested, the mixed-gas permeabilities of C;Hg and
C3Hg for the CMS film decreased more with increasing pressure
than those for the TR film.?”* This result is consistent with earlier
examples of CO,/CH, mixed-gas tests for CMS and TR PIM-6FDA-
OH and indicative of how such thermal treatments can induce
plasticization resistance when considering different mixtures.*”
Mixtures involving H,S have also been considered for plas-
ticization studies in microporous polymers particularly since
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H,S is a highly condensable contaminant commonly found in
natural gas and biogas.*®**®%® Due to its high condensability
and critical temperature (7. = 373.1 K) that result in increased
sorption, the presence of H,S in a mixture can lead to signifi-
cant dilation and plasticization. The relative sorption capacity
for H,S compared to less condensable gases found in natural
gas (ie., CO, and CH,) is shown in Fig. 66a-c for several
samples, where H,S sorption for PIM-1, PIM-6FDA-OH, and
AO-PIM-1 is significantly higher than that of CO, (T. =
304.13 K), and CH, (T, = 190.55 K).****® Consequently, H,S will
typically result in significantly increased normalized permeabil-
ities in high-pressure pure-gas tests. Yi et al. demonstrated this
effect in PIM-6FDA-OH, where in a 15:15:70 H,S/CO,/CH,
mixture tested from 7 to 48 bar total pressure, the normalized
mixed-gas H,S permeability increased by almost three-fold at the
highest pressure, while that of CO, decreased to about 60% of its
original value at 7 bar total pressure and CH, permeability
remained nearly constant (Fig. 66d-f).*® Interestingly, while the
mixed-gas CO,/CH, selectivity decreased with increasing pres-
sure, the H,S/CH, selectivity increased (Fig. 66g-h). This result is
indicative of competitive sorption effects, where CO, and H,S
compete for the Langmuir sorption modes, and the more con-
densable gas (H,S) will outcompete other gases in the mixture
and result in decreased CO, permeability and increased H,S/CH,
sorption selectivity in the mixed-gas case.”®* While CO,/CH,
selectivity is controlled by both diffusion and sorption selectivity,
H,S/CH, selectivity is dominated by sorption selectivity.'%%**®
Competitive sorption effects will be discussed in more detail in

This journal is © The Royal Society of Chemistry 2024

Section 5.2. Similar trends in CO,/CH, and H,S/CH, selectivity
were found for PIM-1, AO-PIM-1 (fresh), and AO-PIM-1 (rejuve-
nated) tested in a 20:20:60 mol% H,S/CO,/CH, mixture.>*®
Examples of this phenomenon have been reported for polyimide
films as well.'?*?'8*577%% Recently, Liu et al. found that 6FDA-
DAM displayed increasing H,S/CH, selectivity up to ~31 when
exposed to a 20:20:60 H,S/CO,/CH, ternary gas mixture at a
total feed pressure of 46 bar, even with a decrease in CO,/CH,
selectivity from ~30 to ~ 18 and a plasticization pressure for CO,
at around 28 bar."®

5.1.5. Summary of high-pressure permeation data in litera-
ture. Table 4 reports the pure-gas CO, plasticization pressures of
microporous polymers in literature, as well as thickness, Young’s
Modulus, T,, permeability, and treatment and test conditions,
where available. Tables 5 and 6 display analogous tables for C;Hs
and H,S plasticization pressure points, respectively, along with
mixture composition if applicable. Many polymers listed in
Tables 4-6 are reported to have thicknesses on the micron scale
(i.e., >1 pm). However, one notable example of thinner mem-
branes (i.e., <1 pm) was reported by Tiwari et al., in which three
different thicknesses of PIM-1 were tested (30 um, 1 pm, and
200 nm).**® While the thick PIM-1 film (30 um) displayed a CO,
plasticization pressure of ~8 atm, both of the thinner PIM-1
films (1 pm and 200 nm) showed immediate increase in CO,
permeability with increasing CO, pressure.”®® This result
indicates that thin films (i.e., <1 pm) are affected by plasticiza-
tion more than thick films (ie, >1 pm). Given that thinner
membranes are more ideal in an industrial setting in order to
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Fig. 66 H.,S, CO,, and CH, pure-gas sorption isotherms for (a) PIM-1,% (b) PIM-6FDA-OH,*® and (c) AO-PIM-1.3*® Normalized (d) CO,, (e) CH., and (f)
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1,348 and PIM-6FDA-OH.*® Data was collected at 35 °C.

maximize productivity, comparing the performance of thick
versus thin membranes should be considered when evaluating
the performance of promising polymers.

As mentioned in Section 3, T, and mechanical properties
correlate with chain mobility and plasticization resistance. For
many of the samples tabulated, no T, was detected due to
polymer degradation before T,. In general, the glass transition
temperatures of microporous polymers are higher than those of
other polymers, which is consistent with their ultrahigh back-
bone stiffness and limited chain mobility. However, because
most microporous polymers considered in Tables 4-6 do not
detect a T, within the testing temperatures, a direct correlation
between T, and plasticization pressure is not possible. Specia-
lized methods such as molecular dynamics simulation and
ultrafast DSC, as mentioned in Section 3, can be used to extract
information on the T, and should be taken into consideration
to establish relationships between T, and plasticization pres-
sure in the future.

2492 | Chem. Soc. Rev.,, 2024, 53, 2435-2529

Furthermore, for the samples considered in Tables 4-6, the
Young’s Modulus ranged from 0.39 to 2.80 GPa, which is similar
to results found for traditional glassy polymers.*®" However, no
clear relationships were found between the Young’s Modulus
and the plasticization pressure, indicating that mechanical
properties alone cannot be used to predict a polymer’s suscepti-
bility to plasticization.

5.1.6. CO, concentration at the plasticization pressure. As
discussed in Section 2, studying permeation with increasing pres-
sure can result in a minimum permeability value, where increases
in diffusion can be offset by decreases in sorption. In 1999, Bos et al.
proposed that a polymer would undergo plasticization upon reach-
ing a CO, concentration of 38 & 7 cmgpp’ cmpy °.** Since that
initial report, a variety of new microporous polymers have been
synthesized with ultrahigh sorption, allowing for a comparison
between plasticization pressures and sorption for many new
materials.®® Here, we evaluate the relationship between the
concentration of the plasticizing penetrant (CO,) and the

This journal is © The Royal Society of Chemistry 2024
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test pressure
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in literature. Permeabilities are reported for the given test temperature and

Young’s Test Total test Mixture C;3Hg C;Hg
Membrane treatment Thickness Modulus T, temperature pressure composition permeability plasticization
Polymer name  conditions (m) (GPa) (°Q) (°Q) (bar) (mol%) (barrer) pressure (bar) Ref.
PIM-6FDA-OH  n-Hexane/DCM (90/10) 24 h; n/a n/a n/a 35 2 Pure-gas 5.1 3 159
air-dried; 120 °C vacuum 24 h
PIM-6FDA-OH  n-Hexane/DCM (90/10) 24 h; n/a n/a n/a 35 2 Pure-gas 3.5 >5
air-dried; 120 °C vacuum 24 h;
250 °C vacuum 24 h
PIM-6FDA-OH n-Hexane/DCM (90/10) 24 h; n/a n/a n/a 35 2 50:50 C3He/ 4.0 2
air-dried; 120 °C vacuum 24 h C3;Hg
PIM-6FDA-OH  n-Hexane/DCM (90/10) 24 h; n/a n/a n/a 35 2 50:50 C3He/ 3.3 >2.5
air-dried; 120 °C vacuum 24 h; C;Hg
250 °C vacuum 24 h
PIM-PI-1 120 °C vacuum 24 h; MeOH ~130 n/a n/a 35 2 50:50 C3He/ 235 1.5 329
24 h; 120 °C vacuum 24 h C;Hg
KAUST-PI-1 120 °C vacuum 24 h; MeOH  ~100 n/a n/a 35 2 50:50 C3Hg/ 511 <1
24 h; 120 °C vacuum 24 h C3Hg
TR from PIM- 120 °C vacuum 24 h; n-hexane/ n/a n/a n/a 35 2 50:50 C3Hg/ 11.9 >5 373
6FDA-OH DCM (90/10) 24 h; 120 °C C;Hg
(440 °C) vacuum 24 h
CMS from PIM- 120 °C vacuum 24 h; n-hexane/ n/a n/a n/a 35 2 50:50 C3Hg/ 50.6 >5
6FDA-OH DCM (90/10) 24 h; 120 °C C3Hg
(600 °C) vacuum 24 h
PIM-6FDA-OH 250 °C vacuum 24 h 40-60 0.51 £ 0.02 n/a 35 2 50:50 mol% 2.7 >6 414
C3Hy/C3H,
ZIF-8/PIM-6FDA- 250 °C vacuum 24 h 40-60 0.92 £+ 0.04 n/a 35 2 50:50 mol% 9.2 >7
OH (33 wt%) C,H¢/C3Hg
ZIF-8/PIM-6FDA- 250 °C vacuum 24 h 40-60 0.47 £ 0.06 n/a 35 2 50:50 mol% 34.6 ~5
OH (65 Wt%) C;H,/C3Hg

Table 6 Reported H,S plasticization pressures of microporous polymers in
pressure

literature. Permeabilities are reported for the given test temperature and test

Young’s Test Total test H,S H,S
Polymer  Membrane treatment Thickness Modulus T, temperature pressure Mixture composition permeability plasticization
name conditions (1m) (Gpa) (°C) (Q (bar) (mol%) (barrer) pressure (bar) Ref.
PIM-6FDA- 120 °C vacuum 12 h; 250 °C  n/a n/a >380 35 1 Pure-gas 30 4.5 48
OH vacuum 24 h
PIM-6FDA- 120 °C vacuum 12 h; 250 °C  n/a n/a >380 35 5 15:15:70 CO,/ 24 <0.75
OH vacuum 24 h; H,S/CH,
PIM-1 MeOH; air-dried; 120 °C 50-60 n/a n/a 35 1 Pure-gas 4808 <1 348
vacuum
PIM-1 MeOH; air-dried; 120 °C 50-60 n/a n/a 35 ~14 20:20:60 (mol%) 10750 <2.8
vacuum CO,/H,S/CH,
AO-PIM-1 MeOH; air-dried; 120 °C 50-60 n/a n/a 35 1 Pure-gas 1124 <1
vacuum
AO-PIM-1 MeOH; air-dried; 120 °C 50-60 n/a n/a 35 ~14 20:20:60 (mol%) 2385 <2.8
vacuum CO,/H,S/CH,
AO-PIM-1 6 months aged; 120 °C 12 h; 50-60 n/a n/a 35 1 Pure-gas 880 <1
MeOH 24 h; n-hexane 24 h; air-
dried; 120 °C vacuum 24 h
AO-PIM-1 6 months aged; 120 °C 12 h;  50-60 n/a n/a 35 ~14 20:20:60 (mol%) 1445 <2.8

MeOH 24 h; n-hexane 24 h; air-
dried; 120 °C vacuum 24 h

reported plasticization pressure of both CO, and CH, for
microporous polymers. The CO, concentration at the pure-gas
CO, plasticization pressure, the mixed-gas CO, plasticization
pressure (CO,/CH, mixture), or the mixed-gas CH, plasticization
pressure (CO,/CH, mixture) for select samples are discussed. To
allow for a more direct comparison between studies, only
manuscripts including both high-pressure permeation and
sorption studies were included in this analysis. Similar analyses

2496 | Chem. Soc. Rev., 2024, 53, 2435-2529

CO,/H,S/CH,

for other plasticizing penetrants (C3Hg, CsHg, H,S) were not
considered due to lack of available data.

Fig. 67a-c depict the CO, concentration at the plasticization
pressure for each sample. Interestingly, the CO, concentration
is independent of the plasticization pressure. From these
findings, it appears that a concentration of 38 + 7 cmgrp’
cmp,;°, which was previously reported for non-microporous
polymers, does not correlate with plasticization pressures for

This journal is © The Royal Society of Chemistry 2024
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Fig. 67 CO, concentration at the plasticization pressure (red) or maximum CO, pressure tested (blue) in a (a) pure-gas CO; test, (b) mixed-gas CO; test
(with CHy), and (c) mixed-gas CH4 test (with CO,). For (c), the CO, concentration at the CH4 plasticization pressure was used. Polymer structures that (d)
exhibited a pure-gas CO plasticization pressure, and (e) did not exhibit a pure-gas CO, plasticization pressure up to the maximum pressure tested. Note
that PIM-1 is included in both (d) and (e) due to multiple published studies.
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microporous polymers.*> In fact, all microporous polymers
considered sorb more CO, before the onset of plasticization
than Bos et al. originally observed. Besides a ‘critical concen-
tration””, other correlating variables have been suggested
t00.8%” While out of scope for this review, further analyses
on the relationship between these parameters and the onset of
plasticization in polymer membranes would be useful. Our
findings suggest that identifying simple correlating variables
to predict plasticization pressure is difficult and that the inter-
play of equilibrium sorption and non-equilibrium polymer
chain dynamics is challenging to de-couple when investigating
plasticization. Further development of theory is needed to
accurately predict the onset of plasticization and how to
mitigate these effects in polymer membranes.

The structures of samples that either reached a pure-gas CO,
plasticization pressure or did not reach a pure-gas CO, plasticiza-
tion pressure at the pressure range tested are also displayed in
Fig. 67d and e. It is interesting to note that two structures listed
(PIM-1 and PIM-6FDA-OH) can either show a pure-gas CO,
plasticization pressure or not, which underscores the fact that
the plasticization pressure can change depending on a number of
additional factors including thickness, treatment conditions,
pressure range of the measurement, and gas composition.**

5.2. Mixed-gas permeation performance

As shown in Section 5.1, pure- and mixed-gas high pressure
permeation data are useful for evaluating plasticization phe-
nomena in polymers. In particular, high-pressure permeation
trends in gas mixtures can unambiguously determine when
plasticization is occurring in a given sample. As an extension of
the discussion in Section 5.1, this section reviews: (1) pure- and
mixed-gas permeation data for microporous materials and
commonly tested conditions, (2) research progress on compe-
titive sorption for gas mixtures, and (3) a summary of literature
trends in plasticization for gas mixtures and mitigation tech-
niques reviewed in Sections 4 and 5.1 (i.e., hydrogen bonding,
post-synthetic modification, and multi-component systems).
5.2.1. Mixed-gas permeation data. Mixed-gas permeation
in microporous polymers has been evaluated for various indust-
rially relevant mixtures. Some examples include application
targets of natural gas purification and biogas upgrading (e.g,
CO,/CH,), sour gas separations (e.g., H,S/CO,/CH,), post-
combustion carbon capture (e.g.,, CO,/N,), olefin/paraffin
separations (e.g., C;He/C3Hg), pre-combustion carbon capture
(e.g., H,/CO,), nitrogen generation from air (e.g., 0,/N,), and
hydrogen recovery (i.e., Hy/N, and H,/CH,)."***” Table 7 pro-
vides an overview of commonly tested conditions reported in
the literature up until the end of 2022 for some of these gas
mixtures, the number of studies that tested similar conditions,
and the primary industrial application for the separation. As
shown in Table 7, certain separations such as binary CO,/CH,
separation for applications in natural gas and biogas purifica-
tion, have been widely studied for a narrow range of feed
compositions and temperatures, including many studies with
testing conditions that essentially overlap. However, mixed-gas
permeation involving other highly condensable and plasticizing
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impurities commonly found in these streams (e.g., H,S, Ny, Cs.
hydrocarbons, aromatics including benzene, toluene, and xylene
isomers (BTX), and water vapor) are underexplored.*’**”> Many
reports have investigated the effects of contaminants on the
separation capabilities of polymer membranes in industrial and
lab-scale settings. Examples include commercial polyimides,*”®
polynorbornene,*’” thermally-rearranged HAB-6FDA,*’® a blend
of polyethersulfone and DSDA-TMMDA,*”® and Pebax®.** Some
polymers, including cellulose acetate and derivatives, have even
been deployed in industrial natural gas separations.*®' However,
only few reports have tested sour gas mixtures (H,S/CO,/CH,) in
microporous polymers. In these cases, H,S compositions ranged
from 0.05 mol% to 20 mol%."***8%8:1%3 Thege values resemble
typical gas well compositions found globally, which frequently
range from ppm concentrations to 30 vol%*”*®" As a result of
plasticization and permeability-selectivity trade-offs, membrane-
based natural gas purification comprises only 10% of the natural
gas separation market compared to other processes such as
amine absorption.’® Developing a more robust understanding
of structure-property relationships for plasticization under rele-
vant conditions could help to advance membrane technology into
the remaining 90% of the market.>'® In addition to natural gas,
upgrading biogas, a renewable energy resource produced during
anaerobic digestion of biomass in landfills, has also become an
attractive market for membranes.****® Biogas upgrading
involves lower gas inlet pressures and higher initial CO, concen-
trations, somewhat mitigating issues of plasticization,*s**%3
although H,S composition can be somewhat concentrated for
these applications as well. As shown in Table 7, studies investi-
gating hydrogen-based gas pairs covered a larger range of testing
temperatures and compositions for H,/CO, and H,/N, separa-
tions, respectively, which is consistent with industrial conditions
that are relevant for each application. When considering other
emerging applications, studies involving olefin/paraffin separa-
tions (e.g., C3He/C3Hg) have focused on more generalized binary
mixtures, while those for carbon capture (i.e., CO,/N,) have also
evaluated the effects of ternary mixtures, including humid
conditions.

Membrane performance is typically evaluated in the context
of upper bound plots, which were first proposed by Robeson in
1991" and later revisited in 2008.'® These upper bound plots
were empirically derived using a database of pure-gas permea-
tion data evaluated at pressures of approximately 1 to 10 bar.
These plots are thus useful for comparing performance in
relatively low-pressure pure-gas conditions but are insufficient
to benchmark performance for more industrially relevant mix-
tures. For CO,/CH, mixtures, Wang et al. proposed a new
mixed-gas upper bound in 2018 using literature data for 70
microporous polymers tested using a 50:50 CO,/CH, mixture
at a CO, partial pressure of 10 bar.**” This upper bound is
highlighted throughout this section for comparison of mixed-
gas data. However, comparing mixed-gas tests performed at
different pressures and temperatures can lead to challenges
with accurately interpreting data, so the discussion here will be
limited only to measurements taken at a CO, partial pressures
of 1 to 2 bar or up to 12 bar and temperatures ~ 25 to 35 °C. For
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Table 7 Testing conditions for literature involving gas mixtures and microporous polymers

Testing conditions

Gas # of Temperature
mixture  papers Composition” (°Q) Contaminants  Relevant industrial application
CO,/CH, 31 50:50 30-35 — Biogas upgrading and natural gas purification*®*
3 50:50 N/A — Organic waste: (60-70% CH,; 30-40% CO,; 0-5000 ppm H,S)
25 50:50 22-25 — Landfill waste: (35-65% CH,; 15-50% CO,; 5-40% N,; 0-100 ppm H,S)
5 35:65 N/A — Natural gas: (75-95% CH,; 1-10% CO,; 4-10 000 ppm H,S)
3 30:70 30 —
3 20:80 30-35 —
1 40:60 25 —
H,S/CO,/ 1 15:15:70 35 H,S
CH,4 1 20:20:60 35 H,S
ternary 1 0.05:50:49.95 35 H,S
1 33.6:64:2.4 25 ppm H,S
CO,/CH,4/N,
CO,/N, 5 50:50 35-37 — Carbon capture from point sources®**%*
6 15:85 35 — Post-combustion flue gas from coal or natural-gas fired power plants,
and cement/steel production:
2 9:91 35 — (4-30% CO, at atmospheric pressure with contaminants such as SOy,
NOy, water, and trace metals)
1 10:90 25 —
9 50:50 22-25 —
3 15:85 N/A —
4 15:85 22-25 —
1 20:80 30 —
1 30:70 & 70:30 25 —
1 40:60 25 —
1 20:80 & 80:20 25 —
CO,/N, 1 15:85 30 2.5, 25, 41.5 RH®
ternary 1 9:91 30 7 & 26 RH
1 20:20 40 61% Ar
2 20:20 22 60% Ar
1 5% flue gas (14:86) 22 95% H,O vapor
1 15:80 25 5% O,
C;Hg/C;H; 8 50:50 35 — Alkene/alkane or olefin/paraffin separations'**
H,/N, 3 50:50 25 — H, recovery from ammonia synthesis plants'*% (30-80% H,)
1 20:80 22 —
1 30:70 25 —
1 70:30 25 —
H,/CH, 4 50:50 35 —
1 50:50 25 —
H,/CO, 3 50:50 35 — Carbon capture'®>*
1 50:50 35, 60, — Pre-combustion/syngas: (30% CO,, 20% CO, 45% H,, and other
90, 120 inert gases at 100-150 °C)
1 50:50 180 —
1 12 to 39% 30 H,0
RH in CO,
1 50:49 35,60,90 1% CO
1 Equimolar 120 H,0: 1.51-15.8%

“ Relative humidity is indicated as RH. * Composition ratios are listed in the same order as the gas pair, e.g., a CO,/CH, mixture with a 30:70

composition has 30% CO, and 70% CH,.

C;3H¢/C3Hg mixtures, Burns and Koros developed a pure-gas
upper bound in 2003*° and, in 2012, Zhang et al. reported a
mixed-gas upper bound using permeation data measured at
temperatures from 35 to 50 °C and at pressures between 1 to
4 bar.*® Other pure-gas upper bounds for CO,- and H,-based
gas pairs have been recently proposed.®2®3*7:*8¢ Finally, upper
bounds for ternary mixtures have yet to be defined in part due
to the limited size of datasets and variability in reported
findings. For comparisons of transport performance in H,S/
CO,/CH, mixtures, the combined acid gas selectivity (CAG) (i.e.,
the summed CO, and H,S permeabilities divided by the CH,

This journal is © The Royal Society of Chemistry 2024

permeability) proposed by Krafschik et al. has been commonly
used.*®**%4%7 The rest of this section will primarily focus on gas
pairs containing condensable penetrants such as CO,, H,S, and
C;3H;g and several performance trends will be discussed in the
context of upper bound benchmark plots.

Microporous polymers are frequently considered for CO,-
based separations because these separations often benefit from
both sorption and diffusion selectivity. As a result, a large
majority of mixed-gas studies for microporous polymers involve
mixtures containing CO,/CH, and CO,/N,. A collection of
mixed-gas upper bound data from these studies is shown in
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Fig. 68 (a) 2008 pure-gas'® and 2018 mixed-gas®*’ CO,/CH, upper bound front and (b) 2008 pure-gas'® CO,/N, upper bound front. Also included are
mixed-gas tests of microporous polymers in the literature, highlighted in colored symbols. Gray symbols denote Robeson database points for pure-gas
tests in predominantly non-microporous polymers.t18 The legends show the gas feed mixture compositions and the mixed-gas total pressures for
testing. At 3.5 bar, the CO,/N, compositions tested include 40:60, 30:70, and 20: 80.

Fig. 68 and compared to a larger set of upper bound data
considered in the 2008 Robeson upper bound, which includes
data from other non-microporous polymer backbones. Consid-
ering CO,/CH, and CO,/N, tests performed at total pressures
below 12 bar and varying CO, compositions, the mixed-gas
performance for microporous polymers (colored symbols) gen-
erally outperforms that of the pure-gas companion studies for
polymers included in the 2008 upper bound (gray symbols).
This trend highlights the promise of leveraging competition in
microporous polymer backbones for gas separation applica-
tions when plasticization effects are limited. Subsequent sub-
sections will further investigate these trends and discuss the
effects of competition and plasticization in relation to upper
bound performance of microporous polymers.

5.2.2. Competitive sorption. Competitive sorption in glassy
polymers is the exclusion of one or more gases in a polymer
matrix due to the presence of more strongly co-sorbing species
in a mixture. Under the framework of the dual-mode sorption
model, competitive sorption is characterized by preferential
sorption into the Langmuir mode for one gas over others,
resulting in reduced sorption capacity for the less condensable
gases in a mixture. When sufficiently strong, competitive sorp-
tion can result in increased mixed-gas sorption selectivity in
favor of the more condensable gas. For instance, in binary
mixtures of CO,/N, and CO,/CH,, competition effects can raise
CO,-based sorption selectivity because CO, sorbs significantly
more strongly than the co-permeating species. This effect
results in an overall increase in permselectivity, which is the
opposite trend from plasticization. In this way, competition
and plasticization can compete with each other and can influ-
ence permeability and permselectivity in complex and some-
times unexpected ways.

By contrast, in H,-based mixtures such as H,/CH, and H,/
CO,, competitive effects can reduce transport performance by
biasing sorption selectivity toward the more condensable

2500 | Chem. Soc. Rev,, 2024, 53, 2435-2529

penetrant (i.e., CO, or CH,), which leads to a decrease in overall
permselectivity. Because the extent of competition is dependent
on the relative sorption affinity of the gases in the mixture, the
reader is referred to the tabulated critical temperatures (7.) in
Section 2, Table 2 for gases discussed throughout this section.
Sorption correlates exponentially with T., which makes this
parameter an excellent correlating variable for estimating com-
petitive sorption effects. In ternary mixtures of H,S/CO,/CHy,
which were briefly discussed in Section 5.1.4, the relative
condensability of the gases (H,S (T. = 373.3 °C) > CO, (T. =
304.2 °C) > CHy (T, = 190.6 °C)) results in complex competition
phenomena. H,S will preferentially sorb into the polymer due
to its higher T, increasing its permeability. However, both CO,
and CH, permeability decrease, resulting in an increase in H,S/
CH, sorption selectivity and permselectivity.'***%”

Competitive sorption effects are inherently linked to the
sorption characteristics of the polymer and gas mixture inves-
tigated. As a result, performance changes due to competition
will vary depending on the gases considered, the gas mixture
composition, and the sorption affinity of the polymer. In a
laboratory setting, typical experiments used to evaluate compe-
titive sorption include mixed-gas permeation and mixed-gas
sorption tests.

For mixed-gas permeation tests that involve separating a
more condensable gas from a less condensable gas (i.e., CO,/N,,
CO,/CH,, H,S/CO,, etc.), an increase in mixed-gas permselec-
tivity compared to pure-gas permselectivity indicates a rise in
sorption selectivity. This rise is due to competitive effects in
which the less condensable penetrant will experience a decrease
in sorption, and, thus, a decrease in permeability. The opposite
trend (i.e., when the mixed-gas permselectivity decreases com-
pared to the pure-gas permselectivity) indicates plasticization,
where diffusion and permeation of the less condensable pene-
trant increases due to enhanced chain mobility. Since plastici-
zation and competitive sorption counterbalance each other, it is

This journal is © The Royal Society of Chemistry 2024
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possible to simultaneously observe an increase in perm-
selectivity at low pressures (due to competition) with a decrease
in permselectivity at high pressures (due to detrimental plasti-
cization effects).

A direct indicator of competition phenomena is the mixed-
gas sorption test. In these tests, the experimental mixed-gas
sorption selectivity can be compared to the experimental pure-
gas sorption selectivity to evaluate competition. Unfortunately,
because mixed-gas sorption tests are highly specialized, very few
of these custom-built systems exist in the world, limiting access to
experimental data.**®**°" When not available, researchers have
also applied models such as the dual-mode sorption (DMS)
model'"""**> and the NELF model'** to predict mixed-gas sorption
data in polymers of interest using experimental pure-gas sorption
isotherms. Generally, the mixed-gas DMS model provides a good
qualitative prediction of mixed-gas sorption, but thermodynami-
cally rigorous models such as NELF are required for quantitative
mixed-gas sorption predictions.'***** When using the DMS and
NELF models, pure-gas sorption isotherms are required, and for
the NELF model, lattice fluid parameters must be known or
estimated for a given polymer. These parameters can be collected
through pressure-volume-temperature (PVT) experiments for poly-
mers above their glass transition temperature.*** However, when
such measurements are not accessible, which is frequently the
case for microporous polymers that do not exhibit measurable
glass transition temperatures, additional sorption fitting of infinite
dilution sorption coefficients**>*°® or molecular simulations,**”
are required.

5.2.2.1. Mixed-gas sorption and competition. Despite chal-
lenges associated with testing mixed-gas sorption, direct mea-
surements of CO,/CH, mixed-gas sorption have been collected in
many glassy polymers such as cellulose triacetate (CTA),"*° 6FDA-
TADPO,**® 6FDA-HAB and its thermally rearranged analogue,"**
TZ-PIM,**® PIM-1,>°® PTMSP,**® 6FDA-mPDA,**®> PIM-Trip-TB,***
and AO-PIM,**® and some rubbery polymers such as polydi-
methylsiloxane (PDMS).**'”% Other gas mixtures such as CO,/
C,H,, CO,/N,0, CO,/C,Hg, and C,He/CO,/CH, have also been
tested for PMMA,****°" crosslinked PEO,’** and PIM-1,°% respec-
tively. For CO, and CH, in glassy polymers, mixed-gas CO,
sorption decreases slightly compared to the pure-gas case,
whereas mixed-gas CH, sorption is significantly lower than the
pure-gas case due to competitive sorption. In this way, CO,/CH,
selectivity can increase for mixtures compared to pure gases,
providing there are limited plasticization effects at the testing
conditions. Similar mixed-gas sorption trends are also observed
when considering other gas mixtures in glassy polymers. The less
condensable gas will always experience a larger depression in
sorption from the pure- to mixed-gas case. Readers are directed to
the above references for information on mixed-gas sorption of
non-microporous glassy polymers.

Recently, a particularly important study considered mixed-
gas sorption in cellulose triacetate (CTA), which is a commer-
cial membrane material currently used for natural gas purifica-
tion in industry. Genduso et al. evaluated mixed-gas sorption
for CTA in mixtures containing 26, 51, and 75 mol% of CO, in
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CH, at 35 °C up to a partial CO, fugacity of ~10 bar.'®® In
accordance with expected mixed-gas sorption trends, CO, uptake
exhibited almost no change with increasing pressure relative to
the pure-gas case, while CH, sorption decreased significantly.
The concentration-averaged diffusion coefficients were also cal-
culated, and the CH, diffusion coefficients increased with
increasing CO, pressure. Moreover, the CH, diffusion coefficients
were found to be higher in the mixed-gas case compared to the
pure-gas case (ie., a 2.9-fold increase in diffusion coefficient for
CH, at CO, partial pressure of 10 bar), unambiguously indicating
plasticization. In the case of CO,, mixed-gas diffusion coefficients
remained within error of the pure-gas diffusion coefficients.
Interestingly, CTA had a high CO,/CH, sorption selectivity of
12.6 £ 2.8 at infinite dilution, surpassing that of PIM-1 and 6FDA-
mPDA and nearly reaching the CO,/CH, sorption upper
bound.>** However, compared to 6FDA-mPDA, PIM-1, and PIM-
Trip-TB, CTA had CO,/CH, diffusion selectivities and CO, diffu-
sivities below the proposed mixed-gas and pure-gas diffusion
upper bounds.™®

Due to their high free volume structure and backbone function-
ality, microporous polymers have potential to concurrently display
sorption-selective and size-sieving characteristics. Ricci et al. inves-
tigated mixed-gas sorption in CO,/CH, for poly(trimethylsilyl pro-
pyne) (PTMSP), PIM-1, and tetrazole-functionalized PIM-1 (TZ-PIM)
for mixtures at 10, 30, and 50 mol% of CO, at 25 °C, 35 °C, and
50 °C.**® As shown in Fig. 69, in mixed-gas scenarios, CH, sorption
decreased much more significantly than CO,. As a result, CO,/CH,
mixed-gas sorption selectivity increased compared to the pure-gas
case for all pressures considered. For instance, at a total pressure of
30 bar, the CO,/CH, mixed-gas sorption selectivity of TZ-PIM was
approximately 7.8 while the pure-gas sorption selectivity was
approximately 2.5. Additionally, NELF predictions of mixed-gas
sorption data for all gas mixture compositions showed excellent
agreement with experiments. Finally, diffusion coefficients were
calculated from the sorption-diffusion model using NELF sorption
predictions and mixed-gas permeation. When considering a 50: 50
CO,/CH, mixture at a total pressure of 20 bar, the predicted CO,/
CH, sorption selectivity (6.8) for TZ-PIM had a much larger con-
tribution to CO,/CH, permselectivity (17.9) than the CO,/CH,
diffusion selectivity (2.6), indicating the stronger relative influence
of sorption in membrane performance under more realistic condi-
tions. This effect can be more pronounced in microporous poly-
mers, which typically have higher gas sorption than traditional
polyimides.>® An extension of this work was recently published,
where complex ternary mixtures of C,He/CO,/CH, were investigated
for PIM-1.>* Despite having a similar 7, to CO, (T, = 304.2 K), the
presence of C,Hg (Tt = 305.3 K) reduced the sorption capacity of CO,
and CH, in the mixture, reducing overall separation performance
metrics and demonstrating the importance of competition and
exclusion in mixtures.

Binary mixed-gas CO,/CH, sorption was also recently investi-
gated in an HAB-6FDA polyimide (HAB = 3,3’-dihydroxy-4,4-
diamino-biphenyl, 6FDA = 2,2’-bis-(3,4-dicarboxyphenyl) hexafluoro-
propane dianhydride) and its thermally rearranged polymer
analogue (TR450)."** Similar trends to those found in CTA
and the PIMs discussed earlier were observed here. In short,
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(a) Pure- and mixed-gas sorption isotherms for TZ-PIM. Unfilled and filled data points denote experimental data collected for mixed-gas and

pure-gas sorption tests, respectively. (b) pure- and mixed-gas solubility selectivity versus pressure plots for TZ-PIM. Dashed lines represent NELF
predictions of the sorption and sorption selectivity data. Reprinted with permission from ref. 356 (Copyright Elsevier, 2019).

the CO, mixed-gas sorption was much less affected by the
presence of CH,, while the mixed-gas CH, sorption significantly
decreased due to the presence of CO,. As shown in Fig. 70, CO,/
CH, diffusion and sorption selectivities were calculated at various
increasing pressures for the ideal and multi-component case. In
pure-gas scenarios, diffusion selectivity contributed more than
sorption selectivity to permselectivity (Fig. 70a). In mixed-gas
scenarios, the presence of a highly sorbing penetrant (CO,) had
a detrimental effect on diffusion selectivity, while sorption selec-
tivity increased and then remained relatively constant for the
pressures considered (Fig. 70b). This same sorption-diffusion
analysis was extended to a broader database of mixed-gas sorption
studies in glassy polymers, where it was shown that permselectivity
can be driven by sorption in multi-component scenarios (Fig. 70c).

5.2.2.2. Mixed-gas permeation and competition. In the absence
of mixed-gas sorption experiments, applying models to pure-gas
sorption tests and comparing experimental mixed-gas permeation
tests can elucidate trends associated with competition and gas-
polymer interactions. Using this approach, structure-property
relationships were recently investigated for a family of functiona-
lized and aged PIM-1 analogues with distinct CO, sorption affi-
nities, as shown in Fig. 71a."* In this study, the CO,/CH, sorption
selectivity for the functionalized PIMs were compared against the
2014 pure-gas sorption upper bound developed by Lipscomb
et al.>®* The PIM-1 sample functionalized with the primary amine
group (PIM-NH,,) showed a remarkably high sorption selectivity of
12.6, which is close to the theoretically derived 2014 sorption
upper bound. The six PIM-1 analogues were also evaluated under
binary CO,/CH, mixed-gas conditions at a total mixed-gas pressure
of 2 bar, where increases in mixed-gas permselectivity (Fig. 71b)
aligned directly with the predicted CO,/CH, sorption selectivity
enhancements of each PIM (Fig. 71a). Furthermore, because of its
high CO, affinity and ability of forming hydrogen bonding through
secondary interactions, PIM-NH, showed a 150% increase in CO,/
CH, permselectivity from the pure-gas case to the mixed-gas case
while simultaneously maintaining a CO,/CH, selectivity over 20 up
to a total feed pressure of ~26 bar. Of note, the mixed-gas

2502 | Chem. Soc. Rev, 2024, 53, 2435-2529

performance for this polymer sample was significantly higher than
that in pure-gas tests due to the large increase in selectivity. This
finding highlights the importance of evaluating films under
realistic feed conditions, as the presence of condensable gases
can drastically alter the transport properties.

In sour gas ternary mixtures, larger deviations between
mixed- and pure-gas performance are observed due to the
co-sorption of additional condensable penetrants (i.e., H,S)
and the onset of beneficial plasticization effects. As discussed
in Section 5.1, H,S/CH, separation is dictated by sorption
selectivity since H,S (dx = 3.6 A) and CH, (d; = 3.8 A) have
similar kinetic diameters. As a result, when the polymer is
plasticized, H,S diffusion can be significantly increased and
CH, will be prevented from permeating due to competition,
which leads to an increase in H,S/CH, permselectivity. However,
CO,/CH, selectivity often decreases in these mixtures due to the
plasticization effects incurred by both H,S and CO,, increasing
CH, diffusivity, as well as competition between H,S and CO,,
which leads to decreased CO, permeability. These trends have
been investigated for a few microporous polymer systems dis-
cussed in Section 5.1, including PIM-6FDA-OH*® and AO-PIM-1.**®
Other systems such as polyazole-based membranes”> and 6FDA-
based polyimides, and co-polyimides including 6FDA-DAM,"'*
6FDA-Durene/6FpDA,**® and 6FDA-DAM/DABA copolymers*>® have
also been investigated with ternary feeds. In such cases, co-
polymer composition has been used to molecularly tailor sour
gas transport for various gas compositions. In addition to polymer
systems, Koros and Eddaoudi have reported successful design of
MOF-polymer MMMs for simultaneous removal of CO, and H,S
from sour gas including incorporation of fluorinated NbOFFIVE-1-
Ni, AIFFIVE-1-Ni, and (RE)}-fcu-MOF (fcu = face centered cubic)
fillers.>”*°® Addition of MOF into the polymer matrix helps to
significantly increase permeabilities compared to conventional
polyimides and to tune diffusion selectivity for CO,/CH, and
H,S/CH, separations. More recently, the same groups reported
on the design of highly tailorable and stable M-fcu-MOFs (M =
metal) and incorporation of these MOFs into 6FDA-based
polyimides.>” Careful selection of molecular building blocks

This journal is © The Royal Society of Chemistry 2024
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Fig. 70

(a) pure-gas and (b) mixed-gas CO,/CH,4 permselectivity split into the sorption selectivity (predicted from NELF model analysis) and diffusivity

selectivity (calculated from applying the sorption—diffusion model to experimentally determined permeabilities). (c) Comparison of CO,/CH, ideal and
mixed-gas permselectivity, diffusion selectivity, and sorption selectivity for reference polymers reported in ref. 143. Reprinted with permission from

ref. 143 (Copyright Elsevier, 2020).

allowed for tailored pore apertures and chemical functionalities in
MOFs for enhanced sour gas performance. Transport properties
were additionally tuned through appropriate selection of a com-
patible polymer matrix. Finally, in certain cases, the addition of
MOF helps to mitigate plasticization, which is further complimen-
ted by competitive sorption effects between H,S, CO,, and CH,.
5.2.3. Robeson upper bound performance at low pressures.
Changes in mixed-gas versus pure-gas performance can vary
widely due to differences in polymer-gas interactions and the
relative condensabilities of the gases considered. This subsec-
tion evaluates these trends using a database of mixed-gas
literature results for microporous materials including low-
pressure pure- and mixed-gas permeation data for CO,/CH,
and CO,/N, gas pairs (Fig. 72), and H,/CH, and C3H¢/C;Hg gas
pairs (Fig. 73). Select CMS membranes were considered because
they were derived from microporous polymers. For these ana-
lyses, only polymers tested at a pure-gas total pressure identical
to the partial pressure of either CO,, H,, or C;H¢ in their
respective mixtures were considered. For the plots considered

This journal is © The Royal Society of Chemistry 2024

in Fig. 72 and 73, pure-gas and mixed-gas data are denoted
using filled/half-filled and unfilled symbols, respectively.
Directly comparable data are connected by an arrow indicating
the direction of the change in upper bound performance from
pure-gas to mixed-gas. To more quantitatively evaluate differ-
ences in performance, the upper bound scoring metric reported
by Qian and Asinger et al. was applied to the database.”** This
scoring metric evaluates the distance of the data point from the
2008 upper bound, where positive and negative values indicate
performance above and below the upper bound, respectively.
Data of samples, including casting solvent used, treatment
conditions, thickness (/), gas composition, permeability, perms-
electivity, and score, for each of the gas pairs considered are
tabulated in Tables 8-11.

Upper bound data for CO,-based mixtures measured at total
pressures of both 2 bar and 4 bar are shown in Fig. 72. In binary
CO,/CH, and CO,/N, mixtures, the CO,-based permselectivity
either increases or decreases depending on the sample con-
sidered, highlighting the significance of functional chemistry

Chem. Soc. Rev,, 2024, 53, 2435-2529 | 2503
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(a) Chemical structures of PIM-1 functionalized analogues considered in the study and their pure-gas CO, sorption at infinite dilution. From left

to right, the samples include the tert-butoxycarbonyl (-CH,NHCOOC(CH3)s, PIM-t-BOC), carboxylic acid (-COOH, PIM-COOH), nitrile (-CN, PIM-1),
partial urea (-NHCONH-, PIM-deBOC(thermal)) and primary amine (-CH,NH,, PIM-deBOC (acid) and PIM-NHy) functionalized PIM-1 analogues. Grey
and black stars indicate untreated and MeOH treated PIM-1 samples, respectively. (b) pure-gas CO,/CH, sorption selectivity at infinite dilution versus
CO, sorption at infinite dilution for PIM-1 analogues and literature references including AO-PIM-1%9 (dark blue circle), TZ-PIM-1%°° (pink circle), PIM-
188 (black circle), PIM-Trip-TB>** (brown circle). The gray line represents the 2014 CO,/CH, sorption upper bound.>%* (c) CO,/CH,4 2008 pure-gas® and
2018 mixed-gas**” upper bounds for the PIM-1 analogues. Filled circles indicate pure-gas permeation tests performed at a total pressure of 1 bar, stars
indicate CO,/CH,4 mixed-gas tests with 60% CO, at a total pressure of ~2 bar, and unfilled circles denote CO,/CH,4 mixed-gas permeation tests
performed at CO, compositions ranging from 10% to 90% at a total pressure of ~2 bar. Reproduced from ref. 142 with permission from the Royal Society

of Chemistry.

and gas composition in dictating competitive effects in CO,-
based mixtures. For the two studies considering gas feeds of
15:85 CO,/N,, the permselectivity increases in the mixed gas
case. Deployment of CO,/N, separations for carbon capture
applications would likely involve low total feed pressures,
where competitive sorption could be leveraged. When consid-
ering binary CO,/CH, separations for natural gas purification,
enhanced competitive effects are of most value when plasticiza-
tion can be simultaneously mitigated. Plasticization trends
observed for CO,/CH, binary mixed-gas tests at higher pres-
sures of 10 bar are further evaluated in Section 5.2.4.

Pure- and mixed-gas upper bound data for binary H,/CH,
and C3He/C3Hg gas mixtures are summarized in Fig. 73. In the
case of H,/CHy, there is very limited data in the literature, so we
report on three studies by Mizrahi Rodriguez and Benedetti

2504 | Chem. Soc. Rev,, 2024, 53, 2435-2529

et al,"? Wu et al.,>™* and Huang et al,’" which show the
expected reduction in permselectivity and H, permeability for the
mixed-gas case. This result is consistent with the relative critical
temperatures of the gases (CH; (T. = 190.6 °C) > H, (T. =
33.2 °C)), where CH, will sorb more strongly than H,. As such,
competitive sorption will bias sorption selectivity toward CHy,
reducing overall H, permeability and resulting in lower H,/CH,
mixed-gas permselectivity. Similar results have been observed for
microporous polymers tested in gas mixtures including H,/
N, 2% and H,/CO,.*8%38905 In each of these cases, the critical
temperatures of CO, and N,, are much higher than that of H,,
resulting in a decrease of H, permeability and H,-based selectiv-
ity when tested in gas mixtures.

An emerging membrane-based separation is the separation
of alkenes from alkanes, commonly referred to as olefin/paraffin

This journal is © The Royal Society of Chemistry 2024
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Fig. 72 (a) CO,/CH4 Robeson plot containing data for pure-gas measurements at 1 bar (filled/half-filled points) and 50:50 CO,/CH4 mixed-gas
measurements at a total pressure of 2 bar (unfilled points). Arrows point from pure-gas data to corresponding mixed-gas data. (b) CO,/CH, Robeson
plot containing data for pure-gas measurements at 2 bar (filled/half-filled points) and 50 : 50 CO,/CH,4 mixed-gas measurements at a total pressure of 4 bar
(unfilled points). Arrows point from pure-gas data to corresponding mixed-gas data. (c) CO,/N, Robeson plot containing data for pure-gas measurements
(filled/half-filled points) and CO,/N, mixed-gas measurements (open points). Black arrows point from pure-gas data at 2 bar to mixed-gas data (50:50 CO,/
N,) at 4 bar total pressure, red arrows point from pure-gas data at 1 bar to mixed-gas data (15:85 CO,/N,) at 6 bar total pressure, blue arrows point from
pure-gas data at 3.4-4 bar to mixed-gas data (50:50 CO,/N,) at 6.9 bar total pressure, green arrows point from pure-gas data at 1 bar to mixed-gas data
(50:50 CO,/N,) at 2 bar total pressure, and purple arrows point from pure-gas data at 1 bar to mixed-gas data (15:85 CO,/N,) at 2 bar total pressure.
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separations. Ethylene and propylene are required in enormous
volumes for the synthesis of commodity plastics (e.g., polyethy-
lene and polypropylene),"** but because of their similar sizes
and boiling points, olefin/paraffin separations often require
energy-intensive cryogenic distillation. Membranes are highly
desired for this separation, but the high polarizability of olefins
and paraffins results in strong plasticization effects, precluding
the use of many state-of-the-art commercial membranes. In
addition to these industrial challenges, there are limited litera-
ture data on olefin/paraffin separation performance of emerging
polymers such as PIMs.

Some limited low-pressure results are presented in Fig. 73b
for C3He/C3Hg separation in microporous materials. To the best
of our knowledge, the only report of C,H,/C,Hs separation in
microporous polymers has been performed for a CMS derived
from PIM-6FDA-OH.*** Because C;H;g (T, = 369.9 °C) and C3Hg
(T. = 365.2 °C) have higher critical temperatures than CO, (7. =
304.2 °C), they often interact more strongly with polymers and
lead to plasticization, as highlighted in Section 5.1. For a C;Hs/
C;H;g mixture, the sorption affinity for C;Hg is slightly higher
than that of C3Hg and, thus, competitive sorption effects should
be unfavorable towards C;He. Additionally, because the sorp-
tion of both C;He and C3;Hg is high and their condensabilities
are so similar, polymers are often plasticized by both of these
gases, resulting in decreased mixed-gas permselectivity. Even

2506 | Chem. Soc. Rev., 2024, 53, 2435-2529

when plasticization plays a role, mixed-gas C3Hs permeability
decreases slightly, indicating some competitive sorption with
C;3Hg, which will slightly reduce the permeability of both gases
in the mixture. In short, these findings highlight the challenges
of making stable and high-performance polymers for C;Hg/
C;3H;g separation. In fact, many of the top performing samples
in Fig. 73b are for MMMs and CMS membranes.

Fig. 74 summarizes the differences in score between the
mixed-gas case and the corresponding pure-gas case for H,/CH,,
C3Hg/C3Hg, CO,/CH,, and CO,/N, mixtures for all microporous
polymers represented in Tables 8-11. In this analysis, the upper
bound score for a pure-gas test was subtracted from that for the
mixed-gas test to provide an indication of magnitude and direction
of the performance change. Therefore, a positive score indicates
that the mixed-gas performance exceeded the pure-gas perfor-
mance, while a negative score indicates the opposite trend. For
CO,-based mixtures, the scoring metric oscillates around zero,
indicating that competitive benefits could outweigh plasticization
effects for these separations. For H,/CH,, competition will reduce
performance metrics (i.e., H,/CH, selectivity and H, permeability
are both reduced in all mixtures), which can be generally applied
to other Hy-based separations. For very condensable alkene/alkane
gas pairs, plasticization effects outcompete competitive sorption at
low pressures, often resulting in decreased performance (ie.,
decreased permeability and permselectivity). While competitive

This journal is © The Royal Society of Chemistry 2024
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Table 10 H,/CH4 permeation performance and upper-bound score for reported microporous polymers

Casting Thickness Comp. P(H,) P(CHy)
Polymer solvent Treatment and drying conditions  (um) (mol%) (barrer) (barrer) o(H,/CH,) Score Ref.
35 °C, Pioral = 2 bar
PIM-NH,, (448 d) CHCl; MeOH 24 h; 130 °Cvacuum 12 h  67.2 £ 0.9 Pure 1134 44 26 0.288 142
50:50 1127 54 20.8 0.118
PIM-NH, (443 d, cond.) CHCl;  MeOH 24 h; 130 °C vacuum 12 h; 82 + 1 Pure 990 54 18.3 —0.064
CO, conditioning up to ~29 bar 50:50 885 53 16.4 —0.220
PIM-NH, CHCl; MeOH 24 h; 130 °C vacuum 12 h  58.0 = 0.9 Pure 1785 297 6 —0.496
50:50 1652 330 5 —0.683
25 °C, Pioral = 6 bar
TX-AOPIM-1 370 °C 48 h DMF Drying at 60 °C; MeOH 24 h; 65+ 5 Pure 1060 3.2 331 2.130 515
110 °C vacuum 24 h 50:50 665 3.2 208 1.473
35 °C, Pioral = 7 bar
AO-PIM-1 DMF MeOH 24 h; 120 °C overnight 25+5 Pure 926 42 22 0.024 514
50:50 609 130 4.7 —1.401
SCA4/AO-PIM-1 (1 wt%) DMF 25+5 Pure 866 23 38 0.385
50:50 567 67 8.4 —1.012
SCA4/AO-PIM-1 (2 wt%) DMF 25+5 Pure 781 3.4 233 1.665
50:50 543 14 40 0.107
SCA4/AO-PIM-1 (3 wt%) DMF 25+5 Pure 693 2.7 260 1.665
50:50 470 6.1 77 0.506
SCA4/AO-PIM-1 (5 wt%) DMF 25 %5 Pure 542 1.8 296 1.598
50:50 393 3.5 114 0.672

Table 11 C3He/CsHg permeation performance and upper-bound score for reported microporous polymers tested at 35 °C at a total pure-gas pressure

of 2 bar and a total mixed-gas pressure of 4 bar

Casting Thickness Comp. P(C3Hs) P(CsHg) oCsHe/
Polymer solvent Treatment and drying conditions  (um) (mol%) (barrer) (barrer) CsHy) Score Ref.
PIM-PI-1 CHCl; MeOH 24 h; 120 °C vacuum 24 h 130 Pure 393 51 8 0.264 329
50:50 260 108 2 —0.963
KAUST-PI-1 CHCl; MeOH 24 h; 120 °C vacuum 24 h 100 Pure 817 66 12 0.906
50:50 676 146 5 —0.101

PIM-6FDA-OH THF n-Hexane/DCM (90/10) 24 h; — Pure 5.1 0.27 19 0.106 159

120 °C vacuum 24 h 50:50 3.69 0.36 10 —0.554
PIM-6FDA-OH 250 °C THF n-Hexane/DCM (90/10) 24 h; — Pure 3.5 0.12 29 0.439
(Swaidan 2015) 120 °C vacuum 24 h; 250 °C 50:50 2.31 0.16 14 —0.361

vacuum 24 h
PIM-6FDA-OH CMS 600 °C  THF n-Hexane/DCM (90/10) 24 h; — Pure 45 1.3 35 1.221 373

120 °C vacuum 24 h 50:50 50 2.1 24 0.870
PIM-6FDA-OH TR 400 °C THF n-Hexane/DCM (90/10) 24 h; — Pure 14 0.97 14 0.055

120 °C vacuum 24 h 50:50 12 1.1 11 —0.231
PIM-6FDA-OH 250 °C THF 250 °C 24 h 40-60 Pure 3.5 0.10 35 0.616 414
(Ma 2018) 50:50 1.9 0.10 19 —0.122
ZIF-8/PIM-6FDA-OH THF 250 °C 24 h 40-60 Pure 10 0.30 33 0.818
(33 wt%) 50:50 8.7 0.40 22 0.370
ZIF-8/PIM-6FDA-OH THF 250 °C 24 h 40-60 Pure 38 0.90 42 1.364
(65 Wt%) 50:50 30 1.0 30 0.976

sorption effects can outweigh plasticization in highly diffusion-
selective materials, the design of sorption-selective materials with
strong plasticization resistance remains a promising approach to
assuage the impact of plasticization in condensable mixtures.
5.2.4. Robeson upper bound performance at low versus
high pressures. In an analogous fashion to the mixed- versus
pure-gas test comparison performed in Section 5.2.3, this
section compares low-pressure permeation tests (e.g., CO,
partial pressure of 1-2 bar) to high-pressure permeation tests
(e.g., CO, partial pressures at ~10 bar) for microporous poly-
mers. The differences in the low- versus high-pressure tests
between pure- and mixed-gas cases are also examined. Fig. 75

This journal is © The Royal Society of Chemistry 2024

presents the CO,/CH, mixed-gas permeation data for hydrogen
bonding and non-hydrogen bonding samples, while Fig. 77
shows the difference in upper bound scores for samples tested
at low and high pressures.

The polymers with hydrogen bonding moieties (Fig. 75a and b)
considered in this review showed a decrease in CO, permeability and
CO,/CH, selectivity with increasing pressure. Many of the pure-gas
studies (Fig. 75a and c) showed a smaller decrease in CO,/CH,
selectivity with increasing pressure compared to the respective
mixed-gas studies (Fig. 75b and d), including comparisons for
polymers such as PIM-6FDA-OH,**® PIM-PMDA-OH,**® TPDA-
APAF,*® and TPDA-DAR.** In the mixed-gas case, some of the
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Fig. 74 Difference in mixed-gas and pure-gas upper bound score for H,/
CH,, C3sHg/C3Hg, CO,/N,, and CO,/CH4 gas pairs for reported polymers
tested at low pressures.

polymers considered such as TPDA-DAR,**® TDA1-APAF (250 days
aged),**® AO-PIM-1,>"” and 6FDA-TYMCA>** retained good separation
performance on the 2018 CO,/CH, mixed-gas upper bound despite
the decrease in permselectivity due to plasticization.

In contrast, polymers that do not contain hydrogen bonding
groups (Fig. 75¢ and d) exhibited a larger spread in pure-gas
performance changes from 1-2 to ~10 bar. However, it is
important to note that, for the polymers without hydrogen
bonding moieties, not all samples tested under pure-gas condi-
tions were tested in mixtures. Additionally, there were three times
as many polymers without hydrogen bonding moieties (ie., 35
unique studies) reported in the datasets compared to those with
hydrogen bonding moieties (i.e., 11 unique studies). Generally,
the difference in upper bound score for non-hydrogen bonding
polymers ranged from -0.5 to 0.3 for pure-gas tests and from -0.9
to -0.2 for mixed-gas tests (Fig. 77). For hydrogen bonding
polymers, however, the range in upper bound score differences
was much smaller, from only -0.3 to —0.1 for pure-gas tests and
from -0.5 to -0.1 for mixed-gas tests. This result demonstrates
large differences in trends between high-pressure pure- and
mixed-gas permeation tests for hydrogen bonding and non-
hydrogen bonding polymers, further illustrating the influence
of hydrogen bonding on plasticization resistance.

When mixed-gas tests were considered, the overall score
differences for both hydrogen bonding and non-hydrogen
bonding polymers were negative (Fig. 77), indicating a decrease
in upper bound performance. This trend can be attributed to
plasticization. PIM-1 samples are highlighted with a blue out-
line for both pure- and mixed-gas tests, where the same general
trend of decreased CO,/CH, performance in mixtures at high
pressures is observed (Fig. 77). Taken together, mixed-gas tests
allow for evaluation of the effects of plasticization on the
transport of the co-permeating species, and therefore such tests
can provide a more comprehensive view of changes in CO,/CH,
mixed-gas selectivity. In the pure-gas case, plasticization trends
will only be observed based on CO, plasticization pressure
curves and, as a result, the potential change in CH, permeation
is concealed when calculating permselectivity.

2512 | Chem. Soc. Rev., 2024, 53, 2435-2529
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CO,/CH, upper bound plots for post-synthetically modified
(PSM) microporous polymers and multi-component systems,
which include MMMs and co-polymers, are presented in
Fig. 76. In both PSM and multi-component systems, pure-gas
tests display a wide variation in scores ranging from -0.6 to 0.1
and from -0.3 to 0.2, respectively. Both mitigation strategies
appear to influence plasticization effects in a similar fashion.
When comparing the ranges in the difference in upper bound
scores between pure- and mixed-gas tests, PSM displayed a
range of -0.6 to 0.1 for pure-gas tests versus -0.9 to -0.1 for
mixed-gas tests. However, in regard to multi-component sys-
tems, pure-gas tests displayed a range of —0.3 to 0.2 while mixed-
gas tests displayed a much larger range of -1.1 to 0.3. This
finding suggests that plasticization adversely affects multi-
component systems more than PSM polymers. However, it is
important to note that not all samples tested under pure-gas
conditions were also tested in mixtures, limiting our confidence
in this conclusion. Therefore, only general trends can be drawn
from Fig. 77 and only samples with both pure- and mixed-gas
data can be used to draw direct conclusions. When considering
a directly comparable set of polymers for PSM, for example,
TPDA-APAF versus TPDA-ATAF treated at 250 °C, mixed-gas tests
showed a 31% and a 30% loss in CO,/CH, permselectivity versus
a 20% and 12% permselectivity loss in the calculated pure-gas
case, respectively.>* In addition, for the samples considered,
CMS materials generally showed larger permselectivity differ-
ences compared to PSM samples that underwent thermal treat-
ments at lower temperatures (e.g., TR and thermal annealing).
For instance, in mixed-gas tests, the CMS derived from PIM-
6FDA-OH at 600 °C and 800 °C had an additional 12% and 30%
decrease in performance from pure-gas calculations to mixed-
gas measurements, respectively. On the other hand, the
thermally-rearranged PIM-6FDA-OH and the thermally annealed
TPDA-APAF showed a smaller decrease of 2% and 11% in CO,/
CH, permselectivity compared to the pure-gas calculations,
respectively. Larger permselectivity differences were also
observed when considering directly comparable examples for
multi-component systems compared to those for PSM systems,
as shown in Fig. 76. For instance, for OAPS/PIM-1 (5 wt%),**” the
calculated pure-gas permselectivity increased by 12% while the
mixed-gas permselectivity at high pressure decreased by 24%. In
this case, the calculated pure-gas selectivity appears to be higher
because the sample is tested past its plasticization pressure
point. Thus, the pure-gas CO, permeability increases, but the
CH, permeability remains unaffected in the pure-gas case. In
contrast, the experimental mixed-gas selectivity unambiguously
shows the decrease in mixed-gas permselectivity as a result of
plasticization.

Plasticization trends for C3H¢/C;Hg mixtures are highlighted
against the 2003 pure-gas and 2012 mixed-gas upper bound in
Fig. 78. Once again, a reduction in selectivity is observed as
pressure increases from 1 bar C3Hg partial pressure to 2.5 to 3
bar C;Hg partial pressure. For all reported samples containing
PIM-6FDA-OH, a decrease in C;Hg permeability is also observed,
likely due to competitive sorption with C;Hg."**?**>*'* In con-
trast, for PIM-PI-1 and KAUST-PI-1, C;H, permeability increases

This journal is © The Royal Society of Chemistry 2024
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Fig. 75 CO,/CH,4 Robeson upper bound plots for pure polymers. Filled/half-filled symbols represent data at 1-2 bar CO, partial pressure, while unfilled symbols

represent data at ~10 bar CO, partial pressure. Arrows point from data at 1-2
hydrogen bonding groups, calculated pure-gas data. (b) Polymers with hydrogen

bar CO, partial pressure to ~10 bar CO, partial pressure. (a) Polymers with
bonding groups, experimental mixed-gas data (50 : 50 CO,/CH,). (c) Polymers

without hydrogen bonding groups, calculated pure-gas data. (d) Polymers without hydrogen bonding groups, mixed-gas data (50 : 50 CO,/CH,).

as a result of significant plasticization which overcomes com-
petitive sorption. While PIM-PI-1 and KAUST-PI-1 have high
intrachain rigidity, they do not contain any hydrogen bonding
moieties, rendering them susceptible to plasticization.**° PIM-

This journal is © The Royal Society of Chemistry 2024

6FDA-OH, however, contains -OH groups that hydrogen bond,
assisting in CTC formation that helps suppress plasticization.'”*?>°
Of note, even with plasticization effects, seven of the nine samples
considered surpass the 2012 mixed-gas upper bound limit for this
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Fig. 76 CO,/CH,4 Robeson upper bound plots for polymers that underwent PSM and for multi-component systems. Filled/half-filled symbols represent
data at 1-2 bar CO; partial pressure (except for PIM-1/azidel and PIM-1/azide2, which were at 3 bar CO, partial pressure), while unfilled symbols
represent data at 10 bar CO, partial pressure. Arrows point from data at 1-2 bar CO, partial pressure to 10 bar CO, partial pressure. (a) Polymers with
PSM, calculated pure-gas data. (b) Polymers with PSM, experimental mixed-gas data (50 : 50 CO,/CH,). (c) Multi-component systems, calculated pure-
gas data. (d) Multi-component systems, experimental mixed-gas data (50 : 50 CO,/CHy).
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Fig. 77 Difference in CO,/CH,4 upper bound score at a CO, pressure of 1
to 2 bar compared to 10 bar for microporous polymers. Points outlined in
blue represent different literature reports of data for PIM-1.

gas mixture. Moreover, when considering the PIM-6FDA-OH sam-
ples modified under various conditions, the TR analogue and the
ZIF-assisted films showed the smallest decrease in performance
metrics in mixed-gas scenarios, suggesting the promise of these
strategies for boosting plasticization resistance. While plasticization
effects were more pronounced for the CMS analogue of PIM-6FDA-
OH compared to the original pristine polymer, performance
remained above the 2003 upper bound given the initial enhance-
ments resulting from carbonization of the material.

5.3. Long-term stability of microporous polymers

While this review will not cover long-term performance of
microporous polymers in-depth (readers are referred to the
following reference for more information),>*> polymer stability
is nevertheless an important factor to consider for industrial
applications. In this section, we briefly summarize important
studies (in both academic and industrial labs) pertaining to
long-term performance and stability of microporous polymers.
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In 2022, Chen et al. developed dibenzomethanopentacene
(DBMP)-based PIM copolymer films, and found that over an
aging period of over 1000 days, the permeability of DBMP-based
PIM copolymers was reduced only by 36-50%, while PIM-1
experienced a reduction in permeability of ~74% on average,
suggesting that the incorporation of the rigid DBMP motif can
help reduce physical aging effects.’'® Bezzu et al. reported that
after long-term physical aging (>3.5 years), PIMs containing
SBF motifs aged similarly to PIM-1, except for PIM-SBF-5
(Fig. 37), which saw a ~39% decrease in CO, permeability
(compared to ~79% for PIM-1).*°® This slower aging exhibited
by PIM-SBF-5 could be attributed to the bulky ¢butyl groups
that maintain distance between polymer chains that prevent
collapse, while other PIM-SBF polymers contain smaller methyl
groups.®®® Swaidan et al reported in 2015 that, despite the
increased rigidity exhibited by TPIM-1 over PIM-1, the O, perme-
ability for TPIM-1 decreased by 95% over the course of 780 days
(compared to 70% for PIM-1 over the course of 1380 days),
suggesting that intrachain rigidity alone is insufficient in mitigat-
ing physical aging.”’” However, there are some distinct counter-
examples that note connections between interchain rigidity and
observed reductions in physical aging effects for long-term tests. In
2013, Li and Chung reported differences in aging behavior for
PIM-1 and PIM-UV4 h (a PIM-1 film that was UV-treated for
4 hours). Over the course of 100 days of aging in an ambient
environment, the CH, permeability of PIM-1 decreased by ~60%
and the CH, permeability of PIM-UV4 h decreased by only 25%.>%°
This finding suggests that the UV-treated PIM membrane had
a more stable structure than PIM-1. When comparing O,/N,
selectivity, PIM-UV4 h selectivity increased by ~5% and PIM-1
selectivity increased by 30%, matching trade-off expectations in
permeability and selectivity during aging.**°

In 2021, Foster et al. synthesized PIM-1 thin film composite
(TFC) membranes and found that both selectivity and aging
behavior could be varied by changing the topology of the
polymer.>*® For instance, polymerization performed without

10" 4
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Fig. 78 CsHe/CsHg upper bound plot. Filled/half-filled symbols represent data at 1 bar CsHe partial pressure, while unfilled symbols represent data at 2.5
to 3 bar CsHg partial pressure. Arrows point from data at 1 bar CsHg partial pressure to 2.5 to 3 bar CsHg partial pressure.
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nitrogen gas led to polymers with higher degrees of branching
which could form into small loops.”'® While high molecular
weight PIM-1 TFC membranes exhibited a 76% decrease in CO,
permeability in the first 7 days of aging, a blend containing
80 wt% of high molecular weight PIM-1 and 20 wt% PIM-1 contain-
ing small loops exhibited a 47% decrease in CO, permeability.>'®

The incorporation of fillers has also been shown to mitigate
physical aging. In 2020, Chen et al. fabricated MOF-801/PIM-1
MMMs and aged them for 100 days in a dry environment. It was
found that while the CO, permeability of PIM-1 decreased by
60%, the CO, permeability of MOF-801/PIM-1 MMM (with 5 wt%
MOF-801) decreased by only 30%, suggesting that MOF-801
helped to rigidify PIM-1.°"° In 2023, Cong et al. incorporated a
trisilver complex (trisilver pyrazolate, Ags;pz;) into PIM-1 films to
act as a C3Hj carrier filler.>® When the films were aged in an
ambient environment, the permeability of C;He dropped in the
first 60 days (~15%) and then stabilized, while the C;Hg perme-
ability remained stable throughout the 120 days of aging.”*’

In an industrial context, membrane modules often operate
continuously for extended periods of time. Therefore, it is also
important to test the long-term stability of polymer membranes
under the presence of plasticizing gases to evaluate their
resistance to plasticization. In 2019, Li et al continuously
operated an AO-PIM-1 membrane under a feed mixture contain-
ing 20 mol% H,S, 20 mol% CO,, and 60 mol% CH, at a feed
pressure of 8.6 bar and a temperature of 35 °C over the course
of 10 days.>®" It was found that the permeabilities of all gases
stabilized after 7 days, and the mixed-gas H,S/CH, (40 to 50)
and CO,/CH, (20) selectivities remained relatively consistent
throughout the 10 days.>*! It was hypothesized that the stability
of permeabilities and selectivities during the long-term stability
testing could be attributed to the free volume of the AO-PIM-1
membrane being continuously occupied by gases, which could
reduce the densification of the membrane.”" Chen et al
reported that after 120 h of continuous gas permeation testing,
MOF-801/PIM-1 membranes (with 5 wt% MOF) maintained
stable performance with an average CO, permeability of 9682
barrer throughout the test.>*® In addition, Cong et al. reported
that during long-term stability testing of Ags;pz;/PIM-1 mem-
branes under single gas conditions, both C;Hs and C3;Hg
permeabilities remained stable throughout the 24 days of
testing.’*® Therefore, incorporating hydrogen bonding motifs
(in the case of AO-PIM-1) or fillers (in the case of both MOF-801
and Ag;pz;) in PIM membranes can help maintain stability
even when exposed to a continuous feed of plasticizing gases.

While this review does not cover refrigerant gases exten-
sively, a study done by Gutiérrez-Hernandez et al. in 2023
monitored the long-term separation performance of branched
PIM-1 under a 50:50 mixture feed of difluoromethane and
pentafluoroethane at 1.3 bar and 30 °C, which was changed to a
different mixture (68.9 vol% difluoromethane and 31.1 vol%
2,3,3,3-tetrafluoropropene) after four days.’** In the first four
days, the permeability of difluoromethane increased by ~45%
to 1325 barrer, but after the mixture was switched, the difluoro-
methane permeability dropped to 1244 barrer due to an increase
in difluoromethane concentration, which would be expected to
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decrease permeability based on dual-mode sorption.>** The perme-
ability of difluoromethane then remained relatively constant
throughout the rest of the long-term stability testing (7 days total),
suggesting an opportunity and a need to further study PIM-1 and
other microporous polymers for refrigerant applications.**>

6. Conclusions and recommendations

Penetrant-induced plasticization remains a critical challenge for
polymer membrane performance under realistic high-pressure
and condensable feed conditions that are relevant to industry.
This review presents a comprehensive summary of the phenom-
enon of plasticization in emerging microporous polymers,
including an in-depth analysis of plasticization trends mea-
sured for pure- and mixed-gas permeation and sorption testing
conditions. Additionally, in-depth characterization techniques
are described to evaluate plasticization at a fundamental level.
General mitigation strategies to reduce plasticization effects are
also highlighted, including new synthetic approaches, post-
synthetic modifications, and multi-component systems such
as composites, blends, and copolymers.

While gas permeation tests are an indirect method employed
by membrane scientists to probe plasticization in polymer
membranes, experiments that directly probe chain mobility in
the presence of plasticizing gases can provide direct mecha-
nistic information. For example, studies have been performed
on traditional linear polymers to evaluate how gases such as
CO, influence mechanical properties and the glass transition
temperature. However, there are very few related studies on
microporous polymers. Tests such as dynamic mechanical
analysis (DMA) and dilation experiments can probe chain
mobility in the presence of plasticizing gases, which could fill
this unmet research need. It is recommended that researchers
use additional methods besides gas permeation tests to probe
chain mobility in the presence of plasticizing gases, such as
DMA, differential scanning calorimetry (DSC), dilation experi-
ments, and molecular dynamics (MD) simulations.

When considering methods to mitigate plasticization effects
in microporous polymers, previous research has focused on
various strategies including the introduction of (1) rigid back-
bone moieties to induce intrachain rigidity, (2) hydrogen bond-
ing backbone moieties to increase interchain rigidity, (3)
thermal and chemical crosslinking, and (4) filler incorporation
(such as metal-organic frameworks (MOFs)) or polymer-poly-
mer blending. When viewed holistically, the most significant
differences in transport performance were observed for systems
with increased interchain rigidity induced by hydrogen bond-
ing moieties, such as -OH. In fact, the variation in mixed-gas
normalized permeabilities for CO, and CH, were much more
significant in the absence of hydrogen bonding, suggesting that
the introduction of secondary forces improves plasticization
resistance. Other strategies including filler incorporation and
crosslinking appeared to stabilize plasticization effects, but
clear trends were not observed when comparing across classes
of different fillers. Introducing methods to increase interchain

This journal is © The Royal Society of Chemistry 2024
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rigidity can be a useful technique to mitigate plasticization
effects, but in general, reducing intrachain mobility through
the incorporation of bulky chain moieties does not significantly
improve plasticization resistance. Therefore, we recommend
that researchers further investigate the incorporation of sec-
ondary forces into microporous polymers, including the incor-
poration of hydrogen bonding motifs.

The plasticization pressure, which is the pressure at which
permeability begins to increase with increasing feed pressure,
is often the first metric used to determine if a membrane is
plasticization resistant. However, the plasticization pressure
alone does not account for changes in permeability of the less
condensable penetrant in a mixture experiment. For mixed-gas
experiments, some unambiguous indications of plasticization
include an increase in permeability of the less condensable
penetrant and a decrease in the overall permselectivity with
increasing feed pressure. Additionally, when running pure- and
mixed-gas tests, maximum feed pressures tested are around 25
bar, but plasticization behavior can significantly change at
higher pressures. Therefore, in addition to high-pressure
pure-gas tests, it is recommended that researchers perform
mixed-gas tests with application-inspired conditions at relevant
feed pressures and temperatures.

In addition to both pure- and mixed-gas permeation tests, it
is also critical to report specific testing conditions and protocols
when evaluating sorption and permeation at high pressures.
While performing high-pressure tests is routine in the polymer
membrane community, the hold times between each data point
for testing are seldom reported. Because plasticization is
directly associated to polymer chain motion and dynamics,
slight changes in the amount of time a polymer is exposed to
a plasticizing gas can significantly influence the resulting high-
pressure data, thus biasing plasticization results. For example,
PIM-1 has plasticization pressures for CO, at 35 °C that range
from <2 bar to 27 bar, despite these tests being run for the
same polymer composition. It is recommended that researchers
report the hold times of each pressure point for high-pressure
sorption and permeation tests. Having this information will
allow more consistent and reliable comparisons of plasticiza-
tion effects between polymer structures and chemistries.

When considering mixed-gas testing in microporous mate-
rials, this review provides a comprehensive survey of mixtures
and testing conditions that have been considered for polymers
in the literature. While CO,/CH, has been investigated in great
depth, other binary and complex ternary mixtures are seldom
explored, despite representing more realistic industrial scenar-
ios. In general, the review of previous work showed that in
binary CO,/CH, mixtures, both sorption and diffusion selectiv-
ity play an important role in defining separation metrics. In
mixtures containing H,S, sorption selectivity can play a much
more significant role over diffusion selectivity in determining
overall performance. As such, in addition to running mixed-gas
tests with application-inspired feed pressures and tempera-
tures, it is also recommended that mixture compositions reflect
compositions found in industry. For example, investigating
plasticizing impurities commonly found in natural gas such

This journal is © The Royal Society of Chemistry 2024
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as H,S and BTEX aromatics would strengthen the current
fundamental and practical understanding of plasticization for
that specific application. Additional mixtures including con-
densable C,-C, gases would also assist in evaluating
membrane promise for emerging applications.*””

It has been proposed that gases with high solubility and
critical temperatures induce plasticization in polymer mem-
branes. Before the era of microporous polymers, a critical gas
concentration of 38 + 7 cmsrp)” CMpolymer) ~ Was proposed to
correlate with CO, pure-gas plasticization curves, regardless of
the polymer. While there has been some disagreement about the
use of this specific critical concentration with non-microporous
polymers,*® many recent studies on microporous polymers indi-
cate that this critical concentration of CO, is much
higher,?*4890-328:342,346 1y this review, high-pressure plasticization
data for microporous polymers was evaluated and the CO,
concentration observed at the plasticization pressure was found
to be consistently higher than the critical concentration originally
suggested by Bos et al. (Fig. 67). It is recommended that
researchers perform sorption experiments during materials
development to evaluate the effects of gas concentration on
plasticization. Mixed-gas sorption experiments are ideal to repli-
cate realistic conditions, and more of these experiments are
encouraged, but as these tests are often not as accessible, models
such as the mixed-gas dual-mode sorption model or NELF model
can be used for predicting mixed-gas sorption behavior.

Lastly, most of the membranes tested at the lab scale are
bulk films with thicknesses on the micron scale (ie., >1 um).
However, in an industrial setting, thinner membranes
(ie, <1 pm) are required to maximize productivity. Moreover,
thinner membranes are more susceptible to plasticization,*%***
and thus the thicker membranes that are often tested are not fully
representative of how the same material will perform in an
industrial setting. Finally, membrane modules operating in a real
process are used continuously for extended periods of time, indicat-
ing an application need to explore testing under continuous gas flow.
We encourage researchers to examine the plasticization properties of
thick and thin films using sorption experiments and long-term
permeation tests in the presence of plasticizing contaminants.

In conclusion, microporous polymers represent a class of
promising materials for gas separations due to their solution
processability and high performance relative to the Robeson
upper bound. However, despite their rigid backbone structures,
microporous materials and emerging polymers are often still
susceptible to penetrant-induced plasticization. Although
further research is needed to fully understand and mitigate
plasticization effects, a great deal of progress has been made to
address these effects and enable membrane technology for
emerging applications.
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