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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%

Albert X. Wu received his PhD in
Chemical Engineering from MIT
under the supervision of Prof.
Zachary P. Smith, where his
research focused on the synthesis,
transport characterization, and
sorption modeling of highly
fluorinated polymer materials for
gas separations. He is currently a
researcher at 3M working on
technology development and full-
scale implementation of advanced

Albert X. Wu water treatment processes.

Taigyu joo is a graduate student at
MIT. He obtained his bachelor’s
degree in Chemical Engineering
from Carnegie Mellon University in
2018 and a master’s degree in
Chemical  Engineering  Practice
from MIT in 2021. Under the
guidance of Professor Zachary P.
Smith, his doctoral research
focuses on understanding  the
physical aging behaviors and the
rational design of post-synthetic
modification strategies for micro-
porous polymer membranes used
in gas separation applications.

Taigyu Joo

2436 | Chem. Soc. Rev., 2024, 53, 2435-2529

View Article Online

Chem Soc Rev

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

Chem. Soc. Rev,, 2024, 53, 2435-2529 | 2447


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 7/2/2024 12:23:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

_—
D
-

0.16 0.08
= Loss Modulus
014 —o— Di 5
ielectric Loss
{ 0.12 0.06
e
» 010
=2
.§ 0.08 40.04
= 0.06}
»
8
g 004 0.02
0.02
0.00 - A A A 0.00
-200 -100 0 100 200 300

Temperature (°C)

Fig. 9

(..3) sso7 oupd321Q

View Article Online

Chem Soc Rev

b 200

( ) @ Dielectric
180 - @ Dynamic Mechanical
160 |

- -
n &
o o
T T

Activation Energy (kJ/mol)
8

1

0
100

1 1 1 1 1

{
150 200 250 300

Temperature (K)

350 400

(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. Dynamic mechanical analysis (DMA). Dynamic
mechanical analysis (DMA) is generally used to investigate the
viscoelastic properties of materials by extracting stress-strain
information of samples at controlled frequencies.>®® Para-
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).

This journal is © The Royal Society of Chemistry 2024

Chem. Soc. Rev,, 2024, 53, 2435-2529 | 2451


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 7/2/2024 12:23:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

10 T T T T T T
¥ TR @ 300°C (1 hour)

Modulus (Pa)

Frequencies = 0.1, 0.3, 1, 3, 10, 30 Hz

' L 1 L L 1

-150 -50 50 150 250 350 450 550

Temperature (°C)

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

Chem Soc Rev

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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mass fraction for PSf, PMMA, and Matrimid® at a test frequency of 0.1 Hz.2’”# Reprinted with permission from ref. 274 (Copyright Elsevier, 2019).

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), wher