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Abstract 

 Over the past forty years, membrane-based gas separations have emerged as a promising 

alternative to energy-intensive separation processes such as amine absorption and cryogenic 

distillation. However, a trade-off between permeability and selectivity as well as issues of 

decreased performance at high pressures have hindered widespread membrane deployment. In 

response, there is a growing body of research aimed to developing materials formulations that 

address these polymer-specific disadvantages. Polymers of intrinsic microporosity (PIMs) were 

designed as ultrahigh-free-volume materials with inefficient chain packing and high surface areas, 

resulting in pure-gas performance beyond that of traditional glassy polymers. Hybrid systems such 

as mixed-matrix membranes (MMMs) also emerged as a means of increasing overall separation 

performance and reducing plasticization. Despite the surge in available material platforms for 

membrane-based separations, the performance and fundamental underpinnings of binary and 

ternary mixed-gas transport in these microporous polymers and MMMs remains underexplored. 

 This thesis combines synthetic chemistry, materials science, and chemical engineering to 

develop a platform of functionalized PIM derivatives and to investigate their pure- and mixed-gas 

transport properties in industrially relevant conditions. Approaches to increase diffusion-based 
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performance in PIMs are developed, including methods to functionalize PIMs with carboxylic acid 

and amine functionalities, template free volume elements through protection/de-protection 

chemistries, and fabricate MOFïpolymer composites. The effects of polymer functionalization, 

free volume manipulation, and membrane hybridization on transport are investigated via pure-gas 

testing and sorptionïdiffusion analysis, to elucidate structureïproperty relationships between 

polymer packing structure and gas diffusion. Polymers with identical backbone structures and 

varying backbone functionality are subsequently used as a platform to investigate the effects of 

CO2 sorption affinity on the binary and ternary mixed-gas transport. Among the PIMs considered, 

amine-functionalized PIM-1 shows a notable increase in mixed-gas selectivity compared to the 

pure-gas case. The generalizability of this approach is investigated through amine-

functionalization of a different family of polymers, poly(aryl ether)s (PAEs). Results indicate that 

amine-functionalization can serve as a promising route to increase mixed-gas transport 

performance while also reducing CO2-based plasticization. The influence of CO2 sorption affinity 

on transport is finally investigated through ternary mixed-gas tests in toxic gas mixtures containing 

H2S. Taken together, this thesis derives connections between macromolecular chemistry and 

complex gas transport performance in PIMs. By developing these structure-property-performance 

relationships, this work provides context for the potential of PIMs in industrial applications and 

rational design handles for future development of high-performing membrane solutions.    

 

Thesis Supervisor:  

Zachary P. Smith 

Robert N. Noyce Career Development Chair and Professor of Chemical Engineering 
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Chapter 1: Introduction  

1.1. Dissertation Goals 

 In the last forty years, the membrane gas separations industry has grown at a significant 

rate1. Industrial membrane separations, however, have been limited to four major applications 

while key separations like CO2 removal from natural gas and olefin/paraffin separation have relied 

on highly energy-intensive and environmentally unfriendly processes such as amine absorption 

and distillation2,3.  As a category, thermal separations contribute to 10ï15% of the worldôs energy 

consumption4. Developing energy-efficient polymer membranes that surpass current performance 

limitations is not only crucial to fill the growing global energy demand but could also reduce 100 

million tons of CO2 emissions and $4 billion in energy costs annually in the United States4. Over 

the last decades, chemists, chemical engineers and materials scientists have worked to develop a 

myriad of new polymeric and hybrid materials to improve gas separation performance. In 

particular, polymers of intrinsic microporosity were designed as ultrahigh free volume materials 

with highly rigid backbone structures, resulting in excellent pure-gas permeability-selectivity 

combinations beyond those of traditional glassy polymers5,6. Furthermore, hybrid mixed-matrix 

membranes (MMMs) gathered significant attention as a means to increase polymer performance 

through incorporation of chemically tunable organicïinorganic fillers7. Metalïorganic frameworks 

(MOFs), for instance, can act as physical crosslinkers in the polymer matrix and decrease 

interchain mobility, thereby reducing issues of plasticization and aging common for glassy 

materials. Results from these studies suggest promising outlooks for new membrane materials, but 

little is known about the performance and fundamental underpinnings of binary and ternary mixed-

gas transport in microporous polymers and hybrid MMMs8.  
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 This thesis applies fundamentals of synthetic chemistry, materials science and chemical 

engineering to develop a new platform of microporous polymer derivatives for energy-efficient 

gas separations. In particular, the effects of backbone rigidity and functionality are used as a means 

to study structureïproperty changes in industrially-relevant pure- and mixed-gas conditions. New 

approaches to improve diffusion-based performance in functional PIMs are developed including: 

(1) facile synthetic routes to functionalize PIM-1 backbone and a poly(aryl ether) (PAE) backbone 

with carboxylic acid groups and primary amine chemical groups, respectively, and (2) a bottom-

up protection/de-protection approach to improve pure-gas diffusion in an amine functionalized 

PIM, and (c) a simple physical blending strategy to combine an amine-functional MOF with PIMs. 

The effects of chemical modification or composite formation on the solid-state polymer packing 

structure and pure-gas transport are investigated through physical characterization and sorptionï

diffusion analysis9. Binary and ternary mixed-gas transport is fundamentally analyzed through the 

lens of the dual-mode-sorption model10 and compared to studies of other microporous polymers 

systems in the literature. All microporous derivatives are also evaluated with highly condensable 

gases at high pressures to understand the contributions of functional chemistry to plasticization 

behavior and polymer chain mobility. Finally, an important goal of this thesis also involved 

contributing to the strengthening of the overall membrane community through two efforts: (1) a 

comprehensive review contextualizing trends in plasticization performance and understanding in 

microporous polymers, and (2) collaborating with 10 academic and industrial laboratories to create 

a reference standard and a set of best practices for constant-volume variable-pressure pure-gas 

permeation testing across the membrane community. 
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1.2. Dissertation Outline 

 This dissertation is organized as a roadmap through various independent studies that build 

from each other and grow in complexity of the gas mixtures considered. As a result, the document 

covers a wide range of topics beginning with synthesis, physical characterization, and pure-gas 

transport, then transitioning to binary mixed-gas transport and sorption analysis, and concluding 

with MOFïpolymer composite formulation, ternary mixed-gas transport, and analyses of sorption 

energetics. Chapter 2 provides a general overview of (1) the current status of membrane-based gas 

separations, (2) microporous materials and metalïorganic frameworks for improved separation 

performance, and (3) fundamental considerations associated with industrially realistic conditions. 

Supplementary information for all chapters is included in appendices AïF.  

 Chapter 3 and Chapter 4 discuss the development of two synthetic approaches to improve 

the diffusion-based pure-gas transport through microporous polymers. In Chapter 3, a facile and 

time-efficient method to functionalize PIM-1 with a carboxylic acid group at high conversion is 

presented. The effects of functionalization on the solid-state packing structure of the materials are 

investigated through an array of physical characterization techniques. Pure-gas transport studies 

and sorptionïdiffusion analysis illustrate that increases in overall gas selectivity for carboxylic 

acid functionalized PIM-1 (PIM-COOH) result from a densification of the polymerôs physical 

packing structure provided by hydrogen bonding. Pure-gas transport performance is fundamentally 

evaluated by comparing sorption and diffusion coefficients derived from the secant method or 

time-lag based method for sorptionïdiffusion analysis in PIM-1 and PIM-COOH. Ultimately, 

PIM-1 and PIM-COOH show transport behavior consistent with models developed for 

hydrocarbon-based polymers with low fractional free volume.  
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 In Chapter 4, a bottom-up protection/de-protection strategy to increase free volume and 

diffusion in amine-functionalized PIMs was created using variations of protocols from a 

previously developed method for polyimides in the Smith lab11. This chapter involved the 

synthesis of four chemical analogues of PIM-1 including amine-functionalized PIM-1 (PIM-NH-

2)
12, protection of the amine to form PIM-tBOC, and subsequent acid and thermal de-protection of 

PIM-tBOC into two chemical analogues of PIM-NH2. The effect of acid and thermal de-protection 

on the polymer packing structure was evaluated through pore size distribution analysis indicating 

that thermal de-protection strategies helped to narrow the pore size distribution in PIM-NH2. The 

chemical identity of all derivatives involved in this work was characterized through solid-state 

NMR, suggesting that thermally de-protected samples had slight urea crosslinking that may 

stabilize the overall packing structure. Pure-gas transport analysis revealed how urea crosslinking 

and thermal de-protection resulted in significantly enhanced transport properties beyond those 

achieved by the original PIM-NH2 backbone. This thermal protection/de-protection method 

allowed significant improvement of pure-gas transport for polymers with chemically identical 

backbone structures, providing a generalizable technique for other amine-functionalized 

microporous systems.   

 Chapter 5 investigates the sorption and binary mixed-gas transport properties for the family 

of six functional polymers developed in Chapters 3 and 4. The identical backbone structures of all 

polymers and varying side-group modifications allowed for a comprehensive study of the effects 

of gas sorption and CO2 affinity on the CO2-based mixed gas transport. Increased CO2 affinity for 

amine-functionalized derivatives resulted in notable competitive sorption with unprecedented 

increases in mixed-gas CO2/N2 and CO2/CH4 selectivities compared to the pure-gas case. Mixed-

gas permeation trends were fundamentally evaluated through mixed-gas sorption modeling via the 
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extension of the dual-mode model for mixtures, indicating that CO2 mixed-gas sorption is much 

less affected by the presence of CH4 than the reverse, and suggesting higher competitive effects 

for samples with higher CO2 affinity. PIM-NH2 also demonstrated plasticization resistance in 

CO2/CH4 mixtures provided by inter-chain rigidity through hydrogen bonding. 

 Chapter 6 investigates the generalizability of the amine-functionalization strategy shown 

in Chapter 5 as a method to increase binary mixed-gas transport and plasticization resistance in 

microporous polymers. A new poly (aryl ether) (PAE) nitrile-functionalized backbone structure 

(PAE-CN) is functionalized with an amine using the reduction method presented in Chapter 2, and 

its CO2/N2 and CO2/CH4 transport properties are evaluated and compared directly to its nitrile 

functionalized counterpart as well as the amine- and nitrile functionalized PIM-1 analogues. 

Amine-functionalized films showed larger increases in mixed-gas transport performance 

compared to the pure-gas case, highlighting the benefits of functionalization to leverage CO2-based 

competitive sorption. Furthermore, complex ternary H2S/CO2/CH4 mixed-gas transport is explored 

for PIM-1, PIM-NH2, PAE-CN, and PAE-NH2. Both amine-functionalized derivatives maintain 

noticeable increases in CO2/CH4 selectivity despite the presence of the more condensable gas, H2S. 

The results of binary- and ternary mixed-gas tests are fundamentally investigated through variable-

temperature sorption energetics analysis for H2S, CO2, CH4 and N2. Amine-functionalized 

derivatives have highly exothermic heats of sorption with CO2 that surpass those of H2S, in contrast 

to what is observed with the nitrile-functionalized analogues. Finally, PAE derivatives demonstrate 

stable plasticization curves for CO2 and stronger stability with H2S than that of the PIM backbones. 

This chapter provides comprehensive structureïproperty relationships between backbone 

chemistry (rigidity and functionality) and complex gas transport.   
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 Chapter 7 incorporates the functionalization strategy developed in Chapter 3 and transport 

characterization methods applied in Chapter 6 to evaluate the pure-gas, binary and ternary mixed-

gas transport performance in hybrid mixed-matrix membranes formed with UiO-66-NH2. A simple 

physical mixing fabrication strategy is used to form MMMs from UiO-66-NH2 with PIM-1 or 

PIM-COOH, and pure-gas transport performance is subsequently evaluated for duplicate samples 

to account for sample-to-sample variability common for PIMs. The permeation data is further 

analyzed via sorptionïdiffusion analysis and Maxwell model fitting, highlighting how the MOF 

contributes most directly to diffusion. Finally, the effects of the MOF on binary and ternary mixed-

gas transport are investigated and compared directly to pure-gas tests. In this case, the MOF 

contributes minimally to binary mixed-gas transport, but provides plasticization resistance that 

helps to sustain good transport performance in ternary mixtures.  

 Finally, Chapter 8 presents a measurement standard for pure-gas testing in constant-volume 

variable-pressure systems, and represents a response to a call for increased standardization and 

reproducibility efforts within the scientific community13. The chapter involves the organization 

and implementation of a round-robin permeation study performed between ten independent 

academic and industrial labs where a reference standard for H2, O2, CH4 and N2 permeability in a 

commercial polysulfone film was developed. Equipment information, testing procedures and 

permeation data for all labs are summarized and used to provide statistical analysis of lab-to-lab 

uncertainties in evaluating permeability as well as a list of best practices for sample preparation, 

equipment set-up, and permeation testing using a constant-volume variable pressure apparatus. 

Further analysis is performed to demonstrate the variability associated with time-lag diffusion 

analysis. Ultimately, this study represents an important effort to increase reproducibility and 

standardization within the membrane community.  
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Conclusions and future recommendations are provided in Chapter 9.   
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Chapter 2: Background 

This chapter has been adapted from:  (1) Qian, Q.* ; Asinger, P. A.* ; Lee, M. J.; Han, G.; Mizrahi 

Rodriguez, K.; Lin, S.; Benedetti, F. M.; Wu, A. X.; Chi, W. S.; Smith, Z. P. MOF-Based 

Membranes for Gas Separations. Chem. Rev. 2020, 120 (16), 8161ï8266, and (2) Mizrahi 

Rodriguez, K.*; Lin, S.*; Wu, A. X.; Joo, T.; Storme, K. R.; Grosz, A. F.; Roy, N.; Syar, D.; 

Benedetti, F. M.; Smith, Z. P.; Penetrant Induced Plasticization in Microporous Polymers. In 

Preparation. A ñ*ò denotes equal contribution. 

2.1. The Need for Energy-Efficient Gas Separations 

Gas separations are crucial in todayôs energy and chemical production industries, playing 

an important role in capturing fuels for combustion, purifying chemical building blocks for 

plastics, and isolating pure, non-combustible gases for inerting, all of which are ubiquitous in daily 

life.1 Within the United States, the separations industry consumes 16 quadrillion BTU (16 Quads) 

of energy per year,2,3 on par with the total yearly primary energy production of Australia.4 

Approximately 50% of all industrial energy consumption in the United States is a result of 

separations, nearly half of which comes from thermally driven separations, such as distillation, 

that rely on liquid-vapor phase changes.2,5 As such, the energy input associated with overcoming 

heats of vaporization can make these processes very energy-intensive. Therefore, distillation, the 

dominant method used to perform over 200 unique separations, is a key contributor to energy 

consumption across the globe.5 One of the largest gas-phase separations is the separation of alkenes 

from alkanes, also known as olefin/paraffin separation.6 In this process, ethylene and propylene 

(olefins) are separated from ethane and propane (paraffins), respectively, to be used as precursors 

in the synthesis of polyethylene, ethylene glycol, polyvinyl chloride, polypropylene, isopropyl 

alcohol, and epoxy resins, among other compounds.7,8 Currently, olefin/paraffin separation is 
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achieved via an energy-intensive distillation process that separates components based on 

differences in volatility. The small difference in volatility between olefins and paraffins, as gleaned 

from the similar boiling points of ethylene and ethane (170 K and 184 K, respectively) and 

propylene and propane (226 K and 231 K, respectively), necessitates the use of large towers 

between 200 to 300 feet tall and a high reflux ratio between 10 and 15 in order to produce 99.9% 

pure olefins (polymer-grade) streams required for further processing.1,9 Olefin/paraffin separation 

processes consume approximately 0.75 Quads/yr in energy costs related to pressurizing and 

cooling the tower, comprising 0.3% of global energy use.5,9,10 Other large-scale separations such 

as vapor/vapor separations (e.g., ethanol/water dehydration and the separation of ortho- and meta-

xylenes from para-xylenes) and hydrocarbon separation from crude oil, both of which currently 

require distillation, consume approximately 1.5 Quads/yr and 6.6 Quads/yr, respectively.5 The 

end-goal would be to replace distillation columns with more energy-efficient methods, such as 

membrane-based technologies. Importantly, these membrane-based technologies work towards the 

electrification of industrial processes since their pumps are electrically powered. Such a transition 

towards non-thermal methods of separation in the petroleum, chemical, and paper manufacturing 

sectors presents an opportunity to reduce energy costs by 90%, eliminate 100 million tons of CO2 

emissions, and save $4 billion in energy costs per year in the United States alone.5 

2.2. Existing and Emerging Technologies for Gas Separations 

At the industrial scale, the choice of a separation process depends on a variety of factors 

including purity, recovery, flow rate, and capital cost. Currently, cryogenic distillation, pressure 

swing adsorption (PSA), temperature swing adsorption (TSA), and chemical absorption 

technologies are the dominant methods for commercial gas separations due to favorable economics 

at their respective process scales and their ability to isolate high-purity products.1,11 Al ternative 
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technologies for separations, such as membrane separations, are the subject of significant research 

efforts to reduce the carbon and energy footprints related to these traditional unit operations. 

Ideally, these alternative technologies would produce at the same scale and purity as existing 

processes, but with lower energy use. 

Cryogenic distillation functions similarly to conventional distillation, but is run at low 

temperatures in order to achieve a separation based on the differences in boiling points of the 

molecular components.12 For air separation, one of the most common separations performed via 

cryogenic distillation, nitrogen (boiling point of 77.4 K) is removed at the top of the column via 

the distillate stream, while the more condensable gases such as argon (87.3 K) and oxygen (90.2 

K) exit via the bottoms stream and continue to a second column for further separation. The 

resulting outlet streams typically have greater than 99% purity.13 Cryogenic distillation is 

commonly deployed for continuous, high-volume applications, such as air and olefin/paraffin 

separations, thus taking advantage of its favorable cost-throughput scaling while achieving a high 

purity separation.11,13,14 As with conventional distillation, the flow rate and purity of the distillate 

and bottoms streams are a function of the feed flow rate and composition, number of stages, 

operating temperature range and pressure, reflux ratio, and the physical properties of the gaseous 

components to be separated. Consideration of all the variables requires complex equipment design 

and heat integration, incurring long start-up and shut-down periods, and high capital costs.15 A 

large-scale separation train for 500 kt/yr ethylene production from a catalytic cracker can be 

approximately $800 million in total capital cost and $9.2 million/yr in operating costs, as estimated 

using the 2018 Chemical Engineering Plant Cost Index.16 The majority of the operating costs is 

associated with cooling and pressurizing the entire column to condense gases and is the primary 

mode of energy consumption in the process.1,16,17  
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PSA and TSA are attractive technologies for separations where certain gaseous compounds 

in a mixture exhibit preferential and reversible adsorption at relevant temperatures and pressures. 

Accordingly, developing adsorbent materials with higher capacity and faster kinetics is an area of 

significant research efforts within the PSA and TSA communities.18,19 Traditionally, solid-state 

materials such as zeolites and activated carbons are used for PSA and TSA.20 These materials are 

typically high-surface area and porous materials that preferentially adsorb gases based on either 

molecular size or affinity.20,21 In the case of adsorption processes, the weakly adsorbing gases more 

quickly break through an adsorbent bed, leaving the strongly adsorbing gases in the column. In 

PSA, a change in pressure is used to regenerate the column.22 TSA processes operate similarly, 

but use elevated temperatures to induce desorption.23 When incorporating these technologies into 

overall flow diagrams, adequate time must be allowed for sufficient regeneration of the adsorbent. 

Therefore, both PSA and TSA processes are typically designed to have multiple chambers running 

in parallel to increase total throughput and allow for continuous separation.24 The efficiency of the 

separation depends highly on the adsorbent and mixture composition, but for many applications, 

such as oxygen purification, nitrogen enrichment, and CO2-based separations, product purities that 

exceed 98% are commonly reached.15,25 Because PSA and TSA are typically batch operations, and 

because throughput often scales linearly with the amount of adsorbent required, PSA and TSA are 

often economical for medium-scale processes with lower purity requirements than those achieved 

via distillation.26 In many applications, PSA is preferred over TSA due to its ease of operation and 

TSAôs challenges associated with heating the adsorbent materials for proper regenerative 

cycling.27 Thus, PSA is the primary process for many hydrogen recovery applications, such as CO2 

removal from steam reforming of hydrocarbons for syngas ratio adjustment, as well as high-purity 

nitrogen generation.22,28 
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Chemical absorption most directly competes with other technologies for CO2 separation 

applications such as natural gas sweetening or carbon capture from flue gas emissions.29,30 The 

absorbent typically is a liquid amine (e.g., monoethanolamine (MEA), diethanolamine (DEA), or 

methyldiethanolamine (MDEA)), which reacts with CO2 to form a nitrogen-substituted carbamic 

acid.31 The carbamic acid product is relatively unstable and decomposes at elevated temperatures, 

thus releasing the captured CO2 and regenerating the amine. The non-volatile fraction of the 

amines are then recycled, allowing for nearly continuous operation to recover or remove high 

purity CO2 from product streams.32 There are a few drawbacks to this technology. First, the 

carbamic acid product requires regeneration temperatures greater than 100 °C, thus necessitating 

a significant thermal input for this aqueous system.33 Second, the amines can form non-reversible 

salts in the presence of trace SO2 and NOx, thus requiring addition of more amines over time.34 

Lastly, the amines can undergo degradation in the presence of O2, creating corrosive mixtures that 

can endanger operators and corrode the entire process if left unmonitored.1,29 

Compared to the other processes, membrane-based separations are an attractive option for 

energy-efficient operation because they do not require thermally driven phase changes and they 

do not require solid or liquid sorbents that must be regenerated at some cost in energy. Moreover, 

membranes can offer additional advantages such as modularity, low operation costs, and 

compactness. A rough estimate of the relative energy intensities for each of the discussed 

separation technologies, as well as for other unit operations, is summarized in Figure 2.1.35 

Distillation accounts for approximately 50% of the energy consumed by industrial separations, 

while non-phase change driven processes such as adsorption and membrane processes account for 

7% and 4% of the total energy consumption, respectively.2 
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Figure 2.1. Comparison of relative energy required for separation unit operations, ranging from 

high to low energy. Reprinted with permission from ref 35. Copyright 2019 National Academies 

of Sciences, Engineering, and Medicine. 

For membrane separations, gases are separated based on their differences in diffusion and 

sorption coefficients, which are molecular properties governed largely by properties of the 

membrane material.36 In 1977, Monsanto launched the first successful industrial implementation 

of a membrane-based gas separation for hydrogen purge recovery for petrochemical and ammonia 

plants.37 Since that time, polymer membrane-based gas separations have developed into an 

economically competitive alternative to existing separation technologies. As shown in Figure 2.2. 

and Table 2.1., the market for gas separation membranes has found success in four primary 

applications and is projected to continue its steady growth.38 Overall, membrane-based gas 

separations have emerged as a promising platform for energy-efficient gas separation, showing 

potential to provide savings in capital costs and energy-related operating costs as well as offering 

advantages related to ease of operation and compact footprint.1,5,29,30,36 
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Figure 2.2. Approximate market size in millions of US dollars, divided by major application, of 

membrane-based gas separations in 2002 and 2018, and projected market size in 2022.30,38,39 

Table 2.1. Approximate market size in millions of US dollars, divided by major application, of 

membrane-based gas separations in 2002 and 2018, and projected market size in 2022.30,38,39 

Approximate 

market size 

(Millions $) 

Year 2002 2018 
2022 

(projected) 

H2 Recovery 25 200 - 

N2 Generation 75 800 - 

Natural Gas 

Treatment 
30 300 - 

Vapor Recovery 20 100 - 

Total 150 1,400 2,610 
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2.3. Current Status of Membrane-Based Gas Separations 

Today, most membranes used in industrial gas separation processes are fabricated via a 

phase-inversion process first introduced by Loeb and Sourirajan.1,36 This process results in the 

formation of an asymmetric membrane that comprises a thin selective layer (0.1ï1.0 µm thickness) 

set on a porous support to provide mechanical strength.36 Modern gas separation plants contain 

1,000 m2 to 500,000 m2 of membrane film area, but this requirement directly correlates with the 

thickness of the selective layer.36 Therefore, finding methods to make thinner membranes 

minimizes the required membrane area, thereby decreasing the capital cost of the entire separation 

system while maintaining the desired throughput.36 

There are two common membrane geometries used today for gas separations: hollow fibers 

and spiral wound modules. These two configurations, depicted in Figure 2.3a, maximize the 

amount of membrane surface area that can fit in a given cylindrical volume. A higher surface-area-

to-volume ratio reduces the size of pressure vessels required for these separations.40 For hollow 

fibers, single- or dual-layer systems can be used to form membranes. Single-layer hollow fibers 

have one polymer component for both the selective layer and the porous support.41 Dual-layer 

hollow fibers contain one polymer for the selective layer and a second polymer for the porous 

support. By using different materials for the dual-layer design, more exotic and hence, more 

expensive, materials can be accommodated for membrane systems.42,43 Membranes fabricated in 

other configurations are relatively uncommon for gas separation applications and are made 

primarily to satisfy specific process specifications and conditions. For example, plate-and-frame 

modules are being scaled for post-combustion carbon capture by Membrane Technology and 

Research (MTR) in order to achieve an acceptable pressure drop across the membrane module.44 
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In the hollow fiber configuration, a thin selective layer is fabricated onto the surface of a 

cylindrical porous support, as shown in the cross-sectional view of a fiber in Figure 2.3b. A typical 

hollow fiber module contains on the order of 105 tightly packed hollow fibers, which are sealed at 

the ends with thermosetting epoxy.45 The feed gas can be introduced on either the shell or tube 

side of the fibers and is typically run in a counter-current configuration to the permeate stream to 

maximize mass transfer rates.46,47 A typical spiral wound membrane consists of alternating layers 

of flat sheet asymmetric membranes separated by porous spacers, with the permeate and feed 

streams flowing through alternating layers.48 Hollow fiber modules provide the benefit of higher 

surface-area-to-volume ratios, which enables the design of smaller membrane plants for certain 

separations, but they require a larger pressure drop compared to that of spiral wound membrane 

modules.48,49 

 

Figure 2.3. (a) Schematic of hollow fiber and spiral wound membrane modules as part of a 

membrane separation unit operation. Reprinted with permission from ref 1. Copyright 2013 

Elsevier. (b) Cross-sectional view of a polysulfone single-layer hollow fiber with a thin selective 

layer on the outer surface. Reprinted with permission from ref 1. Copyright 2013 Elsevier. 
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2.3.1. Applications of Membranes for Gas Separations.  

Membrane separations are often economically favorable in the gas separations market for 

smaller-scale operations due to their generally lower capital cost and linear cost-throughput 

scaling.50,51 A common challenge for membrane separations is achieving high purity separations, 

which, in the absence of pressure-ratio limitations, depends on the separation performance of the 

membrane.48 Thus, membranes generally provide sufficient product recovery in applications 

where high purity is not crucial (e.g., 99% N2 / 1% O2 from air).29,39 Membranes are currently used 

in limited industrial capacity, with successes in four applications that represent 80ï90% of the 

current $1.0ï1.5 billion/yr membrane market: nitrogen production (O2/N2), natural gas treatment 

(CO2/CH4, H2S/CH4, He/CH4), hydrogen recovery (H2/N2, H2/CH4, H2/CO), and vapor recovery 

(C3H6/N2, C2H4/N2, C2H4/Ar, C3+/CH4, CH4/N2).
30,36 The breakdown of the market by application 

is shown in Figure 2.2. and Table 2.1.  

The gas separations market has continuously expanded from 0.150B USD in 2002 to 

approximately 1.5B USD in 2017, and the market is projected to reach 2.61B USD by 2022. 30,39 

While this growth indicates that membrane-based separations have successfully emerged as a 

promising platform technology, the technique still has significant limitations relative to 

conventional unit operations, and there is still significant room for market expansion within current 

applications as well as opportunities in emerging markets. For example, membranes currently 

occupy about 10% of the natural gas purification market, with the rest of the market occupied by 

chemical amine absorption, primarily as a result of relatively low permeability and selectivity.29 

In this case, membranes with better performance would allow for expanded use. From a materials 

perspective, permeability and selectivity need to be improved under realistic conditions to displace 

legacy separation systems, and these efforts remain a primary objective for the membrane field. 
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52ï54 There are also potential applications in which better membrane performance could allow for 

entry into new markets. Promising separations on the verge of industrial relevance include 

olefin/paraffin separation and carbon capture from flue gas or syngas streams.30 

Ethylene and propylene are the two largest-volume organic chemical feedstocks because 

of their use in the synthesis of various vinyl polymers and monomers, such as polyethylene and 

ethylene oxide from ethylene, and polypropylene and acrylonitrile from propylene, with combined 

total global production exceeding 250 million tons.5,10 It is estimated that approximately 290 Mt 

of the 380 Mt of polymer resins and fibers (~77%) produced globally in 2015 are formed from 

vinyl precursors.55 As current global demand for polymers is nearly $500 billion/yr,56 the 

inexpensive supply of basic commodity vinyl monomers is a critical need for society. As 

mentioned previously, olefin/paraffin separations are among the most energy-intensive separation 

processes performed today and therefore have been a primary target market for membrane 

separations for many years. For propylene purge gas streams, membranes with a propylene 

permeance of 20ï40 gas permeation units (GPU, cf., Section 7.2) and a stable selectivity of 6ï10 

(‌, cf., Section 3.1) can be used to selectively recycle 90% of propylene otherwise lost in the purge 

stream.36 For more ambitious applications, such as replacing distillation columns for the direct 

separation of feeds from olefin crackers, a stable selectivity of at least 15ï20 would be required.36 

An intermediate approach that has shown promise is distillation-membrane hybrid systems, which 

can be used to de-bottleneck distillation columns and increase throughput.36,57  

The field for carbon capture via membrane separations is vast, comprising applications 

ranging from CO2 capture for sequestration from post-combustion flue gas (CO2/N2) to treatment 

of syngas streams (CO2/H2) generated during the pre-combustion process. Capture of CO2 from 

flue gas has the very attractive objective of reducing the amount of anthropogenic CO2 emissions 
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to the atmosphere from power plants. As for pre-combustion CO2 capture, syngas can be treated 

via the water-gas shift reaction to produce a stream of H2 and CO2, where the CO2 can be captured 

and the H2 can be used as a fuel or as a hydrogen source in a refinery.1,30 The market for CO2 

separations is dominated by amine absorption, but this technology is hamstrung by large plant 

sizes and the toxicity of the amines.29 For flue gas feed streams, membranes with high CO2 

permeance of 1,000ï5,000 GPU and a selectivity of 30ï50 are required in order to be economically 

competitive with amine absorption.30 This high standard for membrane performance is a result of 

the typical flue gas feed stream: a typical 550 MW power plant produces 2 MMscf of flue gas per 

minute, which is enough gas to fill the volume of the Goodyear Blimp every 9 seconds at STP. 

These sources only contain 12ï14 mol% of CO2, necessitating an enormous CO2 permeance 

relative to traditional polymer membrane systems while maintaining moderate selectivity in order 

to process the high feed flow rate.58 For pre-combustion applications, membranes with a CO2 

permeance greater than 200 GPU and a CO2/H2 selectivity greater than 20 are desired to be 

competitive with typical PSA processes.30 The largest hurdle for this application is the high 

operating temperature necessary for economical separation, as temperatures between 300ï500 °C 

are required for high conversion of CO and H2O to CO2 and H2 from the water-gas shift reaction.1  

2.3.2. Challenges Associated with Polymer Membranes.  

 Despite the synthesis and characterization of thousands of newly reported materials, 90% 

of commercial membranes are comprised of fewer than 10 polymers (e.g., polysulfone, cellulose 

acetate, polyimides, polyphenylene oxide, substituted polycarbonates, polyaramides, and silicone 

rubber), most of which were developed and successfully implemented in or before the 1990s.36 

The stagnation in development for these four ñsolvedò membrane applications mentioned above is 

a result of the minimal decrease in capital cost associated with the adoption of many new materials. 
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While improved permeability would decrease the total membrane area required and improved 

selectivity would decrease the compressor size, these significant development efforts are estimated 

to provide a total capital savings of only 5ï10% due to the comparatively high fixed costs of other 

process components in the overall membrane skid (e.g., pumps, compressors, steel vessels, pipes, 

valves, etc.).29,30 In order to promote the adoption of new materials, a step change in materials 

performance is required to decrease fixed component costs, such as sharply reducing compressor 

and pump sizes. For these ñsolvedò applications, as well as for any new application, optimization 

of the process flow diagram to minimize energy and capital costs is required to determine if a 

membrane separation would be competitive with current unit operations.59,60 Therefore, the 

primary focus for gas separation membrane researchers is to develop materials that can break 

through in new application areas, including but not limited to those mentioned above, by 

addressing challenges related to membrane performance and stability over time. 

2.3.2.1. PermeabilityïSelectivity Tradeoff.  

 Ideally, a membrane would provide high flux and high gas purity in order to maximize 

throughput and minimize costs. Permeability and selectivity are, fundamentally, properties 

resulting from the structure of the membrane material, logically prompting research into structureï

property relationships. As the amount of data on membrane separations increased with time, it 

became apparent that a tradeoff relationship between gas permeability and ideal selectivity existed, 

first characterized for a large database by the so-called Robeson upper bound in 1991 and revisited 

in 2008 for homogenous polymer membranes.61,62 These upper bounds demonstrate this tradeoff 

relationship for pairs of common gases (He, H2, O2, CO2, N2, and CH4) and display the best 

combinations of permeability and selectivity at a given time, thereby setting a standard of 

comparison for performance metrics of newly developed materials. The majority of the polymers 
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that defined the 2008 upper bound were glassy polymers and perfluoropolymers.62 Since 2008, 

there has been a significant research effort and progress in developing polymers with intrinsic 

microporosity (PIMs), a new class of high-free volume polymers. Researchers involved in the 

development of these high-performing PIMs have defined more recent upper bounds for certain 

gas pairs, such as Swaidan et al. in 2015 for O2/N2, H2/N2, and H2/CH4 and Comesaña-Gándara et 

al. in 2019 for CO2/N2 and CO2/CH4.
63,64 Figure 2.4 shows the 2008 and 2019 upper bounds for 

CO2/CH4, demonstrating the progress in separation performance overtime.  

  

Figure 2.4. Upper bound plot for CO2/CH4, for homogenous, solution-processable polymeric 

materials, showing the separation performance for conventional polymers (gray squares) and PIMs 

(blue circles). The upper bounds established by Robeson in 1991 and 2008 and by Comesaña-

Gándara in 2019 are labeled accordingly.61,62,64  

It should be noted that surpassing the upper bound should not be considered the objective 

of materials intended for industrial use. The upper bound plots represent pure-gas permeation data 

under a narrow range of testing conditions (typically 35 °C and 1 atm). These ideal testing 

conditions are far from those relevant for industrial operating temperatures and pressures. 



40 

 

Additionally, separation performance can be significantly different for gas mixtures compared to 

pure gases, especially those involving condensable gases, due to behaviors such as competitive 

sorption and swelling effects.36,65 Finally, permeability is a material property, but permeance is far 

more adequate in representing potential performance for materials that can be formed into useful 

thin-film geometries.36 While it is encouraging to develop a material with performance that 

surpasses the upper bound for one or more gas pairs, doing so is only a minor indication of 

identifying an industrially viable material.  

2.3.2.2. Membrane Stability 

 Another important application consideration is membrane stability to process conditions. 

An industrially relevant membrane should be able to last three to five years while providing 

predictable purity for outlet streams.36 These stability issues relate primarily to three categories: 

plasticization, physical aging, and chemical stability. The first two considerations are essential for 

viscoelastic polymer-based membranes, and the final consideration is important for all materials. 

2.3.2.2.1. Penetrant Induced Plasticization 

Plasticization is a phenomenon that occurs when the increasing concentration of a highly 

sorbing gas (e.g., CO2, C2H4, C3H6, etc.) in a polymer matrix causes the polymer to swell, thereby 

resulting in an increase in diffusion coefficients of all gases present and a corresponding decrease 

in selectivity.66,67 For lab-scale tests, this process is commonly observed when determining 

permeabilities for incremental increases in pressure. For low pressures, permeability decreases 

with increasing pressure and eventually reaches a minimum known as the ñplasticization pressureò 

point, followed by an increase in permeability at high penetrant pressures.68 Figure 2.5 shows the 

general shape of a plasticization-pressure curve, indicating significant and measurable 

plasticization behavior has occurred as a result of a high penetrant concentration of CO2 in the 
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polymers at high pressures. Plasticization often occurs over a range of gas-phase activities, and the 

origins of the onset of plasticization is still a matter of debate within the membrane community.69ï

71
 Plasticization effects have shown a large effect in many separations of interest, such as CO2/CH4 

and C3H6/C3H8, where mixed-gas tests have shown a 2.5 to 10-fold decrease in mixed-gas 

selectivities compared to their respective ideal selectivities.72,73 This effect is further exacerbated 

for real gas mixtures; for example, natural gas consists not only of CO2 and CH4, but also can 

contain 5ï15% of C2ïC6 hydrocarbons and up to 500 ppm of benzene, toluene, ethylbenzene, and 

xylene (BTEX aromatics). At typical pressures for natural gas processing (20ï60 bar), these 

additional contaminants sorb into the polymer and cause significant plasticization and a 

corresponding loss of selectivity.36 While plasticization pressure tests are a useful first test in 

studying plasticization, synthetic and real gas mixtures must be tested to ultimately evaluate 

plasticization behavior, as described in more detail elsewhere.74  

 

Figure 2.5. (a) Relative permeability (ὖ), with respect to permeability at 1 bar (ὖ), as a function 

of feed pressure of CO2 for various glassy polymer films. CA-3.0 is cellulose triacetate, TM-PC is 

tetramethyl bisphenol A polycarbonate, and PPO is poly(2,6-dimethyl-1,4-phenylene oxide). The 

tests were run at approximately 25 °C with film thicknesses of approximately 18ï45 µm.71  
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Developing a fundamental understanding of plasticization is critical to develop membranes 

as a platform technology 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 well pressures frequently reach pressures of 50 bar and contain 

high levels of known plasticizers such as CO2 and H2S. 75 Membranes for olefin/paraffin 

separations, such as ethylene/ethane and propylene/propane, are also susceptible to plasticization 

since these industrial gas feeds are usually 8ï11 bar and at temperatures that result in high gas-

phase activities 39. Under these aggressive operating conditions, plasticization often leads to a 

substantial deterioration in selectivity 39,76. There are also few industrial applications where 

membranes show great potential, but have not yet significantly expanded in existing markets. 

Some of these have unresolved challenges, including operating conditions that make polymer 

membranes susceptible to plasticization. For example, hydrogen recovery processes from steam 

methane reforming, in which CO2 is separated from syngas, is known to be economically more 

favorable when the separation is performed at high reactor effluent pressures (usually about 50 

bar) 77. Vapor separations like dehydration of organic solvents are also attractive applications for 

membranes due to difficulties in separating azeotrope mixtures using traditional methods like 

distillation. However, strong interactions between polymer and permeate like water and ethanol 

can plasticize membranes, reducing overall diffusion selectivity 78,79. While polymer membranes 

are susceptible to plasticization in these industrial processes, many methods have been developed 

to reduce chain mobility, and thus, increase resistance toward plasticization. As shown in Figure 

2.6., previous studies on non-microporous polymers such as polyimides 80ï84 have indicated 

successful plasticization resistance through the restriction of chain mobility via crosslinking 85ï87, 
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addition of polar moieties 88ï90, and formation of charge transfer complexes (CTCs) 90ï93. These 

methods specifically aim to increase the interchain rigidity of polymers, while, in other cases, 

researchers have looked to increase the intrachain rigidity of polymers to minimize plasticization 

effects. 94 

 

Figure 2.6. Methods employed to mitigate plasticization in polymer membranes. 

While the concept of penetrant-induced plasticization in polymers has been recognized 

since the earliest days of the polymer field and its recognition in membranes can date back to 

1960s, a fundamental understanding of its effect on membranes is still not fully understood. The 

timeline in Figure 2.7 shows some of the major efforts and studies that have contributed to the 

understanding of penetrant-induced plasticization behavior for membrane materials. Since the 

1980s, membrane researchers have made efforts to develop a more fundamental understanding of 

penetrant-induced plasticization, especially relating changes in membrane transport with polymer 
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kinetics and chain dynamics. In recent years, the general approach has focused on developing 

mitigation strategies, computational modeling, and developing plasticization-resistant polymers.  

 

Figure 2.7. Timeline highlighting seminal studies on plasticization in membranes. 

Finally, membranes must be chemically resistant to damaging process contaminants, such 

as H2S in natural gas purification or SOx and NOx in carbon capture applications from flue gas. In 

these cases, stability tests should be conducted to determine the lifetime of the membrane when 

exposed to corrosive and acidic gases.1,36 When considering glassy polymer matrices without 

functional groups, resistance to contaminants is associated to plasticization. Whereas, in the case 

of functionalized polymers or metal organic frameworks, contaminants can often poison the 

reactive functionality or compromise the framework stability and crystallinity. 

2.3.2.2.2. Physical Aging  

Another parameter of interest for industrial applications is the rate of physical aging. 

Physical aging is a phenomenon that affects polymers in their glassy state. Within a solid-state 

polymer film, frustrated packing, which generally correlates with polymer backbone rigidity, 

results in a distribution of stochastically fluctuating unoccupied spaces that are known as non-

equilibrium free volume elements.95 Over time, the chains slowly reorder to an equilibrium state, 

eliminating the excess free volume and thereby decreasing molecular diffusivity and increasing 
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selectivity of permeating species.96 Because higher contributions of non-equilibrium free volume 

can increase diffusion rates, it is no coincidence that many of the polymers defining the 2008 upper 

bounds, as well as the more recent 2015 and 2019 upper bounds, are glassy and possess high 

fractional free volume.66 In turn, because aging rates scale with excess free volume, many of these 

highest-performing polymers suffer higher rates of physical aging.95 This effect is shown in Figure 

2.8, comparing the relative permeability after 1,000 h (approximately 42 days) to that after 1 h for 

various glassy polymers. Following the dashed line to guide the eye, it can be seen that, in general, 

polymers with higher fractional free volume lose permeability much faster than polymers with 

lower fractional free volume.  

 

Figure 2.8. Relative permeability of oxygen after 1,000 h (ὖ ȟ ) with respect to permeability 

after 1 h (ὖ ȟ ) for film formation for a variety of polymers: high free-volume polymers (Ǐ), 

polyimides (ƴ), commercial polymers (ȹ), and perfluoropolymers (ǒ). The films are 

approximately 400 nm in thickness with the exception of PTMSP at 700 nm thickness. Adapted 

with permission from ref 97. Copyright 2014 Elsevier. 
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 In the context of free volume theory and polymer physics, 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: 

ὠ ὠ ὠ ςȢρ 

where ὠ is the experimentally derived specific volume of the polymer and ὠ is the volume 

occupied by polymer chains. When considering transport through a film, ὠ is considered to 

include the volume occupied by the polymer chains called hard core volume (the temperatureï

independent volume in Figure 2.9) and the nearby free volume occupied by polymer segment 

vibrations (the sloped line above the hardcore volume in Figure 2.9). The latter is referred to as 

interstitial volume and is the effective volume that contributes to a polymerôs solid-state packing 

98. The ñfree volumeò responsible for gas transport refers to the free volume that can redistribute 

within polymer matrix by random thermal fluctuations (above the interstitial volume line in Figure 

2.9) 99,100.  

 As 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 polymer in a non-equilibrium and meta-stable state. This behavior is schematically 

reflected in Figure 2.9, where the polymerôs specific volume changes slope with decreasing 

temperature and deviates from the theoretical equilibrium volume (dashed line). The deviation 

from equilibrium packing results in the formation of non-equilibrium free volume (shaded area in 

Figure 2.9 and sometimes referred to as ñexcess free volumeò), which drives physical aging in 

high free volume polymers. 
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Figure 2.9. Polymer volume as a function of temperature. The shaded area indicates the non-

equilibrium free volume. 

Furthermore, fractional free volume (FFV) in a polymer can be correlated with transport 

properties of diffusing molecules in a polymer film 101,102: 

ὊὊὠ
ὠ

ὠ

ὠ ὠ

ὠ
ςȢς 

 Hence, free volume theory is widely used in the gas separation field to describe molecular 

diffusion and predict transport behavior of gases. Because FFV is difficult to experimentally 

determine, it is often calculated by approximating ὠ using group contribution theory 103. While 

the group contribution theory is commonly used due to its simplicity, it has several limitations that 

have recently come under debate 104,105. Wu et al. recently re-visited and updated group-

contribution theory for FFV calculations with a particular focus on the structural groups that 

compose microporous polymers. 106  Information on other characterization methods used to 

determine free volume experimentally can be found elsewhere 102,107. 
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2.4. Next Generation Materials for Improved Gas Separation Performance 

2.4.1. Polymers of Intrinsic Microporosity (PIMs)  

 Polymers of intrinsic microporosity (PIMs), have gained significant interest in the 

membrane field due to their remarkable gas transport performance, processability, and excellent 

thermal stability 108ï110. The archetypal PIM-1, discovered by Budd and McKeown 108,111, contains 

a spirocenter connected by cyclopentane rings. When combined with rigid aromatic monomers, 

this spirocenter limits intra-segmental mobility and results in a contorted polymer backbone. This 

unique macromolecular structure induces inefficient chain packing in the solid state and creates an 

interconnected path of micropores or FVEs with diameters smaller than 2nm. The initial discovery 

of PIM-1 and subsequent development of many microporous polymers which contain rigid and 

contorted backbones 110,112 has prompted researchers to pursue microporous polymer chemistries 

for gas separations.  

 In particular, increasing intrachain rigidity of PIMs with addition of bridged-bicyclic 

contortion centers such as triptycene 113ï118 and Trºgerôs base (TB) has led to improved gas 

separation properties 119ï122. Beyond the traditional PIM chemistries synthesized from the catechol 

polycondensation reaction, novel microporous polymer backbones have been developed using 

catatylic arene-norbornene annulation (CANAL) 123ï125, ring opening metathesis polymerization 

(ROMP)126, and Pd-catalyzed C-O polycondensation 127, among others 102,122. In addition to 

polymer backbone tunability, modifying backbone functionality has been used to tune polymer 

packing structure and sorption affinity to certain gases in PIMs.128 The nitrile functional group in 

PIM-1 has been post-synthetically functionalized with amine, tetrazole, amidoxime, thioamide, 

and carboxylic acid groups, as will be described in later chapters. 128 
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 Functionalization can sometimes serve to enhance plasticization resistance or gas-specific 

sorption. For example, Mason et al. demonstrated how amine functionalization of PIM-1 can result 

in increased CO2 sorption capacity129. On another hand, amidoxime functionalization of PIM-1 

has shown promise in plasticization resistance, as it can rigidify the polymer matrix and introduce 

more microporosity in the membrane due to intermolecular hydrogen bonding 130. Swaidan et al. 

found that AO-PIM-1 (BET = 482 m2/g) had a three-fold increase in pure-gas CO2/CH4 diffusivity 

selectivity over PIM-1 (BET = 768 m2/g) with comparable solubility selectivity 130. In addition, 

the mixed-gas CO2/CH4 (50:50 CO2/CH4 mixture) selectivity of AO-PIM-1 dropped by about 13% 

to ~21 at a total feed pressure of 20 bar 130. For PIM-1, the mixed-gas selectivity dropped by about 

60% to ~8 at a total feed pressure of 20 bar due to the significant increases in CH4 diffusion 

coefficients from CO2-induced swelling 130. AO-PIM-1 was also tested 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% 

H2S, 20% CO2, and 60% CH4, the CO2/CH4 selectivity was relatively stable up to a feed pressure 

of 77 bar, while H2S/CH4 selectivity increased to ~70 131.  

2.4.2. MetalïOrganic Frameworks and Mixed-Matrix Membranes 

 MOFs are hybrid organicïinorganic materials possessing specific pore sizes and topologies 

defined by synthetic building blocks. These fixed pore sizes show potential for excellent size-

sieving ability depending on the pore aperture and the sizes of the gases to be separated. For 

example, a study on diffusion coefficients of various gases in ZIF-8 revealed an effective pore 

aperture size of 4.0 to 4.2 Å, thereby suggesting ZIF-8 could effectively separate propane (~4.3 Å) 

from propylene (~4 Å) through a size-sieving mechanism.132 This conclusion is corroborated by 

reported mixed-gas selectivities of ~50 for ZIF-8 crystalline films.133 However, it has been 

challenging to grow and process continuous MOF films, thus compromising selectivity due to the 
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presence of defects in the films.134 MMMs attempt to address this issue by using MOFs as a filler 

in the polymer matrix, ideally leveraging the facile membrane processability of polymers and the 

superior transport characteristics of MOFs to form composite materials. Furthermore, MOF 

incorporation can crosslink the polymer matrix and limit segmental mobility, thereby reducing 

aging and plasticization of polymers 135. The incorporation of specific functional groups on an 

organic MOF linker can also be used to enhance compatibility and gas polymer interactions. For 

example, ïNH2 and ïSO3H groups are commonly incorporated into MOFs such as MIL-125(Ti)-

NH2,
136 MIL -101(Cr)-SO3H,137 UiO-66-NH2,

138 MOF-199-NH2,
139 MIL -53(Al)-NH2,

140 and MIL-

101(Al)-NH2.
141 Hydrogen bonding between the polymer and surface groups on these MOFs can 

lead to improved compatibility, while, in addition, these functional groups can sometimes result 

in improved interactions with unique features of a penetrant gas, like the quadrupole of CO2.
142 A 

chapter of this thesis particularly focuses on developing mixed-matrix membranes using UiO-66-

NH2 and co-authored work performed during this thesis has also involved developing modulated 

strategies to synthesize MIL-101(Cr)-NH2.
143,144 The MOF structures for the parent MOFs, MIL-

101(Cr) and UiO-66, are shown in Figure 2.10. 
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Figure 2.10. MOF structures for MIL-101(Cr) and UiO-66. MOF structures are scaled to 

accurately show relative size. The limiting pore apertures for MIL -101(Cr) and UiO-66 are 12 Å 

and 6 Å, respectively. Hydrogen atoms are omitted for clarity. 

2.4.2.1. Challenges Associated with Mixed-Matrix Membranes 

  Challenges related to particle agglomeration and interfacial compatibility between the 

MOF and polymer matrix can lead to suboptimal separation performance and limit the particle 

loading capacity, therefore precluding the ability to achieve the desired performance enhancements 

(Figure 2.11).145ï147 Moreover, the use of polymers introduces technical challenges such as 

physical aging and plasticization.95,148 With relation to interfacial compatibility, selecting 

physically and chemically compatible MOF and polymer components is critical to achieve 

synergistic performance. In this respect, MOFs are uniquely promising alternatives to traditional 

materials such as zeolites, silicates, or activated carbons, because they contain organic 

functionality, which can match the chemical composition of organic polymers. Additionally, the 

organic ligands of MOFs can be designed and chemically tuned to improve compatibility with 

polymers. Common methods include using polymerïMOF pairs with compatible secondary 

interactions,140 modifying the MOF surface with polymer matrix oligomers,149 modulating particle 

size to increase surface-area-to-volume ratios,150 using MOF nano-sheets,151 copolymerizing or 

fusing the MOF with the polymer matrix,152 and synthesizing MOFs with organic linkers similar 

to those of the polymer matrix structure.153 
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Figure 2.11. Common challenges and mitigation strategies for the fabrication of MOF-based 

mixed-matrix membranes.  

 MOF loading is a critical parameter when forming MMMs. Membranes with higher MOF 

loading exhibit more MOF-like transport, but in these loading regimes, issues related to particle 

agglomeration and a resulting decrease in selectivity become more prevalent because of favorable 

interactions between MOF particles.146 Because of particle agglomeration, it can be difficult to 

prepare homogeneously dispersed MMMs that would behave as ideal composites for which 

performance can be accurately predicted using theoretical approaches such as the Maxwellï

WagnerïSillar model.154,155 Thus, a tradeoff exists between increasing MOF loading and reducing 

the selectivity as well as mechanical integrity of the membrane. 

In addition to filler  loading, other MOF characteristics are associated with the formation of 

agglomerations. These characteristics include (1) MOF particle size, where large particles tend to 

sediment more easily compared to ultra-fine crystalline particles,156 (2) casting conditions, where 

evaporation rate, solvent interactions, and casting solution viscosity157 influence sedimentation and 

dispersion,158 and (3) inter-particle interactions, where MOFs with stronger secondary self-
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interactions are more likely to form agglomerations.159 Generally, agglomerations become more 

prevalent when MOFïMOF interactions are stronger than those of polymerïMOF interactions.159  

2.5. Evaluation of Microporous Membranes in Industrially Realistic Conditions 

2.5.1. Mixed-gas Permeation in Microporous Polymers  

 Mixed-gas permeation in microporous polymers has been evaluated for various industrially 

relevant mixtures. Some examples include application targets of natural gas purification and bio-

gas upgrading (e.g., CO2/CH4), sour gas separations (e.g., H2S/CO2/CH4), post-combustion carbon 

capture (e.g., CO2/N2), olefin/paraffin separations (e.g., C3H6/C3H8), pre-combustion carbon 

capture (e.g., H2/CO2), nitrogen generation from air (e.g., O2/N2), and hydrogen recovery (i.e., 

H2/N2 and H2/CH4) 
30,160. Table 2.2 provides an overview of commonly tested conditions in the 

literature for some of these gas mixtures, the number of studies testing similar conditions, and the 

primary industrial application for the separation. As shown in Table 2.2., certain separations such 

as binary CO2/CH4 separation for applications in natural gas and biogas purification, 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 impurities commonly found in these streams (e.g., H2S, N2, 

C3+ hydrocarbons, aromatics including benzene isomers, 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 polyimides161, polynorbornene162, thermally-rearranged HAB-6FDA163, a 

blend of polyethersulfone and DSDA-TMMDA 164, and Pebax® 165. Some polymers, including 

cellulose acetate and derivatives, have even been deployed in industrial natural gas separations166.  

However, only few reports have tested sour gas mixtures (H2S/CO2/CH4) in microporous 
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polymers167. In these cases, H2S compositions ranged from 0.05 mol% to 20 mol% 75,131,168,169. 

These values resemble typical gas well compositions found globally, which frequently range from 

ppm concentrations to 30 vol% 29,160,167 As a result of plasticization and permeabilityïselectivity 

trade-offs, membrane-based natural gas purification comprises only 10% of the natural gas 

separation market compared to other processes such as amine absorption30. Developing a more 

robust understanding of structureïproperty relationships for plasticization under relevant 

conditions could help to advance membrane technology into the remaining 90% of the market 5,30. 

In addition to natural gas, upgrading bio-gas, a renewable energy resource produced during 

anaerobic digestion of biomass in landfills, has also become an attractive market for 

membranes15,170. Bio-gas upgrading involves lower gas inlet pressures and higher initial CO2 

concentrations, somewhat mitigating issues of plasticization 15,170, although H2S composition can 

be somewhat concentrated for these applications as well. As shown in Table 2.2, studies 

investigating hydrogen-based gas pairs (13% of the market share for membrane-based separations) 

covered a larger range of testing temperatures (i.e., H2/CO2) and gas compositions (i.e., H2/N2), 

which is consistent with industrial conditions that are relevant for these separations. When 

considering other emerging applications, studies involving olefin/paraffin separations (e.g., 

C3H6/C3H8) have focused on more generalized binary mixtures, while those for carbon capture 

(i.e., CO2/N2) have also evaluated the effects of ternary mixtures, including humid conditions.  
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Table 2.2. Testing conditions for literature involving gas mixtures and microporous polymers.  

Gas Mixture 

#  of 

papers 

Testing Conditions 

Relevant industrial application 

Composition
b
 

Temperature 

(°C) 
Contaminants 

CO2/CH4 

23 50:50 30ï35 - Biogas upgrading and natural 

gas purification 15 
 

Organic waste: (60ï70% CH4; 

30ï40% CO2; 0ï5000 ppm 

H2S) 
 

Landfill waste: (35ï65% CH4;  

15ï50% CO2; 5ï40 N2; 0ï100 

ppm H2S) 
 

Natural gas: (75ï95% CH4; 1ï

10% CO2; 4ï10000 ppm H2S) 

3 50:50 N/A - 

18 50:50 22ï25 - 

4 35:65 N/A - 

3 30:70 30 - 

2 20:80 30ï35 - 

1 40:60 25 - 

H2S/CO2/CH4 

Ternary 

1 15:15:70 35 H2S 

1 20:20:60 35 H2S 

1 0.05:50:49.95 35 H2S 

1 
33.6:64:2.4 

CO2/CH4/N2 
25 ppm H2S 

CO2/N2 

4 50:50 35ï37 - 

 

Carbon capture 52 
 

Post-combustion flue gas from 

coal-fired power plants: 

(4ï20 % CO2 at atmospheric 

pressure, 50 °C, with 

contaminants such as SOX, NOX, 

water, and trace metals) 

5 15:85 35 - 

2 9:91 35 - 

1 10:90 25 - 

9 50:50 22ï25 - 

2 15:85 N/A - 

4 15:85 22ï25 - 

1 20:80 30 - 

1 30:70 & 70:30 25 - 

1 40:60 25 - 

1 20:80 & 80:20 25 - 

CO2/N2 

Ternary 

1 15:85 30 2.5, 25, 41.5 RHa 

1 9:91 30 7 & 26 RH 

1 20:20 40 61% Ar 

1 20:20 22 60% Ar 

1 5% flue gas (14:86) 22 95% H2O vapor 

1 15:80 25 5% O2 

C3 8 50:50 C3H6/C3H8 35 - 
Alkene/alkane or olefin/paraffin 

separations 171 

H2/N2 

2 50:50 25 - 

H2 recovery from ammonia 

synthesis plants  36,39 

(30ï80% H2 mixed with light 

hydrocarbons C1ïC5) 

1 20:80 22 - 

1 30:70 25 - 

1 70:30 25 - 

H2/CH4 
2 50:50 35 - 

1 50:50 25 - 

H2/CO2 

3 50:50 35 -  

Carbon capture  30,77 
 

Pre-combustion/syngas: (30% 

CO2, 20% CO, 45% H2, and other 

inert gases at 100ï150 °C) 

 

1 50:50 35, 60, 90, 120 - 

1 50:50 180 - 

1 12 to 39% RH in CO2 30 H2O 

1 50:49 35, 60, 90 1% CO 

1 equimolar 120 H2O: 1.51ï15.8 

a Relative humidity is indicated as RH. 
b Composition ratios are listed in the same order as the gas pair, e.g., a CO2/CH4 mixture with a 

30:70 composition has 30% CO2 and 70% CH4. 
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 Membrane performance is typically evaluated in the context of upper bound plots, which 

were first proposed by Robeson in 1991172 and later revisited in 2008.62 These upper bound plots 

were empirically derived using a database of pure-gas permeation data evaluated at pressures of 

1ï10 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 

mixtures. For CO2/CH4 mixtures, Wang et al. recently proposed a new mixed-gas upper bound in 

2018 using literature data for 70 microporous polymers tested using a 50:50 CO2/CH4 mixture at 

a CO2 partial pressure of 10 bar160. This upper bound is highlighted throughout this thesis for 

comparison of mixed-gas data. For C3H6/C3H8 mixtures, Burns and Koros developed a pure-gas 

upper bound in 2003173 and, in 2012, Zhang et al. reported a mixed-gas upper bound using 

permeation data measured at temperatures from 35ï50 °C and at pressures between 1ï4 atm 174. 

Other pure-gas upper bounds for CO2- and H2-based gas pairs have been recently proposed 63,64,160. 

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 

H2S/CO2/CH4 mixtures, the combined acid gas selectivity (CAG) (i.e., the summed CO2 and H2S 

permeabilities divided by the CH4 permeability) proposed by Krafschik et al. has been commonly 

used 75,131,175. 

 Microporous polymers are frequently considered for CO2-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 of CO2/CH4 and 

CO2/N2. A collection of mixed-gas upper bound data from these studies is shown in Figure 2.12 

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. Considering CO2/CH4 and 
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CO2/N2 tests performed at relatively low pressures and varying CO2 compositions, the mixed-gas 

performance for microporous polymers (colored symbols) generally outperforms the pure-gas 

performance considered for a broader database of polymers (gray symbols), highlighting the 

potential promise of microporous polymer backbones for gas separation applications.  

 

Figure 2.12. (a) 200862 and 2018160 CO2/CH4 upper bounds and (b) 200862 CO2/N2 upper bound 

for mixed-gas tests of microporous polymers in the literature, highlighted in colored points. Gray 

points denote Robeson database points for pure-gas tests in non-microporous polymers 62,172. The 

legends describe the gas feed mixture compositions and the mixed-gas total pressures for testing. 

At 3.5 bar, the CO2/N2 compositions tested include 40:60, 30:70, and 20:80. 

2.5.2. Competitive Sorption and Mixed-gas 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 modes for one gas over others, resulting in reduced sorption capacity for the 

less condensable gases in a mixture. When sufficiently strong, competitive sorption can result in 
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increased mixed-gas sorption selectivity in favor of the more condensable gas. For instance, in 

binary mixtures of CO2/N2 and CO2/CH4, competition effects can raise CO2-based sorption 

selectivity because CO2 sorbs significantly more strongly than the co-permeating species. This 

effect results in an overall increase in permselectivity, which should be noted, is the opposite trend 

than is expected from plasticization. In this way, competition and plasticization can compete with 

each other and can influence permeability and permselectivity in complex and unexpected ways.  

By contrast, in H2-based mixtures such as H2/CH4 and H2/CO2, competitive effects can 

reduce transport performance by biasing sorption selectivity toward the more condensable 

penetrant (i.e., CO2 or CH4), which leads to a decrease in overall permselectivity. Sorption 

correlates exponentially with Tc, which makes this parameter an excellent correlating variable for 

estimating competitive sorption effects. In ternary mixtures of H2S/CO2/CH4, the relative 

condensability of the gases (H2S (Ὕ σχσȢσ Јὅ) > CO2 (Ὕ σπτȢς Јὅ) > CH4 (Ὕ ρωπȢφ Јὅ)) 

results in complex competition phenomena. H2S will preferentially sorb onto the polymer due to 

its higher Tc, increasing its permeability. However, both CO2 and CH4 permeability decrease, 

resulting in an increase in H2S/CH4 sorption selectivity and permselectivity 176,177. 

 Competitive sorption effects are inherently linked to the sorption characteristics of the 

polymer and gas mixture investigated. 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 competitive 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., CO2/N2, CO2/CH4, H2S/CO2, etc.), an increase in mixed-gas permselectivity 

compared to pure-gas permselectivity indicates a rise in sorption selectivity. This rise is due to 
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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 compared to the pure-gas permselectivity) indicates plasticization, where diffusion and 

permeation of the less condensable penetrant increases due to enhanced chain mobility. Since 

plasticization and competitive sorption counterbalance each other, it is possible to simultaneously 

observe an increase in permselectivity at low pressures (due to competition) with a decrease in 

permselectivity at high pressures (due to detrimental plasticization 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 178ï181. When not available, researchers have also applied models such as the 

dual-mode sorption (DMS) model 182,183  and the NELF model 184 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 

thermodynamically rigorous models such as NELF are required for quantitative mixed-gas 

sorption predictions 185,186. 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 pressureïvolumeïtemperature (PVT) 

experiments for polymers above their glass transition temperature 187. 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 coefficient 188,189, or molecular simulations 190, are required. 
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 Despite challenges associated with testing mixed-gas sorption, direct measurements of 

CO2/CH4 mixed-gas sorption have been collected in many glassy polymers such as cellulose 

triacetate (CTA)191, 6FDA-TADPO192, 6FDA-HAB and its thermally rearranged analogue186, TZ-

PIM193, PIM-1193, PTMSP193, 6FDA-mPDA194, PIM-Trip-TB195, and AO-PIM196, and rubbery 

polymers such as polydimethylsiloxane (PDMS)181,197. Other gas mixtures such as CO2/C2H4, 

CO2/N2O, CO2/C2H6, and C2H6/CO2/CH4 have also been tested for PMMA198,199, crosslinked PEO 

200, and PIM-1201, respectively. For CO2 and CH4 in glassy polymers, mixed-gas CO2 sorption 

decreases slightly compared to the pure-gas case, whereas mixed-gas CH4 sorption is significantly 

lower than the pure-gas case due to competitive sorption. In this way, CO2/CH4 selectivity can 

increase for mixtures compared to pure gases, providing the aforementioned opportunity to counter 

decreases in selectivity due to plasticization by leveraging competition. 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.  
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Chapter 3: Facile and time-efficient carboxylic acid functionalization of PIM-1: effect on 

molecular packing and gas separation performance 

 

Abstract 

An optimized acid hydrolysis method was developed to yield carboxylic acid-functionalized PIM-

1 (PIM-COOH) with >89% conversion in 48 h using a post-polymerization reaction of PIM-1. 

Physical characterization of PIM-1 and PIM-COOH revealed that the average size of free volume 

elements in PIM-COOH decreases relative to that in PIM-1. Compared to PIM-1, PIM-COOH 

showed a significant increase in CO2- and H2-based selectivities with a corresponding decrease in 

permeabilities and sorption capacities for all gases considered. The dual-mode sorption model, 

time-lag method, and sorptionïdiffusion model were applied to glean molecular-level insights into 

diffusion and sorption in these polymers. Results indicate that improvements in selectivities for 

CO2-based gas pairs for PIM-COOH are primarily driven by diffusion selectivity and that PIM-

COOH displays transport behavior consistent with the sorptionïdiffusion model. To better 

understand performance under more realistic conditions, pure- and mixed-gas permeation for 

CO2/CH4 are reported for a 330 day aged PIM-COOH sample. 

 

This chapter has been adapted from: Mizrahi Rodriguez, K. , Wu, A. X., Qian, Q., Han, G., Lin, 

S., Benedetti, F. M., Lee, H., Chi, W. S., & Smith, Z. P. (2020). Facile and Time-Efficient 

Carboxylic Acid Functionalization of PIM-1: Effect on Molecular Packing and Gas Separation 

Performance. Macromolecules, 53 (15), 6220-6234. 
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3.1. Introduction 

 Microporous polymers have emerged as promising candidates for applications such as gas 

separations and storage1ï3. In the context of gas separations, polymers of intrinsic microporosity 

(PIMs) have exhibited a synergistic combination of ultrahigh permeability with good selectivity 

for the primary gas pairs of interest for natural gas processing (CO2/CH4) and CO2 capture 

(CO2/N2)
4. In comparison with conventional industrial polymers that rely on moderate selectivity 

and low permeability to separate mixtures, highly permeable polymers like PIMs have the potential 

to reduce membrane module footprint while also increasing separation productivity5,6. As a result, 

research into the separation performance of PIMs and their analogs has gained extensive traction3,7.  

 At a molecular level, the key design feature of PIMs is the presence of rigid and contorted 

backbone structures that limit intra-segmental mobility, preventing efficient chain packing and 

resulting in a frustrated packing structure with interconnected void spaces. By design, PIMs are 

size-selective, where small gases (e.g., He and H2) can more readily translate through 

interconnected voids, while bulkier gases (e.g., O2, CO2, N2, CH4) experience higher activation 

energies of diffusion8. In particular, PIM-19 has been widely studied due to its thermal stability 

(~450 °C), solution processability, ultrahigh surface area (~850 m2 gī1), mechanical strength, 

tunable chemical functionality, and excellent gas transport performance1. PIMs and their analogs 

often exhibit gas transport behavior near or above the Robeson upper bound10,11, which is a 

common benchmark used to compare polymer performance and explain trade-offs in permeability 

and selectivity. 

 An extensive palette of transport properties has been achieved via functionalization of the 

nitrile group in PIM-1, including amine12,13, amide14, tetrazole15, thioamide16, methyl tetrazole17, 

amidoxime18, hydroxyalkylaminoalkylamide19, and carboxylic acid20ï23 functionalizations. Of 
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particular interest are carboxylic acid PIMs due to their potential ability to enhance both CO2 

sorption and diffusion selectivity21. In terms of sorption selectivity, Lewis interactions of the CO2 

oxygen (Lewis base) with the carboxylic acid group or hydrogen bonding between CO2 and the 

carboxylic acid can improve sorption selectivity21,24,25. Likewise, diffusion selectivity can be 

increased through either inter- or intra-chain hydrogen bonding, which can result from reduced 

chain spacing for PIM-COOH26. Thus, this polymer functionalization enables direct probing of the 

influence of chemistry on the sorption and diffusion components of transport. However, the 

synthesis of carboxylic acid PIMs is difficult to complete in short times and with high conversion 

because the intermediate amide formed during synthesis is a poor leaving group27. 

 The first attempted synthesis of carboxylic acid PIM-1 (C-PIM) was published by Du et al. 

in 2011 using base-catalyzed hydrolysis with sodium hydroxide at 120 °C23. Since then, this base 

hydrolysis procedure has been cited frequently in work targeting applications of C-PIM for solvent 

filtration28ï30, pervaporation31,32, and gas separations33ï38. Due to the chemical reactivity, 

hydrophilicity, and acidic nature of the presumed carboxylic acid group, C-PIM has been made 

into blends with polyimides, including Matrimid®34 and P84®39, among others32. Moreover, 

C- PIM has been processed into hollow fibers28,29, carbonized films35, and cross-linked 

plasticization-resistant films37. Additionally, C-PIMs have been conjugated to multivalent metals 

such as Ag+, Zn2+, Ca2+, Mg2+, Fe3+ and Al3+, where, in certain cases, cross-linking induces changes 

in fractional free volume that increases sorption and diffusion selectivity33,36.  

 In 2014, however, Satilmis and Budd proposed that the base hydrolysis of PIM-1 to C-PIM 

results in the synthesis of the amide functionalized PIM-1 with some residual amounts of the 

carboxylic acid, ammonium carboxylate, and sodium carboxylate structures40. In 2017, Santoso et 

al. supported these claims by comparing the spectra of a hydrolyzed small molecule to that of C-
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PIM to pinpoint the specific 1H-NMR, 13C-NMR, and FT-IR characteristics expected for a highly 

carboxylic acid-functionalized PIM-141. In the same work, it was hypothesized that the usual base-

hydrolysis method was inefficient due to its limited reactivity for high molecular weight polymers, 

which reduce reaction kinetics of the already suboptimal amine leaving group. It was also proposed 

that acid hydrolysis may be more efficient, as indicated in one publication by Shea and 

coworkers20. Given these experimental considerations, Jeon et al. increased the original alkaline 

hydrolysis from a 5 h reaction time to 360 h to yield carboxylic acid PIMs with 92% conversion.21 

The increased amounts of carboxylic acid and reduced free volume in their samples yielded 

enhanced CO2 selectivity, but high pressure sorption and permeation were not investigated. In 

separate efforts by Wu et al., a nitrous acid hydrolysis method was developed to produce 

carboxylic acid PIM-1 with high conversion from the amide functionalized polymer.22 However, 

the harsh conditions required for this reaction reduced molecular weights, thus precluding film 

formation. Since the publication of the 360 h base hydrolysis21, one report has implemented this 

extended base-hydrolysis route to make highly converted carboxylic acid PIM-130 (referred to in 

this paper as PIM-COOH hereafter). In their study, Zhou et al. converted the carboxylic acids in 

PIM-COOH to acid chlorides and cross-linked the polymer to amine-functionalized 

polyacrylonitrile to form an interconnected layer for organic solvent nanofiltration30. 

 Here, we present a facile and time-efficient 2 day synthesis of PIM-COOH with high 

carboxylic acid content (>89%) through a modification of a previously reported acid hydrolysis 

method.20 1H and 13C nuclear magnetic resonance (NMR) spectroscopy, thermogravimetric 

analysis-mass spectrometry (TGA-MS), and X-ray photoelectric spectroscopy (XPS) were 

performed to characterize the chemical identity and high extent of conversion of PIM-1 to the 

carboxylic acid moiety. Structureïproperty relationships are derived through a combination of 
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physical characterization techniques (i.e., wide-angle X-ray scattering (WAXS), BET surface area 

characterization, positron annihilation lifetime spectroscopy (PALS), and density measurements) 

and separation characterization techniques, including high-pressure permeation and sorption tests 

of various gases (i.e., N2, CH4, and CO2). Finally, the contributions of diffusion and sorption to 

gas transport are analyzed through the sorptionïdiffusion model and the dual-mode sorption model 

to reveal the effects of carboxylic acid functionality on separation performance for these PIMs.  

3.2. Experimental and theory section 

3.2.1. Materials  

 Methanol (HPLC, Ó99.9%), dichloromethane (DCM, 99+%, stabilized with ethanol), N, 

N-dimethylformamide (DMF, anhydrous, 99.8%), tetrahydrofuran (THF, inhibitor free, HPLC, 

Ó99.9%), glacial acetic acid (Ph Eur grade), and sulfuric acid (95.0-98.0%) were purchased from 

Sigma-Aldrich and used as received. Chloroform (AR® ACS Reagent Grade, Ó99.5%) was 

purchased from Macron Fine Chemicals and acetone (Ó99.5%) was purchased from Fisher 

chemical and used as received. Ultrahigh purity gases were purchased from Airgas: H2 (UHP300, 

99.999%), CH4 (UHP300, 99.99%), N2 (UHP300, 99.999%), O2 (UHP300, 99.994%), and CO2 

(UHP300, 99.999%). The biscatechol monomer for PIM synthesis, 5,5ô,6,6ô-tetrahydroxy-

3,3,3ô,3ô-tetramethyl-1,1ô-spirobisindane (TTSBI, 97%, Alfa Aesar), was purified by dissolution 

in methanol at 60 °C followed by re-precipitation in dichloromethane overnight. The 

tetrafluorinated monomer, tetrafluoroterepthalonitrile (TFTPN, 99%, Sigma Aldrich) was purified 

by dissolution in hot methanol and slow cooling to re-crystallization overnight. After filtration, 

both monomers were dried in a vacuum oven overnight. TFTPN was dried at 35 °C and TTSBI at 

130 °C. Anhydrous potassium carbonate (K2CO3, Ó99.0%, Sigma Aldrich) was ground into 

powder using a mortar and pestle and dried overnight in a vacuum oven at 120 °C before use.  
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3.2.2. Synthesis of PIM-1  

 PIM-1 was synthesized and purified using a modified procedure based on a previous report 

by Mason et al16. All glassware was dried at 130 °C in a vacuum oven overnight to remove residual 

water. A three-necked 500 mL flask equipped with a mechanical stirrer was purged with N2 (Airgas 

UHP grade, purity >99.999%) for 30 min, after which, TTSBI (10.2126 g, 30 mmol), TFTPN 

(6.003 g, 30 mmol), and anhydrous DMF (150 mL) were added to the flask and stirred at 140 rpm 

until the monomers dissolved. Next, the base, K2CO3 (8.2923 g, 60 mmol), and additional DMF 

(50 mL) were added to the solution. The flask was immediately immersed in a preheated oil bath 

at 55 °C and left stirring for 72 h. Upon cooling, the reaction solution was precipitated by slowly 

pouring it into a beaker with 1200 mL of deionized water at 90 °C. The precipitant was stirred for 

4 h to ensure removal of residual salts. The mixture was then filtered and the resulting yellow 

polymer was dried for 2 h at 130 °C, dissolved in 500 mL of chloroform, and precipitated in 

methanol to remove low molecular weight oligomers. Re-precipitated polymer was filtered once 

more, dried at 130 °C, dissolved in 500 mL of THF, and precipitated in a 1:2 mixture of THF and 

acetone. The polymer was then recovered by vacuum filtration and vacuum-dried at 130 °C 

overnight. 

3.2.3. Acid hydrolysis of PIM-1 into PIM-COOH 

 PIM-COOH was synthesized via a modified acid hydrolysis method based on a previous 

report20. In a typical synthesis procedure, 0.3 g of PIM-1, 18 mL of deionized (DI) water, 6 mL of 

glacial acetic acid, and 18 mL of sulfuric acid were added sequentially to a 100 mL round bottom 

flask, and a water condenser was attached. The solid-state acid hydrolysis reaction was stirred at 

300 rpm for 48 h at 150 °C. Upon cooling, the heterogeneous solution was neutralized in a beaker 

with 500 mL of deionized water and the brown product was filtered. To remove residual reagents, 
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the powder was refluxed in a slightly acidic DI water solution with 200 mL of DI water and 3-4 

drops of sulfuric acid for approximately 12 h, filtered, and vacuum-dried at 130 °C overnight. 

PIM-COOH solvent solubility characteristics are summarized in section S1 of the supplementary 

information.  

3.2.4. Film formation 

 Films were cast from THF using a solution-casting technique. To allow for good 

comparison between films made from different polymer samples, PIM-1 and PIM-COOH were 

cast using the same procedure. In a typical casting experiment, 0.1 g of polymer were dissolved in 

THF (5 mL), targeting 2 w/v%, and the solution was stirred for at least 30 min until the powder 

completely dissolved. The bright yellow or dark brown solution was then filtered using a 5 µm 

PTFE filter (purchased from Whatman) into a glass Petri dish. The casting dish was immediately 

covered with another glass dish to prevent dust particles from settling on the film surface and to 

reduce the solvent evaporation rate. After approximately 24 h, the solid-state film had formed and 

detached from the dish. All films were then dried in a vacuum oven at 130 °C for 12 h. As-cast 

PIM-1 and PIM-COOH films were tested without any additional treatment as PIM-COOH films 

would curl and subsequently crack upon immersion in methanol.  

3.2.5. Structure characterization 

 To identify the functional groups present in PIM-1 and PIM-COOH, infrared spectra were 

recorded using a Thermo Fisher FTIR6700 Fourier transform infrared spectrometer (FT-IR). 

Samples were characterized using attenuated total reflection (ATR) mode for a total of 32 scans in 

the range of 500-4000 cmī1. FT-IR spectra were normalized with respect to the characteristic 

backbone peak present at approximately 1005 cmī1 for both PIM-1 and PIM-COOH. The chemical 

structure of the polymers was also studied using 1H and 13C nuclear magnetic resonance (NMR) 
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in a 500 MHz Varian Inova-500 NMR spectrometer. In preparation for NMR tests, PIM-1 and 

PIM-COOH were dissolved in deuterated chloroform (CDCl3) and dimethyl sulfoxide-d6 

(DMSO), respectively. The thermal stability of PIM-COOH was evaluated using a TA instruments 

thermogravimetric analyzer (TGA). The polymer sample was heated from ambient temperature to 

650 °C in a He atmosphere at a scan rate of 5 °C minī1. Decomposition products of PIM-COOH 

were identified using TGA analysis coupled with mass-spectrometry (MS). Gases evolved during 

the TGA measurement were transferred to a ThermoStar GSD 301 T MS through a heated fused 

silica capillary at 132.8 °C using a flow rate of 32 mL minī1. Mass ranges were evaluated from 

12-45 m/z every 47 s. The atomic composition of films was measured using a Versaprobe II X-

Ray photoelectron spectrometer (XPS) with an Al K-alpha X-ray source (1486.6 eV). The X-ray 

source power was 50 W and the beam spot size 200 µm. Spectra were taken with a pass energy of 

187.87 eV for PIM-1 and of 93.9 eV for PIM-COOH. All spectra were obtained with a photo 

electron take-off angle of 45.0°. 

3.2.6. Physical characterization 

 The physical packing structure of the polymers was analyzed with wide angle X-Ray 

scattering (WAXS), powder Brunauer-Emmett-Teller (BET) analysis, density measurements, and 

positron annihilation lifetime spectroscopy (PALS). WAXS was conducted on a SAXSLAB 

machine equipped with a Rigaku 002 microfocus X-ray source and a DECTRIS PILATUS3 R 

300K detector, under a vacuum of 0.08 mbar in the range of 3-70 . BET surface areas for the 

polymer powders were obtained from N2 isotherms measured on a Micromeritics 3Flex system. 

The density of PIM-1 and PIM-COOH films was determined from the buoyancy method in water 

using a standard density kit purchased from Mettler Toledo (ME-DNY-4): 
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where ” is the calculated density, ”  is the water density at the specific ambient temperature, 

and ὓ  and ὓ  are the mass of the polymer film sample weighed in air and immersed in 

water, respectively. The water temperature ranged from 21ï25 °C and was measured prior to each 

sample tested. All sample densities were measured at least three times with different pieces of film.  

PALS measurements were used to analyze the free volume size and free volume size distribution 

of the polymers. PALS tests were conducted at room temperature and under vacuum in an 

automated EG&G ORTEC fast-fast coincidence system at CSIRO (Clayton, Australia). The 22Na 

positron source was contained in a Mylar envelope and sandwiched between stacks of the polymer 

film samples. A minimum of five spectra with 4.5 million integrated counts was collected for each 

sample.  

 For PALS experiments, positrons emitted from the 22Na source penetrate the interstitial 

free volume structure within the polymer films. Here, a positron can combine with an electron 

exposed at an internal free volume site, forming a bound state with an electron known as 

positronium (Ps)42. When the Ps has aligned spins, the complex is referred to as an ortho-

positronium (o-Ps), and when the Ps has unaligned spins, the complex is referred to as a para-

positronium (p-Ps). The lifetimes of o-Ps atoms (Ű3 and Ű4 in nanoseconds) can be related to radii 

of free volume elements (FVE) using certain geometrical assumptions such as a spherical FVE 

assumption, which is used in this work, through the Tao-Eldrup relationship for an infinitely deep 

potential well43,44: 

ρ

†
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where ὶ is the radius of the FVE and Ўὶ is a semi-empirical correction of 1.66 , such that ὶ Ўὶ 

is the radius of the spherical potential well. A four-component fit was implemented to analyze the 

data using the LTv9 program45. For the fit, the p-Ps annihilation lifetime (†) was fixed at 0.125 

ns while the lifetimes of the free positron in the sample († ͯ πȢτ) and the o-Ps atoms († and †) 

were calculated along with their respective intensities (Ὅ, Ὅ, Ὅ, and Ὅ). The associated intensity 

values of o-Ps atoms, Ὅ or Ὅ, are proportional to the relative number of FVEs within the sample. 

Bimodal free volume distributions were calculated using the PAScual program46,47.   

3.2.7. Pure-gas permeation 

 Pure-gas permeation tests of H2, N2, O2, CH4, and CO2 were performed using an automated 

constant-volume, variable-pressure permeation system from Maxwell Robotics. Polymer coupons 

of approximately 25 mm2 in area were cut out from as-prepared and dried films. The samples were 

then attached to the center of a brass washer that was 47 mm in outer diameter and 7 mm in inner 

diameter using epoxy glue (Devcon 5 min Epoxy), which resulted in an active area for permeation 

ranging from 10 to 19 mm2. Prepared samples were sealed in an in-line stainless steel cell and then 

immersed in a water bath. The temperature during the tests was set to 35 ÁC and controlled by a 

Thermo Fisher SC150L circulator. All samples were held under vacuum for at least 5 h prior to 

testing. Before changing from one gas to another, a helium flush at 1 atm was applied, followed 

by a de-gassing and a vacuum hold of 1 h. Each polymer sample (PIM-1 and PIM-COOH) was 

cast into at least three different films, each tested at 1 atm for reproducibility. Uncertainty is thus 

reported as standard deviations. PIM-1 and PIM-COOH samples were also tested under high-

pressure CO2 over a range of 1ï50 atm to evaluate the effects of plasticization. The permeation 

rate of each gas was calculated from the steady-state pressure rise using the following equation:  
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where ὖ is the permeability in barrer (10ī10 cm3(STP) cm cmī2 cmHgī1 sī1), ὃ is the effective area 

of the film (cm2), ὰ is the film thickness (cm),  ὠ is the downstream volume (cm3), Ὕ is the 

operating temperature (K), ὴ is the average upstream pressure (cmHg), and ὨὴὨὸϳ  is the steady-

state pressure rise in the downstream (cmHg sī1) after subtracting the leak rate. The ideal 

selectivity (‌) was calculated as the ratio of pure-gas permeabilities for a pair of gases, A and B, 

where A is typically more permeable: 

‌Ⱦ
ὖ

ὖ
σȢτ 

 Diffusion coefficients were calculated from permeation experiments using the time-lag 

method (Eq. 3.5):  

Ὀ
ὰ

φ —
σȢυ 

where Ὀ is the diffusion coefficient (cm2 sī1) and — is the time lag.  

 When this approach was applied, the sorptionïdiffusion model (ὖ Ὀ Ὓ) was used to 

back-calculate effective sorption coefficients using permeability and time-lag measurements. 

Additionally, equilibrium sorption was measured directly, as will be described in detail later, and 

from this approach, effective diffusion coefficients were back-calculated from permeability and 

sorption data. Diffusion coefficients were not calculated for H2 as the downstream increase in 

pressure was too fast to obtain an accurate measurement. Note that units reported for Ὓ are in 

cm3(STP) cmī3 atmī1. 
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3.2.8. Mixed-gas permeation 

 Mixed-gas permeation tests for CO2/CH4 mixtures were performed on an automated 

constant-volume variable-pressure permeation system purchased from Maxwell Robotics. The 

temperature was maintained at 35 °C using a built-in air-heating system and an Agilent 7890B gas 

chromatograph (GC) was used to measure the composition of gases in the feed and the permeate 

streams. A PIM-COOH sample, which was aged at ambient conditions for 330 days, was loaded 

into a stainless steel permeation cell. The gas composition was mixed upstream of the permeation 

cell and equilibrated before conducting the mixture permeation experiments. Before these tests, 

pure H2, N2, CH4, and CO2 gases were tested to evaluate the effect of aging on the transport 

performance of the films. Next, a 50:50 CO2:CH4 mixture was tested at a total feed pressure of 2 

atm and 14 atm, respectively. The mixture flowrates at the upstream side of the film were 300 

sccm and 400 sccm for tests performed at a total pressure of 2 atm and 14 atm, respectively. During 

each experiment, the downstream of the permeation cell was held under dynamic vacuum until 

steady state was reached. The steady state gas mixture was then collected into a fixed volume 

under static vacuum, and the mixture composition was subsequently analyzed by the GC. Multiple 

time points were collected and various upstream flowrates evaluated to ensure steady state had 

been reached and concentration polarization was insignificant. 

3.2.9. High-pressure pure-gas sorption 

 N2, CH4, and CO2 high-pressure sorption isotherms were collected using an automated 

pressure decay method with a dual volume and dual transducer sorption system from Maxwell 

Robotics. Measurements were carried out at 35 °C and up to 50 atm with ultra-high purity gases. 

In a typical test, approximately 0.15ï0.2 g of polymer film were loaded into the sample cell, the 

cell was sealed with a VCR gasket, and then the system was de-gassed under vacuum for 8 h to 
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remove any dissolved atmospheric gases from the films. The temperature was controlled using a 

built-in air-heating system at 35 °C. Moles of gas sorbed into the polymer film at each pressure 

step were calculated using a mole balance between the initial and equilibrium conditions in the 

chamber as described by Lin et al48. Isotherms were fit to the dual-mode sorption (DMS) model: 

ὅ  Ὧὴ  
ὅὦὴ

ρ ὦὴ
σȢφ 

where ὅ is the concentration of penetrant in the polymer (cm3
STP cmī3pol), ὴ is the equilibrium gas-

phase pressure (atm), ὅ  is the Langmuir capacity constant (cm3
STP cmī3pol), Ὧ  is the Henryôs 

constant (cm3
STP cmī3pol atm

ī1), and ὦ is the affinity constant (atmī1)49,50. Fitting to the DMS model 

can provide insight on the influence of functionality and free volume on the sorption capacity of 

the films. However, it has been previously demonstrated that fitting of the DMS model without 

constraints can result in many good fits with limited physical significance51. To improve the 

physical significance of fits, Ὧ  and ὦ were constrained to maintain the same slope as that 

calculated at 10 atm for sorption coefficients versus critical temperature52. Parameters calculated 

under different fitting constraints are reported in Appendix A. 

 The DMS model in Eq. 3.6 can be re-written in terms of sorption by dividing both sides of 

the equation by pressure: 

Ὓ
ὅ

ὴ
 Ὧ  
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ρ ὦὴ
σȢχ 

 Taking the limit of Eq. 3.7 as pressure approaches zero, the sorption coefficient at infinite 

dilution can be defined by the algebraic sum of equilibrium and non-equilibrium contributions to 

sorption, and such a result physically represents the affinity of the first gas molecule to sorb into 

the polymer, a property inherent to the material. 
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3.3. Results and Discussion  

 The hydrolysis of nitriles is typically performed through base or acid catalyzed reactions. 

For small organic molecules, conversion of nitrile groups (ïCN) to carboxylic acids (ïCOOH) is 

easily achieved, but conversely, this type of reaction is challenging for high molecular weight 

polymers, such as PIMs, due to limited access of reagents to the functional groups on the polymer 

backbone12,27. A similar issue has been reported for the reduction of ïCN groups on PIM-1 to 

amines, where the commonly employed reducing agent, lithium aluminum hydride, proves 

ineffective for high molar mass polymers, thus requiring an alternative approach12. An abbreviated 

reaction scheme for the acid and base catalyzed hydrolysis of ïCN functional groups is presented 

in Scheme 3.1. Of note, the mechanism for base hydrolysis involves a poor NH2
ī leaving group 

and a stable amide intermediate. Therefore, it is more challenging to fully convert the amide into 

the carboxylic acid using base hydrolysis, and when this route is pursued, high concentrations of 

base are required27.  

 On the other hand, acid hydrolysis provides an efficient driving force for nucleophilic 

attack by retaining the protonated intermediate and liberating a more stable leaving group, NH3. 

Efforts to improve conversion using base or acid catalyzed routes have been accomplished with 

high conversion and yield, but at the cost of either reduced molecular weight22 or increased reaction 

time21. In this report, a more efficient sulfuric acid catalyzed hydrolysis is applied to produce 

highly carboxylic acid-functionalized PIM-1 in only two days while still retaining high enough 

molecular weights to cast films. 
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Scheme 3.1. Simplified mechanism for a) acid and b) base hydrolysis of nitriles adapted from 

reference 25. 

3.3.1. Chemical characterization 

 The chemical identity of PIM-COOH synthesized in this study was confirmed using the 

outlined characteristic spectral criteria for 13C-NMR, 1H-NMR, and FT-IR specified by Santoso et 

al41. Images of the as-cast PIM-1 and PIM-COOH films are shown in Figures 3.1a, b, and c and 

the reference chemical structures of each polymer are shown in Figures 3.1d and e.  Figure 3.1f 

displays the collected 13C-NMR spectra for PIM-COOH and PIM-1. In the case of PIM-1, the ï

CN group is identified from its neighboring carbon by the NMR signal at 95 ppm, which is absent 

in the PIM-COOH spectra. Instead, the PIM-COOH spectra shows a distinct signal at a chemical 

shift of 162.8 ppm, which is characteristic of the ïCOOH group and has been previously reported 

at 162.5 ppm41. The signal acquired is slightly downfield to the chemical shift expected for the ï

CONH2 functionality at 161.9 ppm41, confirming the presence of ïCOOH as the major product. 

The 1H-NMR spectra for PIM-1 and PIM-COOH (Figure 3.1g) demonstrates a clear distinction 

between these two polymers, where a small broad signal at around 13ï14 ppm designates the ï

COOH proton. The PIM-COOH spectra also differs from that of the amide functionalized C-PIM, 
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which has 1H-NMR peaks at 7.0-8.0 ppm and no peaks at around 13ï14 ppm. In agreement with 

the NMR spectra, the FT-IR spectra of PIM-COOH (Figure A1) displays the characteristic ïC=O 

peak associated with the ïCOOH moiety at 1720 cmī1 and a broad ïOH stretch at 3500 cmī1. 

Notably, the sharp FT-IR carbonyl peaks associated with the amide at 1666 cmī1 are absent.  

 

Figure 3.1. Image of a) a PIM-1 film, b) a PIM-COOH film, and c) bent PIM-1 and PIM-COOH 

films. Chemical structures of d) PIM-1 and e) PIM-COOH. f) 13C-NMR spectra and g) 1H-NMR 

spectra of PIM-1 and PIM-COOH. Proton and carbon assignments are labeled on the chemical 

structures in d and e.  
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 An important characteristic of the ïCOOH proton is its ability to undergo exchange with 

water, methanol, and other polar solvents53. For this reason, the NMR signal associated with the  

ïCOOH proton typically appears broad and can change its position with increased humidity or 

water content in the sample. As a consequence of this exchange, concomitant signal broadening 

and changes in peak intensity were observed for dissolved water in the NMR solution at 3.38 ppm, 

thus making it difficult to quantify the extent of ïCOOH conversion through NMR alone. Instead, 

elemental analysis and TGA weight loss profiles were used to estimate conversion. The percent 

conversion of nitrile to ïCOOH was first approximated using XPS elemental analysis for PIM-

COOH and the parent PIM-1 polymer as shown in Figure 3.2a. The expected and actual atomic 

percentages of carbon, oxygen, and nitrogen in PIM-1, PIM-CONH2, and PIM-COOH are shown 

in Table A1. In PIM-1, the experimental atomic compositions closely align with theoretical 

predictions, and in PIM-COOH, a very small percentage of nitrogen was found relative to oxygen 

and carbon atomic percentages. Assuming that the only source of nitrogen in the sample is from 

the PIM-CONH2 intermediate, the fraction of amide remaining in the polymer is predicted as the 

ratio of the atomic percent of nitrogen found in the PIM-COOH (ὼȟ   divided by 

the theoretical atomic percent of nitrogen in a converted PIM-CONH2 (ὼȟ  ):   

ὼ
ὼȟ  

ὼȟ  
σȢω 

where ὼ  is the fraction of PIM-CONH2 remaining. The theoretical nitrogen content for a fully 

converted amide PIM-1 is 5.4%, and our experimental nitrogen content in the PIM-COOH sample 

is 0.2%, indicating that the percentage of amide is approximately 4%. The percent conversion to 

PIM-COOH is thus approximately 96%, which is significantly higher than the <50% conversion 

found for the corresponding 5 h base hydrolyzed reactions40.  
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Figure 3.2. a) Elemental analysis of PIM-1 and PIM-COOH films. b) TGA-MS curve of PIM-

COOH powder. Decomposition products and their corresponding mass numbers are highlighted. 

The approximated weight loss of 15.8% associated with decarboxylation is marked in red. 

 To cross-correlate our XPS findings with an independent experiment, percent conversion 

of PIM-COOH was estimated using TGA-MS in a helium atmosphere. As shown in Figure 3.2b, 

the TGA profile of PIM-COOH exhibits two characteristic mass loss regions starting around 300 

°C and 500 °C. The first region is attributed to the loss of the carboxylic acid functional group, as 

confirmed from the measured m/z of 44 from the MS, which indicates the expected loss of CO2
37. 

The second region is representative of backbone decomposition of PIM-1, where H2O (m/z of 18) 

was a major decomposition product. The loss of H2O and additional loss of CO2 is ascribed to the 

full or partial scission of dioxane rings on the polymer backbone, which is the dominant backbone 

decomposition step for PIM-154. The PIM-COOH weight loss at 300 °C observed in TGA was 

approximately 15.8%. Assuming that the decarboxylation product of PIM-COOH is a 

hydrogenated PIM, a theoretical weight loss of 17.8% would indicate 100% conversion. In this 

case, the 15.8% conversion indicates 89% hydrolysis, in accordance with a high conversion 

estimated from XPS. In view of both the XPS and TGA results, the conversion of the PIM-1 to 
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 PIM-COOH through this acid hydrolysis reaction is approximately 89-96%, which is 

remarkably high compared to a 92% conversion reported for a significantly longer reaction of 360 

h using a base hydrolysis reaction21. As previously reported by Du et al. for C-PIM37, the chemical 

structure of the PIM formed in the temperature plateau between decarboxylation and backbone 

decomposition may be a crosslinked version of the polymer. If our heated PIM-COOH sample 

does crosslink, our assumption of backbone hydrogenation upon decarboxylation is a simplified 

estimate. Thus, our estimate of 89% conversion from TGA would be artificially low because the 

cross-linked PIM would have a lower mass than its hydrogenated analogue. Nevertheless, XPS, 

NMR, and MS measurements independently indicate high conversion, and demonstrate a unified 

conclusion of high conversion at short reaction times for our modified acid hydrolysis. 

3.3.2. Packing structure characterization  

 The incorporation of the carboxylic acid groups into PIM-1 can influence the solid-state 

morphology and BET surface areas through secondary interactions such as hydrogen bonding21,26. 

Such packing effects have been observed in other post-synthetically modified PIMs including 

thioamide PIM-1 (Thio-PIM)16, tetrazole functionalized PIM-1 (TZ-PIM-1)15, amidoxime 

functionalized PIM-1 (AO-PIM-1)55, and previous reports of fully21 and partially23 carboxylic 

acid-functionalized PIM-1 (C-PIM). As shown in Table 3.1, functionalization of PIM-1 to PIM-

COOH in this study resulted in a 58% reduction in surface area, indicating a contraction of the 

polymer matrix through the incorporation of carboxylic acid moieties. The retention of relatively 

high surface areas for PIM-COOH compared to conventional dense polymers, which have low to 

unmeasurable BET surface areas15,56, was attributed to the inherent backbone rigidity of the PIM 

structure. This rigidity typically prevents efficient chain packing and naturally results in 

measurable BET surface areas regardless of backbone functionality. 
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To obtain quantitative information on the local macromolecular packing structure of our polymers, 

films treated identically as those tested for permeation and sorption were evaluated using WAXS 

and PALS. Previous work by Li et al. demonstrated that fluctuations in drying treatment conditions 

and casting solvent for PIM-1 films yields significant differences in gas transport properties (e.g., 

H2 permeability of 1450 or 2330 barrer for films cast from CHCl3 or DCM, respectively)2. 

Therefore, to provide a reasonable comparison between PIM-1 and PIM-COOH films, the same 

casting solvent (THF), casting procedure and drying protocol were applied on all films 

characterized by permeation, sorption, WAXS, and PALS.  

 WAXS measurements were performed to evaluate changes in the average intersegmental 

spacing between polymer chains in PIM-COOH and PIM-1. WAXS patterns are displayed as 

intensity values Ὅή versus the scattering vector ή τ“ÓÉÎ—Ⱦ‗, where — is the angle of 

incidence at which scattering is observed and ‗ is the wavelength of the X-ray beam. Scattering 

vector values above 2 ī1 are typically associated with bond lengths while broad peaks at low ή 

values are typically associated with the size of larger features such as interchain spacing. In 

WAXS, amorphous polymers generally display very broad peaks that have corresponding halos of 

decreasing intensities at successive d-spacing multiples of their dominant Bragg peak. In contrast 

with typical amorphous polymers, PIM-1 displays three rather sharp characteristic peaks around 

0.89, 1.24, and 1.62 ī1, as shown in Figure 3.3a. McDermott et al. have shown that these peaks 

are associated with distances between closely or loosely packed polymer chains and non-adjacent 

spirocenters57. The WAXS spectra for PIM-COOH displays a noticeable shift of the characteristic 

PIM-1 peak at low ή from 0.89 to 0.95 ī1, indicating a reduction in intersegmental spacing. In 

contrast, the signal at 1.24 ī1 is identical for both polymers, but the third characteristic peak at 

1.62 ī1 has a significantly reduced intensity for PIM-COOH, indicating a reduction in the 
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average intersegmental spacing of the polymer at the smallest detectable length scales for WAXS. 

Features in the low ή region provide information about the free volume of the polymer57. In the 

ή range from 0.1-0.6 ī1, there is a shift in the peak maximum, which is approximately 0.2 ī1 

for PIM-1 to 0.35 ī1 for PIM-COOH. Similar to the analysis at high ή values, the overall view 

of the spectra indicate a reduction in chain spacing and free volume in PIM-COOH.  

 

Figure 3.3. a) WAXS spectra for PIM-1 and PIM-COOH films where the numbering indicates the 

ή values associated with peaks in the high-ή region and the arrow indicates the shift in peaks in 

the low-ή region, and b) pore size distribution calculated from PALS measurements adapted from 

the PAScual program. Arrows indicate the shift in average free volume element diameter and 

intensity observed for each mode. 

 The results from PALS, density (ɟ), and BET measurements, which are summarized in 

Table 3.1, confirm a change in structure similar to that observed from WAXS. The density of 

PIM-1, for instance, was approximately 9% lower than that of PIM-COOH. Moreover, PALS 

analysis provided a quantitative assessment of free volume size and the relative number of free 

volume elements, which are represented as pore size distributions (PSDs)58,59. Both unimodal and 

bimodal distributions have previously provided good representations of the PSD in PIM-136,58,60, 
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and our findings revealed that data for both samples could be fit with similar uncertainties for 

either a unimodal or bimodal fit. However, we chose to present a bimodal fit because this fit 

resulted in † values that better aligned with those expected for free positron annihilation. The 

bimodal distributions for PIM-1 and PIM-COOH are presented in Figure 3.3b. For FVE diameters 

greater than 6 , the o-Ps lifetime (†) and intensity (Ὅ) of PIM-1 are significantly higher than 

those of PIM-COOH (Table 3.1). Lifetimes of o-Ps atoms are typically associated with FVE sizes 

while intensities relate to the number of FVEs in the film61. When applying a spherical fit to the 

FVEs, PIM-1 and PIM-COOH were each found to contain average FVE diameters of 10.04 ± 0.06 

 and 8.15 Ñ 0.09  for the larger FVEs, and 4.4 Ñ 0.4  and 3.5 Ñ 0.2  for the smaller FVEs, 

respectively. As shown in Figure 3.3b, hydrolysis of PIM-1 results in a shift in the PSD for PIM-

COOH to reduced FVE diameters and reduced intensities for the larger FVEs, confirming an 

overall reduction in free volume. For smaller FVEs with diameters below 6 , hydrolysis also 

results in reduced o-Ps lifetimes (†) but increased intensities (Ὅ). This result indicates that, when 

hydrolyzed, PIM-COOH undergoes a tightening of the structure where large FVEs coalesce into 

smaller FVEs, which ultimately increases the overall number of small FVEs. Together, PALS, 

density measurements, WAXS, and BET demonstrate a reduction in the FVE size in PIM-COOH. 

Notably, PALS results suggest that PIM-COOH has an increased number of smaller FVEs 

compared to PIM-1. In the context of gas transport, these small FVEs can improve diffusion-based 

size selectivity for H2/N2, H2/CH4, CO2/N2, and CO2/CH4, which will be discussed later in this 

paper. 

 

 

 



98 

 

Table 3.1. PIM-COOH and PIM-1 materials properties. 

Sample 

BET SA 

(m2 gī1) 

ⱬ (g cmī3)a Ⱳ (ns)b Ⱳ (ns)b ╘c ╘c 

PIM-1 886 1.19 ± 0.03 1.40 ± 0.14 5.63 ± 0.07 5.4 ± 0.3 18.6 ± 0.2 

PIM-COOH 373 1.31 ± 0.02 1.07 ± 0.06 3.72 ± 0.07 6.3 ± 0.5 13.0 ± 0.3 

a Calculated using the buoyancy method with a density kit.  
b o-Ps lifetime calculated from PALS, associated with the size of free volume elements.  
c o-Ps intensity calculated from PALS, associated with the number of free volume elements. 

 

3.3.3. Gas transport properties.  

 As a class of materials, polymers can span a range of physical states and packing structures. 

Scheme 3.2 helps to qualitatively illustrate how such morphological considerations can be viewed 

for rubbery and glassy polymers. For PIMs, which can be viewed as intermediary materials 

between traditional glassy polymers and classic molecular sieves, the molecular picture of gas 

transport becomes nuanced in terms of interpretation using traditional theoretical models39,62. For 

example, if a polymer is truly microporous, diffusion coefficients determined from the time-lag 

method would be different from those determined by dividing permeability by sorption63, as 

implied by the sorptionïdiffusion model. Therefore, this section considers both approaches in 

evaluating diffusion and analogous approaches in determining sorption. By doing so, we aim to 

provide a complete molecular-level picture of how transport theory should be applied to PIM-1 

and PIM-COOH. 
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Scheme 3.2. Gasïpolymer interactions in rubbery, glassy, and molecular sieving materials. 

3.3.3.1. Pure-gas permeation 

 Results showing the effect of ïCOOH functional groups on pure-gas permeability and 

selectivity are presented in Figure 3.4 and tabulated in Tables A2 and A3. After incorporating the 

carboxylic acid group, permeation significantly decreased while the selectivity for CO2 and H2 

based gas pairs significantly increased, as is expected for typical permeability-selectivity trade-off 

behavior (Figure A3). As depicted in Figure 3.4b, compared to the parent PIM-1 polymer, there 

is a 260% increase in CO2/CH4 selectivity, a 160% increase in CO2/N2 selectivity, a 310% increase 

in H2/N2 selectivity, and a 160% increase in O2/N2 selectivity. The permeability of gases in PIM-

COOH follows a similar trend to that of other PIMs55 where ὖ  > ὖ   > ὖ  > ὖ  > ὖ . In 

general, PIM-COOH displays a more prominent size-sieving or diffusion-selective mechanism of 

transport than PIM-1, especially for gas pairs with significantly different kinetic diameters (i.e., 

CO2 and CH4) (Table A2). Our PIM-COOH permeability trends are similar to those found for the 

hydrogen-bonded AO-PIM-1, where H2 and CO2 have similar permeabilities and N2 and CH4 have 

similar permeabilities55. Given these similarities between PIM-COOH and AO-PIM-1, improved 

selectivities do not appear to be biased to a specific gasïpolymer interaction, such as the one 

expected with CO2, but instead, to be influenced to a large extent by penetrant size. 
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Figure 3.4. a) Pure-gas permeability and b) ideal selectivity of PIM-1 and PIM-COOH films. 

Results are shown for 35 °C and 1 atm. 

3.3.3.2. Pure-gas sorption  

 Pure-gas sorption studies were performed to directly measure the sorption contribution to 

PIM-COOH gas transport, de-convolute the non-equilibrium and equilibrium components of 

sorption through the dual-mode model, and gain insights on the validity of applying the sorptionï

diffusion model to functionalized PIMs. As shown in Figure 3.5, PIM-1 and PIM-COOH show a 

good fit to the DMS model and exhibit the typical concavity with respect to the pressure axis that 

is expected for glassy polymers64. Moreover, sorption trends followed the expected order of more 

condensable gases having higher sorption (Ὓ  > Ὓ  > Ὓ ), consistent with previous gas 

sorption analysis of PIM-12. The concentration of N2, CH4, and CO2 sorbed in PIM-COOH films 

was around 67-75% that of PIM-1. Of note, the percent decrease in sorption for CO2 was similar 

to that of other gases considered, indicating that the role of ïCOOH did not create a unique affinity 

for the quadrupolar CO2. To more clearly elucidate the origin of these findings, sorption data was 

de-convoluted into equilibrium and non-equilibrium components through the DMS model49,50. The 

Henryôs constant (Ὧ ) is a measure of gas dissolution into a rubbery- or liquid-like phase50,65 and 
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the Langmuir capacity constant (ὅ ) is associated with sorption into excess free-volume domains. 

Thus, relative changes in these DMS parameters indicate whether the primary contributions to 

sorption in PIM-COOH are related to excess FFV through changes in ὅ  or to the chemical 

composition of the polymer through changes in Ὧ 66,67.  

 

Figure 3.5. Sorption isotherms for N
2
, CH

4
, and CO

2
 at 35 ÁC for PIM-1 (empty square symbols) 

and PIM-COOH films (filled triangle symbols) measured from approximately 1 to 50 atm. 

 Parameters fit from the DMS model are shown in Table 3.2 and Table A4. Both ὅ  and 

Ὧ  of each gas in PIM-1 are significantly higher than those of each gas in PIM-COOH, indicating 

that both Henry and Langmuir mode sorption are lower for PIM-COOH than PIM-1. The overall 

non-equilibrium contribution to sorption (ὅὦ is higher for PIM-1 than PIM-COOH for every gas 

considered, consistent with the reduction in BET surface area for the hydrolyzed sample. Table 

3.2 also presents sorption at infinite dilution (Ὓ ) and sorption at 1 atm (Ὓ ), which will be 

discussed in the following paragraph, and the ratio of non-equilibrium sorption to equilibrium 

sorption at infinite dilution (
  
). The latter ratio provides an indication of whether the gas of 

interest prefers to sorb in the polymer matrix or in non-equilibrium domains. For hydrolyzed PIMs, 
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the 
  
 ratios were consistently lower than those in PIM-1 for all gases considered. However, for 

CO2, 
  
 values differ by approximately 10% for PIM-1 compared to PIM-COOH, while those 

for N2 and CH4 differ much more substantially by approximately 34 and 23%, respectively. A 

potential explanation for this trend is that the accessible carboxylic acid functional groups in the 

non-equilibrium free volume of PIM-COOH create a more favorable energetic binding mode for 

CO2 than N2 or CH4, and such favorable energetics are suppressed for the Henryôs mode due to 

secondary interactions such as hydrogen bonding between carboxylic acid functional groups in the 

more closely packed equilibrium free volume domain. Such an interpretation; namely, that CO2 

has a unique set of bimodal sorption properties relative to each mode within the dual-mode model, 

could also explain why the decrease in total CO2 sorption in Figure 3.5 was similar to that of other 

gases. In this case, the less polarizable gases (i.e., N2 and CH4) would show a weaker dependence 

on hydrogen-bonded carboxylic acid functional groups in the Henryôs mode. It should be noted 

that this interpretation relies on the non-physical nature of the DMS model51,68, so while this trend 

provides an interesting connection between gas sorption and the non-equilibrium glassy state, a 

physical over-interpretation of our conclusions should be carefully avoided. 

Table 2. Dual-mode sorption model parameters from sorption isotherms measured at 35 ÁC. 

Sample Gas ▓╓
a
 ╒╗ ╫

a
 ╢

a
 ╢ ╪◄□

b
 

╒╗ ╫

▓╓
 

PIM-1 N
2
 0.233   1.98   2.21   1.96   8.51 

CH
4
 0.565   7.00   7.56   7.84 12.4 

CO
2
 2.67 42.5 45.2 29.3 15.9 

PIM-COOH N
2
 0.216   1.22   1.43   1.27   5.64 

CH
4
 0.471   4.49   4.98   5.21   9.56 

CO
2
 1.85 26.6 28.5 20.7 14.4 

a 
In units of cm3

STP 
cmī3

pol
 atmī1.  
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b
 Calculated using the dual-mode sorption model equation with unconstrained best-fit parameters. 

 Using equilibrium sorption isotherms, comparisons between samples can be made to 

determine if the added ïCOOH functional group altered sorption relationships that are frequently 

observed for hydrocarbon-based polymers that obey regular solution theory64. For this analysis, 

the logarithm of Ὓ  was plotted against critical temperature of the respective gases: N2, CH4, or 

CO2. These linearized plots take the form of ÌÎὛ  ‍ Ὕ  ‌, where ‌ is the y-intercept and 

‍ is the slope63. Generally, hydrocarbon-based polymers and liquids have ‍ values ranging 

between 0.016ï0.019 Kī1 at 35 ÁC69. As shown in Figure 3.6, when this analysis is applied to 

PIM-COOH and PIM-1, the polymers show conventional ‍ values of 0.0168 ± 0.0009 and 0.017 

± 0.001 Kī1, respectively, indicating that both PIMs follow similar sorption trends to other 

hydrocarbon-based polymers. Moreover, PIM-COOH does not display any significantly altered 

trends in sorption. Therefore, these results suggest that the sorptionïdiffusion model can be readily 

applied to these PIMs and used for comparisons with other polymeric membrane materials in the 

literature. 

 

Figure 3.6. Sorption coefficient at infinite dilution (Ὓ ) vs. critical temperature (4) for PIM-1 

and PIM-COOH films.  
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3.3.3.3. Validation of sorptionïdiffusion framework  

 Gas diffusion in polymers is often viewed as an activated process70. In this respect, 

molecular diluents occupy individual free volume elements, and polymer chains must be activated 

with sufficient thermal energy to permit stochastic diffusion of molecules from one free volume 

site to another. However, in PIMs, the slow timescales for polymer chain dynamics and ultrahigh 

fractional free volumes presents intriguing fundamental questions related to transport in these 

materials71. Unlike many other glassy polymers commonly considered for gas separations, PIMs 

have measurable BET surface areas coupled with ultrahigh fractional free volumes. As a result, a 

key question is whether transport in PIMs can be adequately described within the traditional 

framework of the sorptionïdiffusion model or if interconnected and permanent free space 

necessitates an entirely new physical picture of transport in these materials.   

 In their seminal work on transport in liquids and glasses, Cohen and Turnbull anticipated 

the possibility of overlapping free volume elements71. If such features were to manifest themselves 

in PIMs, including PIM-1 and PIM-COOH, they could be revealed through careful testing of the 

assumptions within the sorptionïdiffusion model. In addition to revealing fundamental insight on 

transport, this type of analysis could further clarify the semantics of whether PIMs as membrane 

materials are best described using the terminology of ñporesò or ñfree volumeò, extending 

arguments originally presented by Budd et al.62 Thus, we proceeded to systematically investigate 

transport for PIM-1 and its hydrolyzed counterpart, PIM-COOH, using self-consistent experiments 

to analyze the role of interconnected free space. 

 These experiments were conducted in two ways. First, by measuring equilibrium sorption 

isotherms, the secant sorption coefficient was directly extracted at 1 atm, and then, the diffusion 

coefficient was calculated by dividing the permeability by the secant sorption coefficient. These 
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results are presented in Figures 3.7a and c for diffusion with respect to effective diameter of gases 

squared, in agreement with the physical picture of the Brandt model70, and for sorption with respect 

to Tc, respectively. Second, using transient permeation experiments, time-lag analysis was used to 

calculate diffusion coefficients, and then, applying the sorptionïdiffusion model, sorption 

coefficients were calculated by dividing the permeability by the time-lag diffusion coefficients. 

These comparative results are presented in Figures 3.7b and d.  

 Sorption coefficients are expected to increase with increasing measures of gas 

condensability while diffusion coefficients are expected to decrease with increasing measures of 

penetrant size69. PIM-COOH and PIM-1 display these expected trends. The slopes of these semi-

log plots in Figure 3.7 are displayed on each figure, where a steeper slope serves as a proxy for 

higher sorption or diffusion selectivity. Tabulated diffusion and sorption selectivities for select gas 

pairs are reported in Table A3 and A5 for time-lag and secant methods, respectively.  

 For individual gas pairs, diffusion and sorption selectivities calculated from each method 

are almost identical for PIM-1, indicating that PIM-1 can be clearly considered within the 

framework of the sorption-diffusion model. PIM-COOH showed similar behavior. The slight 

steepening of the diffusivity plots in Figures 3.7a and b for PIM-COOH compared to PIM-1 

simply indicates that diffusion selectivity contributes more to the overall increase in 

permselectivity for the hydrolyzed PIM. Remarkably, when comparing identical polymers (i.e., 

PIM-1 or PIM-COOH), slopes in Figures 3.7c and d calculated from the time-lag and secant 

methods show identical values within error. Furthermore, for PIM-COOH, sorption and diffusion 

selectivities calculated for CO2/CH4 from both methods are consistent within error, albeit more 

variability is found when comparing CO2/N2 sorption and diffusion selectivities for PIM-COOH. 

Robeson et al. previously examined variations between time-lag and secant-based analyses for 



106 

 

PIM-1 through application of the partial immobilization model63,72. In their analysis, the predicted 

sorption selectivity for PIM-1 calculated using the time-lag diffusivity (i.e., ‌ȟ) was found to 

vary by a maximum of only 13% from that calculated by direct sorption (i.e., ‌ȟ ) for CO2/N2 

at around 5 atm63. In our work, PIM-1 sorption selectivities for CO2/N2 that were calculated from 

each method are almost identical within error (Table A3 and S4) However, for PIM-COOH, the 

use of different methods result in sorption selectivities for CO2/N2 that vary by approximately 40%. 

Analogous deviations between sorption and/or diffusion estimates from time-lag or secant methods 

have been observed in amine-PIMs, where pronounced dual-mode behavior is hypothesized to 

yield penetrant concentration dependencies12,13. In PIM-COOH, significant Langmuir 

contributions in dual-model sorption, which are particularly prevalent for gases such as CO2
13,63, 

could contribute to these differences. 



107 

 

 

Figure 3.7. Diffusion coefficients versus effective diameter squared (deffective
2) for PIM-1 and PIM-

COOH films calculated using a) the secant (sec) method combined with pure-gas permeation tests 

or b) the time-lag (ɗ) method. Sorption coefficients versus 4 for PIM-1 and PIM-COOH films 

calculated using c) the secant (sec) method or d) the time-lag (ɗ) method combined with pure-gas 

permeation tests. Slopes and errors were calculated using the Origin 2018b linear fitting tool. Data 

are reported for 35°C and 1 atm. 

 Taken together, our analyses indicates that PIM-1 and PIM-COOH have transport 

characteristics that resemble many other glassy polymers and a physical picture of transport that 

can be viewed within the confines of the sorptionïdiffusion model. In view of Scheme 3.1, such 
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an interpretation would indicate that molecular diffusivity occurs from a single mechanism of 

thermally activated diffusive jump steps from free volume elements, instead of discrete intra-pore 

diffusion followed by activated diffusive jumps through microporous slits in a molecular sieve. 

For this reason, we recommend framing PIM-1 and PIM-COOH within the traditional terminology 

of ñfree volumeò, consistent with other studies on PIMs8,73,74. It is important to note, however, that 

our analysis is specific to CH4, N2, and CO2, so we carefully refrain from drawing conclusions on 

how to frame transport mechanisms of smaller gases such as H2 in PIM-1 and PIM-COOH.  

3.3.3.4. Plasticization, aging, and mixed-gas properties 

 To examine how PIM-COOH would perform under more realistic conditions and to 

evaluate the effect of hydrogen bonding on CO2 exposure, high-pressure CO2 permeation tests 

were performed on PIM-1 and PIM-COOH films as shown in Figure 3.8. Plasticization is a 

phenomenon where highly polarizable gases, such as CO2, at high enough concentration, can 

induce chain mobility in polymers and lead to a reduction in permselectivity in mixed-gas 

scenarios75,76. Typically, films that are physically or chemically cross-linked have tighter packing 

and inherently lower chain mobility, which can result in better plasticization resistance than their 

counterparts77. At the same time, following hypotheses from Wessling and coworkers76, films with 

higher CO2 sorption and high FFV can more rapidly reach a critical CO2 concentration that induces 

plasticization effects. Because of the tighter packing structure and lower CO2 sorption in PIM-

COOH compared to PIM-1, we anticipated an increase in the film plasticization pressure. 

However, as shown in Figure 3.8, in a pure-gas scenario, permeation in PIM-COOH appears to 

considerably increase with increasing pressures compared to PIM-1, and the plasticization pressure 

point of PIM-1 (15 atm) is higher than that of PIM-COOH (5 atm). In the case of PIM-COOH, 

these findings may indicate a disruption of secondary interactions when exposed to CO2. From this 
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interpretation, as pressure increases and the CO2 concentration rises, hydrogen bonding between 

ïCOOH groups on the polymer backbone may be disrupted, leading to increased free volume and 

thus, higher CO2 diffusion at high pressures. Analogous behavior has been previously reported by 

Fleming et al., where in situ ATR FT-IR monitoring of miscible PVP-PEG blends demonstrated a 

reduction in polymerïpolymer hydrogen bonding with a concomitant increase in polymerïCO2 

interactions as high pressure CO2 (up to 80 bar) was introduced to the blend78.  

 A more rigorous method to evaluate plasticization behavior is to study the permeation of 

gas mixtures at increasing upstream pressure. Therefore, an aged PIM-COOH film was 

characterized for mixed-gas permeation, as shown in Figure 3.8b. After 330 days of aging, PIM-

COOH displayed a decrease in permeability and a concomitant increase in selectivity for all gas 

pairs considered (Figure A3). This result is consistent with the aging trends typically observed in 

glassy polymers79. Notably, after 330 days of aging, PIM-COOH surpassed the 2008 upper bound 

for H2-based gas pairs. For CO2-based separations, the effects of CO2-induced plasticization on 

the performance of PIM-COOH were examined by considering a 50:50 CO2:CH4 mixture at CO2 

partial pressures below (1 atm) and above (7 atm) the CO2 plasticization pressure (5 atm). In the 

case of pristine PIM-1, CO2/CH4 selectivity has been shown to decrease below 10 after 

plasticization80. However, given its high ideal CO2/CH4 selectivity, PIM-COOH has potential to 

outperform PIM-1 and other glassy polymers in mixed-gas conditions. This effect is shown in 

Figure 3.8b. At a total pressure of 2 atm, aged PIM-COOH displayed excellent transport 

performance above the 2018 mixed-gas upper bound81. At a total pressure of 14 atm, mixed-gas 

selectivity decreases as a result of plasticization. However, despite the plasticization effects, PIM-

COOH exhibits excellent mixed-gas transport performance on the 2018 mixed-gas upper bound.  
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Figure 3.8. a) CO2 plasticization isotherms for PIM-1 and PIM-COOH films plotted as normalized 

permeability versus pressure measured at 35 °C. Plasticization pressures are designated at 5 atm 

and 15 atm for PIM-1 and PIM-COOH, respectively. b) CO2/CH4 200810 and 201881 upper-bound 

relationship for PIM-1 (black) and PIM-COOH (red square) measured in pure-gas conditions at 1 

atm, and for 330 day-aged PIM-COOH (PIM-COOH-330d) measured in mixed-gas conditions 

(50:50 CO2:CH4) at a total feed pressure of 2 atm (dark red empty star) and 14 atm (dark red half-

filled star). The red arrow indicates the decrease in mixed-gas selectivity of PIM-COOH-330d with 

increasing feed pressure. 

3.4. Conclusion 

 Highly carboxylic acid-functionalized PIM-1 films (PIM-COOH) were synthesized 

through a facile, 48 h, acid-hydrolysis method, an improvement over the previous 360 h method. 

The chemical structure of PIM-COOH was characterized through 1H-NMR, 13C-NMR, and FT-

IR, showing little to no spectral characteristics associated with the amide functionalized 

intermediate. TGA-MS and XPS analysis confirmed >89% conversion to carboxylic acid. 

Characterization of the packing structure using PALS, WAXS, and density measurements 

indicated a reduction in free volume size in PIM-COOH. Gas transport behavior was characterized 
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through pure-gas permeation and sorption tests. The permeability of PIM-COOH significantly 

decreased when compared to PIM-1, while the selectivity increased by >100% for CO2/N2, 

CO2/CH4, O2/N2 and H2/N2 gas pairs. Pure-gas sorption analysis revealed reduced sorption for all 

gases in PIM-COOH, and an in-depth analysis using the DMS model revealed a strong influence 

of FFV on sorption through the Langmuir mode. Diffusion and sorption coefficients calculated 

through transient and equilibrium methods were compared, indicating that PIMs considered in this 

study behave like traditional hydrocarbon-based glassy polymers and follow trends fully consistent 

with the sorptionïdiffusion model. This analysis further revealed that the incorporation of 

carboxylic acid groups primarily influenced diffusion selectivity. Finally, PIM-COOH transport 

performance was evaluated using high-pressure CO2 permeation isotherms, and high-pressure 

binary CO2:CH4 mixed-gas tests were performed on a 330 day aged PIM-COOH sample. While 

PIM-COOH shows a plasticization pressure of 5 atm in pure-gas conditions, mixed-gas tests 

revealed that aged PIM-COOH maintains excellent transport performance on the 2018 mixed-gas 

upper bound even at a mixed-gas total feed pressure of 14 atm. 
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Chapter 4: Leveraging free volume manipulation to improve membrane separation 

performance of amine-functionalized PIM -1 

 

Abstract 

Gas-separation polymer membranes display a characteristic permeabilityïselectivity trade-off that 

has limited their industrial use. The most comprehensive approach to improving performance is to 

devise strategies that simultaneously increase fractional free volume, narrow free volume 

distribution, and enhance sorption selectivity, but generalizable methods for such approaches are 

exceedingly rare. Here, we present an in situ crosslinking and solid-state deprotection method to 

access previously inaccessible sorption and diffusion characteristics in amine-functionalized 

polymers of intrinsic microporosity. Free volume element (FVE) sizes can be increased while 

preserving a narrow FVE distribution, enabling below-upper bound polymers to surpass the H2/N2, 

H2/CH4, and O2/N2 upper bounds and improving CO2-based selectivities by 200%. This approach 

can transform polymers into chemical analogues with improved performance, thereby overcoming 

traditional permeabilityïselectivity trade-offs.   

 

This chapter has been adapted from: Mizrahi Rodriguez, K.,  Lin, S., Wu, A. X., Han, G., 

Teesdale, J. J., Doherty, C. M., & Smith, Z. P. (2021). Leveraging Free Volume Manipulation to 

Improve the Membrane Separation Performance of Amine Functionalized PIM 1. Angewandte 

Chemie International Edition, 60(12), 6593-6599. 
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4.1. Introduction  

 Developing sustainable technologies to perform gas separations and reduce anthropogenic 

carbon emissions has become a worldwide priority1ï3. While current industrial processes (e.g., 

cryogenic distillation and amine absorption) can perform separations effectively, more sustainable 

technologies are needed to reduce energy consumption and the use of toxic solvents for existing 

processes4,5. In addition to being energy-efficient, polymer membranes have various attractive 

features, including facile operation, modularity, small footprints, and improved occupational 

safety6,7. Because of their tunable chemical features, mechanical properties, and relative ease of 

processing, polymers have been the dominant class of materials for industrial gas-separation 

membranes. 

 A primary challenge in applying membrane technology to new separations relates to 

limitations in membrane material separation performance. Along these lines, polymers experience 

a well-known trade-off between gas permeability and selectivity. This trade-off was empirically 

defined for a large database by Robeson in 19918 and later revised to include more data points in 

20089. Newer upper bounds have been defined10ï12, but the Robeson plots remain the most 

common benchmark comparison. These plots serve as a soft metric to benchmark pure-gas 

separation performance across polymer classes (i.e., rubbery and glassy) and chemistries (e.g., 

backbone and/or side-chain composition). In general, a large majority of membrane-based research 

efforts focus on developing materials that display simultaneous improvements in permeability and 

selectivity.  

 A few years after the initial publication of the empirical upper bound, Freeman developed 

a theoretical basis for this performance trade-off. It was suggested that to surpass the upper bound, 

new polymers needed to be synthesized with (1) increased backbone stiffness and high free volume 
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and/or (2) enhanced sorption selectivity13. Using these guidelines, a number of novel polymers 

have since been synthesized under the premise of increased backbone rigidity and interchain 

spacing, including polymers of intrinsic microporosity (PIMs)14ï16, CANAL-based ladder 

polymers17, ROMP-based polymers with side-chain porosity18, and thermally rearranged (TR) 

polymers19. The archetypal PIM (PIM-1) was designed with a contorted and rigid backbone 

chemistry that reduces backbone mobility and results in an inefficiently packed solid-state 

structure with persistent microvoid domains of less than 2 nm in size, high fractional free volume 

(FFV), and ultrahigh surface areas (~850 m2 gï1)20. Because of its ultra-glassy microporous 

structure, PIM-1 displays gas transport performance approaching the 2008 upper bound for various 

gas pairs20,21. 

 In addition to large interconnected void spaces, PIM-1 has an accessible nitrile (ïCN) 

moiety that can be functionalized to tailor the sorption of gases22. Examples of this approach 

include post-synthetic modification with thioamide23, tetrazole24, amidoxime25, amine26,27, 

amide28, and carboxylic acid29ï31. An important consideration in these examples, however, is the 

role that polymer chemistry plays in dictating the packing structure and transport characteristics 

of the polymer film. Upon functionalization, it is exceedingly difficult to increase CO2 sorption 

without compromising internal surface areas, and thus, molecular diffusion decreases, particularly 

due to secondary interactions introduced by new functionalities. For example, we recently reported 

a sorptionïdiffusion trade-off for hydrolyzed PIM-131, where the targeted enhancements in CO2 

sorption through carboxylic acid (ïCOOH) functionalization were offset by a concomitant 

reduction in FFV and surface area, which substantially reduced permeability. This same effect has 

also been observed in amine-functionalized PIM-1 (PIM-NH2), where amine functionalization 

introduced exceptionally high CO2 sorption, but hydrogen bonding between ïNH2 groups reduced 
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both FFV and diffusion, yielding transport properties for PIM-NH2 that were substantially below 

the upper bound26. Therefore, there are limited opportunities to leverage post-synthetic 

modification to improve transport performance in PIMs without the negative effects of reducing 

surface area and permeability.  

 In this report, we demonstrate that a post-synthetic strategy can be used to circumvent these 

issues, specifically focusing on amine-functionalized PIM-1. Through this approach, we can 

access the sorption benefits of post-synthetic functionalization while retaining beneficial 

properties provided by the PIM-1 backbone. As shown in Scheme 4.1, the method involves 

protection of PIM-NH2 with a tert-butoxycarbonyl (ït-BOC) group followed by deprotection using 

either an acid solution or a high temperature treatment in vacuum. Protection/deprotection 

techniques are commonly employed in small-molecule organic synthesis, where a protecting group 

is used to temporarily block reactive functionality32. Due to its versatility, the 

protection/deprotection process has been creatively applied across fields including biochemistry33 

and lithography34. In the context of gas separations, ït-BOC deprotection has been investigated 

for dense polymers, but only small changes in transport properties have been observed35. 

Conversely, microporous polymers such as PIMs have yet to be explored. In this report, we 

demonstrate that free volume manipulation through protection/deprotection of PIM-NH2 enables 

control of the polymer microstructure, allowing us to access previously inaccessible transport 

performance in these materials. 
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Scheme 4.1. Protection and deprotection of PIM-NH2. All reactions are performed in the solid-

state. Images of sample films are presented in Figure B1 of Appendix B. 
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4.2. Results and Discussion 

 A synthetic strategy was successfully developed for protection and deprotection of solid-

state PIM-NH2 films. First, PIM-1 films were functionalized with amine groups using a method 

previously reported by Mason et al.26 Next, PIM-NH2 was protected with ït-BOC using a 1 day 

solid-state reaction at 35 °C that we have previously applied to polyimides36. Polymers 

functionalized with ït-BOC (PIM-t-BOC) were deprotected in the solid-state using one of two 

conditions: acid-catalyzed deprotection in a dichloromethane non-solvent (PIM-deBOC(acid)) and 

thermal deprotection under vacuum at 250 °C (PIM-deBOC(thermal)). These distinct deprotection 

routes were chosen to investigate the influence of deprotection conditions on the resulting packing 

structure. Step-by-step synthetic procedures are outlined in the Appendix (Schemes B1ïB6). 

 The chemical identity of each polymer was first investigated using FT-IR spectroscopy 

(Figure B2). The PIM-1 spectrum displayed the characteristic nitrile stretch at 2238 cmï1, which 

was absent for PIM-t-BOC and PIM-NH2 and its derivatives. Consistent with the spectral features 

previously reported for PIM-NH2
26, the spectra for PIM-NH2, PIM-deBOC(acid), and PIM-

deBOC(thermal) from our study showed signals for the ïN-H stretch and wag at 3390 cmï1 and 

830 cmï1, respectively. The spectra for PIM-deBOC(acid) was nearly identical to that of pristine 

PIM-NH2, indicating removal of the ït-BOC group. In contrast, the spectra for PIM-

deBOC(thermal) displayed two salient differences from that of PIM-NH2:  a reduced ïN-H wag 

signal and the appearance of a ïC=O signal at 1684 cmï1. As described later in this paper, we 

attribute these features to light urea crosslinking in the polymer structure, which can notably 

stabilize the free volume microstructure during deprotection. The FT-IR spectra for PIM-t-BOC 

revealed the presence of a ïC=O signal at 1707 cmï1, which was associated with the ït-BOC 

chemical moiety.  
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 The thermal stability of PIM films was evaluated through TGA (Figure B3). All PIM-NH2 

analogs showed similar weight loss curves with a mass loss around 4ï8% between 400 and 480 °C 

prior to backbone decomposition at approximately 490 °C. This mass loss was attributed to the 

loss of the ïNH2 groups in the form of NH3, as has been previously reported for PIM-NH2
26. The 

temperature required for thermal deprotection was identified from TGA at approximately 250 °C, 

where PIM-t-BOC displayed a 27% mass reduction. Since the theoretical mass loss for complete 

deprotection is 29%, this finding indicates successful protection of ïNH2 with ït-BOC at a 

conversion of 93%, similar to ït-BOC protection of hydroxyl groups in polyimides36. The Table 

plateau in mass loss between the deprotection temperature and backbone/ïNH2 decomposition 

indicates that solid-state deprotection can be accomplished while retaining functionality and 

backbone integrity. 

 Chemical differences among PIM-1 and the three PIM-NH2 analogs were examined using 

magic-angle spinning (MAS) solid-state 13C NMR spectroscopy. As shown in Figure 4.1, 

characteristic features for the PIM-1 and PIM-NH2 spectra were consistent with previously 

reported findings26, where the aromatic signal for PIM-1 at 94 ppm (peak 1) shifted to 118 ppm 

for PIM-NH2. All PIM-NH2 analogues also displayed a new NMR signal at 34 ppm (peak 2) 

associated with the methylene group bound to the ïNH2. For PIM-t-BOC, the three expected 13C 

signals for the ït-BOC carbonyl (155 ppm, peak 4a), the tert-butyl carbon (78 ppm, peak 5), and 

the three methyl groups (29 ppm, peak 6) were identified. Analogous to the FT-IR results, PIM-

deBOC(acid) displayed an almost identical spectrum to that of PIM-NH2, evidencing the recovery 

of the original chemistry.  
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Figure 4.1. Solid-state 13C NMR spectra for film samples of PIM-1 (black), PIM-NH2 (blue), PIM-

deBOC(acid) (orange), PIM-deBOC(thermal) (green), and PIM-t-BOC (red). A generalized PIM-

1 structure is shown above the image and the characteristic chemical group present in each 

derivative is shown to the right side of the image. Full peak assignments are shown in Figure B4. 

 PIM-deBOC(thermal), however, displayed a reduction of intensity of the three 13C-NMR 

signals associated with ïNH2 and the appearance of a new signal at a chemical shift of 159 ppm 

(peak 4b), which was distinct from the ït-BOC carbonyl signal present at 155 ppm. The origin of 

this new chemical signal was evaluated by comparing with spectra of ït-BOC and urea structural 

analogues and investigating possible deprotection mechanisms37,38, which are shown in Schemes 

B7ï9 of the Appendix B. It is well known that carbamic acid intermediates or isocyanates in close 

proximity to ïNH2 groups can rapidly react to form urea bonds, as shown in Scheme B10. In the 

case of the thermal deprotection procedure used here, very high temperatures (i.e., 250 °C) can 

potentially provide enough energy to start radical-mediated or concerted deprotection 

mechanisms37. Both features could allow for urea bond formation. In contrast, the acid 
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deprotection was performed by soaking the film in a dichloromethane non-solvent. Polymer 

swelling and solvation of functional groups can enlarge the FVE within the film, as later 

demonstrated through PALS, and potentially reduce the proximity of ïNHCOOH or ïNCO groups 

to ïNH2, thus preventing urea crosslinking. 

 The influence of post-synthetic modification on gas separation performance of the PIM-

NH2 analogs was investigated for H2, O2, CH4, N2, and CO2 permeation tests of all derivatives, as 

presented in Figures 4.2 and B5a and tabulated in Tables B1 and B2. After acid deprotection, 

H2, O2, CH4, and N2 permeabilities were approximately 16ï24% higher than those of PIM-NH2, 

while H2-based selectivities remained similar within error (Figure B5a). For CO2-based gas pairs, 

the deprotected PIM-NH2 sample had a 67% higher CO2 permeability and slight improvements in 

CO2 based selectivity relative to PIM-NH2. Overall improvements in permeability were attributed 

to a combination of FVE templating and swelling of the sample during solvent deprotection 

resulting in a widening of the internal free volume in the films, which was further evaluated 

through PALS tests that will be discussed later. Nevertheless, the modulation of transport 

properties for the acid deprotected sample was small compared to the initial PIM-NH2 polymer. 
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Figure 4.2. Permeability and selectivity for the polymers compared against the 2008 Robeson 

upper bounds for (a) H2/N2 and (b) O2/N2 gas pairs.  

 Thermal deprotection, on the other hand, produced a remarkable change in gas transport 

performance compared to PIM-NH2. After deprotection, a significant enhancement in the size-

sieving behavior for H2/CH4, H2/N2, and O2/N2 gas pairs was observed for PIM-deBOC(thermal) 

compared to PIM-NH2, which was attributed to a tightening of the packing structure provided by 

the urea crosslinks. In comparison to PIM-NH2, the CO2 and H2 permeabilities of thermally de-

protected films increased from 840 Ñ 70 to 2300 Ñ 500 barrer for CO2, and from 1450 Ñ 70 to 2000 

Ñ 200 barrer for H2. At the same time, the CH4 and N2 permeabilities for PIM-deBOC(thermal) 
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remained similar to those of PIM-NH2 (Figure B5b and Table B1). The selective increase in H2 

and CO2 permeabilities indicates that crosslinking coupled with FVM creates a distinct packing 

structure, enabling access to improved selectivities for small molecules. As a result, PIM-

deBOC(thermal) displayed an increase in both H2 permeability and H2-based selectivities for 

H2/N2 and H2/CH4, surpassing the 2008 Robeson upper bound and outperforming untreated and 

methanol-treated PIM-1 for both gas pairs (Figure 4.2 and B6). This size-selective behavior was 

also observed for O2/N2, where O2/N2 selectivity increased from 3.2 Ñ 0.1 to 4.6 Ñ 0.5, again 

surpassing the 2008 Robeson upper bound. Remarkably, compared to PIM-NH2, CO2-based 

permselectivities for thermally deprotected samples increased by more than 200%, from 6.3 Ñ 0.5 

to 20 Ñ 3 for CO2/N2 and from 4.0 Ñ 0.4 to 14 Ñ 2 for CO2/CH4. With these improvements, the CO2 

separation performance of PIM-deBOC(thermal) is almost equivalent to that of untreated PIM-1. 

These findings reveal that free volume manipulation can be used to modulate transport properties 

in polymers without significantly modifying the chemical composition of the polymer itself. 

 To glean molecular-level insights on how protection and deprotection strategies influenced 

transport properties of the PIM-NH2 analogs, various characterization studies were performed on 

each sample. These studies included wide-angle X-ray scattering (WAXS), positron annihilation 

lifetime spectroscopy (PALS), and BrunauerïEmmettïTeller (BET) measurements. Experimental 

details are described in Appendix B. 

 Bulk PALS tests were performed to measure the FVE size distributions of the films, which 

are here referred to as pore size distributions (PSDs). In PALS experiments, positrons emitted from 

a 22Na source are used to probe the interstitial void spaces or FVEs in dense films. Once positrons 

infiltrate the sample, they can combine with electrons in the internal surface of FVEs to form a 

positronïelectron complex known as a positronium atom (Ps). Ps atoms are referred to as ortho-
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positronium (o-Ps) atoms when the atom spins are aligned39, and the lifetimes († and †) of o-Ps 

atoms can be related to the radius of an FVE through the Tao-Eldrup equation40,41. Moreover, the 

signal intensities (Ὅ and Ὅ) can be associated with the number of FVEs in a sample42. Bimodal 

PSDs for each sample are shown in Figure 4.3, and the corresponding o-Ps lifetimes, intensities, 

and FWHMs are summarized in Table B3. After amine functionalization of PIM-1, the average 

diameter for large FVEs decreased from 11.25 Ñ 0.04  to 10.13 Ñ 0.05  while the o-Ps intensity 

(Ὅ) increased by 16%. These shifts in Ὅ and † suggest that hydrogen bonding in PIM-NH2 

reduces inter-chain spacing and densifies the overall packing structure. For diameters below 8 , 

there is no significant change in the size and number of FVEs for PIM-NH2 compared to PIM-1, 

which indicates retention of the FVE structure at smaller length scales. PIM-tBOC and PIM-NH2 

have similar FVE diameters with very different intensities. For FVE diameters below 8 , Ὅ 

increases by 230% and, for FVE diameters above 8 , Ὅ decreases by 50%. These results suggest 

that bulky ït-BOC groups shift the FVE structure to reduce permeability but increase selectivity, 

as also observed through permeation tests (Table B1).  
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Figure 4.3. Bimodal pore size distributions for PIM-1 (black), PIM-NH2 (blue), PIM-deBOC(acid) 

(orange), PIM-deBOC(thermal) (green), and PIM-t-BOC (red). The PSD for PIM-NH2 is plotted 

as a dotted line for reference in each frame. Arrows denote shifts in intensity and FVE diameter 

for films compared to PIM-NH2. Percentage changes in o-Ps intensity are indicated in text. 

 PALS analysis was further used to investigate the effects of deprotection on the polymer 

packing structure by comparing the PSDs of PIM-t-BOC to that of treated samples. After 

deprotection, the average FVE size for PIM-deBOC(thermal) significantly increases while the 

PSD remains almost as narrow as that of PIM-t-BOC. In the context of gas separations, this 

increase in FVE size and simultaneous retention of a narrow PSD can result in enhanced size-

sieving. Thermally treated films also had narrower PSDs than PIM-NH2 and a 19% increase in o-

Ps intensity (Ὅ), suggesting an increase in the number of small FVEs, which can also enhance 

size-selective transport. In contrast, after acid deprotection, the FWHMs and average FVE sizes 

increased for both small and large FVEs, compared to PIM-t-BOC and PIM-NH2. This change was 
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associated with solvent-induced swelling during acid deprotection. Nevertheless, the PALS 

features observed for both PIM-deBOC(acid) and PIM-1 are consistent with the high 

permeabilities and moderate selectivities observed for both polymers, and, with the exception of 

PIM-deBOC(acid), all films display an increase in H2-based selectivities inversely related to the 

FWHM of the dominant FVE mode. This general trend demonstrates how narrowing of the FVE 

distribution can effectively improve screening of larger gases. Such a result matches the 

expectations proposed by Freeman for improving separation property sets relative to the upper 

bound13. 

 The physical packing structure of the samples was further investigated using WAXS. In 

WAXS, signal intensity at smaller ή values are typically associated with average interchain 

distances while signals at larger ή values are associated with smaller distances such as bond 

lengths. In previous work by McDermott et al., molecular dynamics simulations were used to 

identify the origin of three characteristic WAXS signals in PIM-1 at 0.89, 1.24, and 1.62 Åï1, 

which were found to represent the spacing between adjacent spirocenters in the PIM-1 backbone43. 

Here, we extend this analysis to include experimental data for PIM-NH2 derivatives shown in 

Figure 4.4. In comparison to PIM-1, PIM-NH2 derivatives display a few salient differences. First, 

the characteristic WAXS signal at 0.89 Åï1 shifts to 0.95 Åï1 for the analogs, while the intensity 

of the peak at 1.62 Åï1 decreases significantly, indicating a reduction of interchain spacing due to 

hydrogen bonding of the ïNH2 groups. These shifts are analogous to those reported in our work 

on PIM-COOH31, where a reduction in intersegmental spacing and a densification of the polymer 

structure at length scales < 1 nm are observed. For PIM-t-BOC, the three characteristic peaks at 

high q are not clearly observed, and instead, a prominent, broad peak centered at 1.22 Åï1 becomes 

the dominant feature within this q value range. We ascribe this new feature to the average size of 
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a ït-BOC group, since the d-spacing value associated with this diffraction angle is 5.15 Å, which 

nearly matches that of the estimated end-to-end distance in a ït-BOC functional group (Figure 

B7). Finally, at low q, the relative position of the broad peaks suggest that there is a reduction in 

the size of micropores at length scales > 1 nm for PIM-t-BOC compared to the PIM-NH2 

derivatives, and for the PIM-NH2 derivatives compared to PIM-1. This result is indicative of 

hydrogen bonding and FVE blockage in amine and ït-BOC functionalized films, respectively, and 

again consistent with the transport properties previously discussed.  

 

Figure 4.4. Wide Angle X-ray Scattering (WAXS) spectra for all PIM derivatives studied.  

 To obtain additional information on the packing structure of each sample, BET tests were 

performed on polymer powders. The BET surface area for PIM-t-BOC was determined to be 80 

m2 gï1, which is about ten times less than that of pristine PIM-1 (886 m2 gï1), further supporting 

the physical picture of FVE blockage by the ït-BOC group. Consistent with previous reports, no 

BET surface area could be determined for the PIM-NH2 sample at 77K, likely due to the very slow 

diffusion of N2 into this structure under cryogenic temperatures26. PIM-deBOC(acid) similarly had 

an undetectable BET surface area, but remarkably, the BET surface area of PIM-deBOC(thermal) 
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was 778 m2 gï1, which is 870% larger than that of PIM-t-BOC and close to that of PIM-1. To the 

best of our knowledge, this value represents the largest reported BET surface area for a post-

synthetically modified PIM-1 sample (Figure B10). Our ability to access this enormously high 

BET surface area for PIM-deBOC(thermal) suggests that the PIM backbone structure is stiff 

enough to prevent structural densification at a molecular level during solid-state deprotection of 

the t-BOC group. Therefore, compared to the other PIM-NH2 samples, this approach demonstrates 

a successful application of free volume manipulation far below the glass transition temperature44. 

 

Figure 4.5. Time-lag (a) diffusion coefficients versus effective diameter squared, and b) sorption 

coefficients versus critical temperature for PIM-t-BOC, PIM-NH2, PIM-deBOC(thermal) and 

PIM-deBOC(acid).  
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 To better understand the influence of chemical structure and molecular packing on gas 

transport in these polymers, diffusion coefficients were calculated via the time-lag method and 

sorption coefficients back calculated from Ὓ ὖȾὈ45,46. Figure 4.5a presents diffusion 

coefficients as a function of gas diameter squared for all samples. While nearly within error of 

each other, the relative order of diffusivities among the samples follows the average FVE sizes 

and lifetimes derived from PALS for the PIM-NH2 derivatives, where the diffusion coefficient for 

all gases considered decreases as follows: PIM-deBOC(acid) Ó PIM-NH2 ~ PIM-deBOC(thermal) 

>>> PIM-t-BOC. By extension of the Brandt Model47, the slopes (ɓ) in Figure 4.5a were compared 

and used as a proxy for diffusion selectivity48. The apparent ɓ value for PIM-1 is less negative than 

that of the PIM-NH2 derivatives, and, consistent with the increase in selectivity associated with 

FVE blockage, the average slope for PIM-t-BOC is slightly steeper than that of all other 

derivatives. Furthermore, compared to PIM-NH2, PIM-deBOC(acid) has a modest increase in 

diffusion selectivities while PIM-deBOC(thermal) displays a 110 and 150% increase in CO2/N2
 

and CO2/CH4 diffusion selectivity, respectively. These changes in diffusion selectivity indicate 

that the narrow FVE distribution preserved through urea crosslinking in PIM-deBOC(thermal) 

contribute to size-selective behavior. Crosslinking could also reduce local polymer chain 

dynamics, potentially increasing selectivity as well.  

 To examine the relationship between sorption and gas transport performance, sorption 

coefficients were plotted against critical temperature for all samples (Figure 4.5b). Strikingly, the 

time-lag sorption directly captured the trends observed in BET tests: PIM-t-BOC showed a 9-fold 

reduction in N2 sorption which correlates with the 10-fold reduction in BET surface area compared 

to PIM-1. PIM-deBOC(thermal) and PIM-1 displayed the highest overall sorption coefficients, 

with N2 sorption, coefficients of 2.56 Ñ 0.07 and 3.2 Ñ 0.4 ÃÍ  ÃÍɀ ÁÔÍȟ respectively, at 1 
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bar, in alignment with their ultrahigh surface areas of 886 and 778 m2 gï1. Conversely, PIM-

deBOC(acid) and PIM-NH2 have identical N2 sorption coefficients and similarly undetectable 

surface areas. Analogous trends observed in BET and time-lag sorption experiments confirm that 

the free volume manipulation technique can modify the solid-state morphology in the films, and 

as a result, also manipulate transport performance.  

 Finally, physical aging is an important consideration for ultra-glassy polymers such as 

PIMs. This phenomenon results in losses in permeability accompanied by increases in selectivity 

over time49ï52. The driving force for aging is associated with differences between the specific 

volume (ὺ) and equilibrium free volume (ὺ ) in a polymer53. Because the films investigated in 

this study have identical polymer backbones, differences in the extent of aging can be associated 

more directly to differences in specific volume. These effects were explored by testing the 

permeation of all PIM-NH2 derivatives after aging for 180 days (Figure B8). With the exception 

of PIM-t-BOC, which displays little change in overall transport performance for all gas pairs, all 

PIM-NH2 analogs surpass the H2/CH4, H2/N2, and O2/N2 2008 upper bounds after aging and follow 

the expected trend of reduced permeability and increased selectivity for all gas pairs considered50. 

Interestingly, the percentage decrease in H2, N2, and CH4 permeabilities for PIM-NH2 and PIM-

deBOC(thermal) (Figure B9) are equivalent and do not correlate with surface area. This finding 

suggests that urea crosslinking may stabilize the templated free volume architecture from 

accelerated aging.  

4.3. Conclusion 

 We have demonstrated that protection and deprotection chemistries of amine-

functionalized PIMs are an effective strategy to manipulate free volume and free volume 

distribution. As a result, gas transport performance of solid-state microporous films can be altered 
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in beneficial ways. Thermal deprotection of ït-BOC-functionalized PIMs in the solid-state resulted 

in a synergistic enhancement in size-sieving performance, enabling samples to surpass the H2/CH4, 

O2/N2 and H2/N2 2008 Robeson upper bounds. In addition, property sets were significantly 

improved from the as-synthesized PIM-NH2 for CO2-based gas pairs. Through a combination of 

chemical, physical, and transport characterization, we found that thermal treatment produced light 

urea crosslinking resulting in a narrow PSD, improved selectivity for all gas pairs considered, and 

a potential stabilization of aging. Application of this general approach in free volume manipulation 

suggests that significant improvements can be made in membrane performance for amine-

functionalized polymers other than PIMs, so long as thermal and structural stability can be 

preserved during chemical processing. 
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Chapter 5: Sorption-enhanced mixed-gas transport in amine functionalized polymers of 

intrinsic microporosity (PIMs)  

 

Abstract 

Pure-gas transport performance rarely matches mixed-gas performance for industrially relevant 

membrane applications. While significant effort has focused on studying the adverse effects of 

plasticization, an additional phenomenon known as competitive sorption can be used to improve 

performance, resulting in mixed-gas permselectivities that far exceed pure-gas predictions. Such 

findings are rare, but recent synthetic discoveries of functional polymers of intrinsic microporosity 

(PIMs) now provide a platform to investigate if competitive sorption effects can improve 

separation performance in complex mixtures by offsetting the adverse effects of plasticization. In 

this work, we report high-pressure and mixed-gas transport properties for six polymers of intrinsic 

microporosity (PIMs) with identical benzodioxane backbones and a diverse set of backbone 

functionalities. Low-pressure mixed-gas tests revealed a relationship between CO2 sorption 

affinity of the PIMs and improvements in CO2/CH4 and CO2/N2 mixed-gas permselectivity 

compared to pure-gas scenarios. The amine-functionalized PIM-1 (PIM-NH2) showed an 

unprecedented 140% and 250% increase in equimolar CO2/CH4 and CO2/N2 mixed-gas 

permselectivity, respectively, compared to that of pure-gas tests at 2 atm. Additionally, PIM-NH2 

retained high CO2/CH4 mixed-gas permselectivity (>20) up to pressures of 26 atm in 50/50 

CO2/CH4 mixtures, demonstrating a resistance to plasticization. Pure-gas sorption and mixed-gas 

permeation for the six PIMs were compared to elucidate structureïproperty relationships. Results 

demonstrate the remarkable potential of primary amine functionalization for developing highly 

sorption-selective and plasticization-resistant membranes for gas separations. 



143 

 

This chapter has been adapted from: Rodriguez, K. M.* , Benedetti, F. M.* , Roy, N., Wu, A. X., 

& Smith, Z. P. (2021). Sorption-enhanced mixed-gas transport in amine functionalized polymers 

of intrinsic microporosity (PIMs). Journal of Materials Chemistry A, 9(41), 23631-23642. The ñ*ò 

symbol indicates equal contribution. 

5.1. Introduction  

 Global CO2 emissions reached over 30 Gt in 2020, while U.S. natural gas 

consumption has increased by approximately 30% in the past decade1. In the U.S. chemical 

industry alone, about 50% of the energy consumption results from heat-intensive processes 

such as distillation and absorption, processes which also produce indirect GHG emissions2. 

As such, implementing energy-efficient separation alternatives and carbon capture 

solutions is critical to meet the U.S. Department of Energyôs emission reduction target of 

80% by 20503. Unlike traditional unit operations, polymer membranes have a small, 

modular footprint and facile operation, and do not require toxic solvents or regeneration4,5. 

However, polymer performance is limited by a trade-off between permeability and 

selectivity, which is defined by a theory that does not consider mixture effects6. 

 Since 2004, microporous polymers such as polymers of intrinsic microporosity 

(PIMs)7, thermally rearranged (TR) polymers8, ROMPs9, and CANALs10 have shown 

noteworthy performance enhancements. Benzotriptycene-based PIMs, for instance, 

redefined pure-gas CO2/N2 and CO2/CH4 upper bound benchmarks in 201911. Additional 

upper bounds for H2-based separations12, and gas mixtures 13 have been reported, where 

microporous polymers continue to outperform traditional polymers. Microporous polymers 

are designed with rigid monomers of high configurational free volume (e.g., spirobisindane 

and trypticene), which result in inefficiently packed solid-state structures with high internal 
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surface areas, intrachain rigidity, and excellent permeability-selectivity combinations14ï17. 

However, their intrachain rigidity alone has been insufficient to mitigate plasticization 

effects at high pressures18,19. 

 Another important aspect required for industrial deployment of PIM-based 

membranes is understanding performance under complex mixtures. To this end, several 

groups have been investigating mixed-gas sorption for CO2/CH4, CO2/C2H4, CO2/N2O, and 

CO2/C2H6 mixtures in various polymers, including TZ-PIM20, PIM-120, PTMSP20, AO-

PIM21, 6FDA-mPDA22, PIM-Trip-TB23, 6FDA-HAB and its TR450 analogue24, cellulose 

triacetate (CTA)25, PDMS26,27, 6FDA-TADPO28, PEO29, and PMMA30,31. Sorption of 

complex C2H6/CO2/CH4 ternary mixtures in PIM-1 has also been recently reported, 

highlighting the importance of competition in influencing transport performance under 

realistic conditions32. Mixed-gas sorption studies demonstrate that gases with high polymer 

affinity (e.g., CO2) can reduce the sorption of co-penetrants in a gas mixture, increasing 

sorption selectivity and permselectivity in separations such as CO2/CH4 and CO2/N2. In 

pristine polymers at high pressures, however, plasticization effects can decrease diffusion 

selectivity and permselectivity beyond improvements achieved by competition effects24. 

This trade-off is particularly acute for diffusion-selective polymers including polyimides 

and PIMs24. 

 Recently, Eddaoudi and Koros have demonstrated that chemical functionality can 

be used to simultaneously improve sorption selectivity and plasticization resistance in 

MOF-based mixed-matrix membranes33,34. When considering condensable penetrants (i.e., 

H2S and CO2) in these MMMs, competitive sorption can improve H2S and CO2 permeation, 

while controlled plasticization at high pressures can retain good CO2/CH4 (>20) and 
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H2S/CH4 (>30) permselectivities. Related findings have also been reported for transport of 

binary mixtures in polymer films. One notable example relates to ïOH modified PIM-

polyimides (PIM-PIs), where Swaidan et al. and Alghunaimi et al. reported the syntheses 

of hydroxyl bearing PIM-PIs, TPDA-APAF35 and TDA1-APAF36, respectively, which 

showed 11% and 17% higher mixed-gas CO2/CH4 permselectivities compared to pure-gas 

tests, respectively. Plasticization resistance improved in these PIM-PIs due to interchain 

rigidity provided by hydrogen bonding.  

 A related approach to increase sorption selectivity involves post-synthetic 

functionalization of the polymer backbone37,38. Several functionalized variants of PIM-1 

have been reported, including the incorporation of tetrazole39, carboxylic acid40ï43, 

amidoxime39, thioamide44, amine45, and amide46 groups. In these examples, however, 

functionalization has consistently resulted in reduced free volume and correspondingly low 

pure-gas permeabilities. With respect to sorption, most functionalized PIMs show moderate 

changes in CO2 uptake, with the exception of amine-functionalized PIM-1 (PIM-NH2)
45,47. 

Unfortunately, however, pure-gas performance for PIM-NH2 is significantly below the 

2008 upper bound48 and mixed-gas transport has not been studied. Given the extensive 

palette of post-synthetic chemistries available to PIMs, understating how functionality 

affects mixed-gas performance and competition is crucial for the design of high-performing 

microporous membranes for industrially relevant conditions. 

 Herein, we elucidate direct structureïproperty relationships between polymer 

chemistry, sorption affinity, and mixed-gas competition effects for six functionalized PIM-

1 derivatives. Mixed-gas sorption was modelled from pure-gas isotherms to assess the role 

of competitive sorption on mixed-gas permeation for CO2-based separations under 



146 

 

industrially relevant feed compositions. Pure- and mixed-gas high-pressure permeation 

tests were also considered to evaluate the role of polymer functionality on plasticization. 

Sorption selectivity and mixed-gas permeability enhancements of these PIMs were 

compared to reported literature for microporous polymers, revealing that PIM-NH2 had the 

most improved competitive sorption properties among known PIMs. Additionally, PIM-

NH2 showed an exceptional resistance to plasticization compared to PIM-1. These results 

underscore the promise of primary amine functionalization for significantly enhancing 

mixed-gas sorption selectivity and maintaining excellent separation performance at high 

pressures. 

5.2. Experimental 

5.2.1. Materials and film preparation 

 PIM-1 analogues with chemical moieties including nitrile (ïCN, PIM-1), carboxylic 

acid (ïCOOH, PIM-COOH), amine (ïCH2NH2, PIM-NH2 and PIM-deBOC(acid)), tert-

butoxycarbonyl (ïCH2NHCOOC(CH3)3, PIM-tBOC), and partial urea (ïNHCONHï, PIM-

deBOC(thermal)), represented in Error! Reference source not found.5.1, were s

ynthesized or chemically functionalized as described in our previous work41,49. Methanol 

(HPLC, Ó 99.9%) was purchased from Sigma Aldrich and used as received. PIM-NH2 

derivatives including PIM-deBOC(thermal), PIM-deBOC(acid), and PIM-tBOC were 

soaked in methanol for 24 h and dried under vacuum at 130 °C for 12 h prior to all 

characterization tests. PIM-COOH samples were not methanol treated due to structural 

fragility when submerged in methanol. To enable robust comparison between samples, 

PIM-1 films were prepared with and without methanol treatment. Regardless of these 
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treatment steps, all films were vacuum-dried at 130 °C for 12 h. Films were aged at ambient 

conditions for 290ï448 days. 

 

5.2.2. Pure- and mixed-gas permeation 

 Permeation tests were performed using automated constant-volume, variable-

pressure permeation systems from Maxwell Robotics. A detailed experimental procedure 

for pure-gas testing is provided in the SI. For mixed-gas tests, a built-in air heating system 

was used to maintain the temperature at 35 °C and the gas mixture compositions in the feed 

and the permeate streams were measured using an Agilent 7890B gas chromatograph (GC). 

Aged film samples were loaded into a permeation cell in the mixed-gas system and 

degassed under vacuum for at least 8 h. The feed mixtures were generated at the desired 

composition using Bronkhorst mass flow controllers, which maintained high flowrates 

(300ï800 sccm) to avoid concentration polarization. A stage cut of <0.1% was used for all 

tests, as recommended elsewhere50,51. The upstream pressure was set using a proportionalï

integralïderivative (PID) controller. Steady state was verified by confirming linearity in 

downstream pressure rise as a function of time for the mixture and evaluation of the 

permeate composition over time for multiple time points. The duration of the equilibration 

step for each mixed-gas test was determined to be at least 10 times the pure-gas time lags 

of the slower permeating species (i.e., CH4 or N2) calculated at 1 atm and 35 °C. At steady 

state, the permeating mixture was collected into a degassed volume under static vacuum, 

after which, gas was injected into the GC for analysis. For a typical experiment, pure-gas 

CH4 and CO2 permeability were first analyzed in the mixed-gas system at 1 atm. Next, nine 

CO2/CH4 mixture compositions, defined throughout the manuscript by mole percentage, 
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were sequentially tested for CO2/CH4 compositions of 10/90, 20/80, 30/70, 40/60, 50/50, 

60/40, 70/30, 80/20, and 90/10. High performing samples were also tested using pure H2 

and N2, and 50/50 mixtures of H2/CH4, H2/N2, and CO2/N2 at a total pressure of 2 atm. 

Following these low-pressure tests, the CO2/CH4 feed composition was fixed at 50/50 and 

the total mixed-gas pressure was increased from 2 to 26 atm.  

 For CO2 pressures above 1 atm, the fugacity was calculated to account for non-ideal gas 

behaviour using the virial equation of state.52 The mole fraction of gas in the downstream was 

calculated using GC calibration curves. The following relationships were used to calculate 

pure-gas permeability and the mixed-gas permeability for component Ὥ of a binary mixture, 

respectively: 

ὖ
ὰ ὠ

 ὃ Ὑ Ὕ ὴ  

Ὠὴ

Ὠὸ
υȢρ 

ὖ
ὰ ὠ

 ὃ Ὑ Ὕὼὴ
ώ
Ὠὴ

Ὠὸ
υȢς 

where ὖ is the permeability in barrer (10ī10 cm3
STP cm cmī2 cmHgï1 sï1), ὰ is the film thickness, 

ὠ is the volume in the downstream,  ὴ is the average upstream pressure, ὃ is the active cross-

sectional area, Ὑ is the ideal gas constant, Ὕ is the absolute temperature, ὨὴȾὨὸ is the pressure 

rise in the downstream minus the leak rate. For mixed-gas calculations, ώ and ὼ are the mole 

fractions of gas i in the downstream and the upstream, respectively, and ὴḺ ὴ, where ὴ  10 

torr. Film thicknesses and treatment conditions are summarized in Table C1.  

5.2.3. High-pressure pure-gas sorption 

 CO2, CH4, N2, and O2 sorption isotherms for methanol treated PIM-1, PIM-NH2, 

PIM-deBOC(acid), and PIM-deBOC(thermal) were collected at 35 °C using an automated 
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pressure decay system from Maxwell Robotics. Detailed protocols for this test are provided 

in our previous work53. 

 Sorption in glassy polymers is commonly described through the dual-mode sorption 

(DMS) model:54,55  

ὅȟ  ὯȟὪ  
ὅȟὦὪ

ρ ὦὪ
υȢσ 

where ὅ is the concentration of gas i in the polymer (cm3
STP cmī3pol), Ὢ is the fugacity 

(atm) at equilibrium, ὅȟ is the Langmuir sorption capacity (cm3
STP cmī3pol), Ὧȟ is the 

Henryôs law constant (cm3
STP cmī3pol atm

ī1), and ὦ is the Langmuir affinity constant 

(atmī1).56 Isotherms were fit to the DMS model via nonlinear least squares fitting by 

constraining ln(Ὧ ) versus critical temperature (Ὕ) to have the same slope as ln(Ὓ) versus 

Ὕ at 10 atm, where Ὓ is the sorption coefficient.57,58  

 Pure-gas DMS model parameters can be used to predict mixed-gas sorption as 

proposed by Koros.59,60 In this model, sorption into the equilibrium mode is assumed to be 

unaffected by competition, while co-penetrants compete to sorb into the Langmuir mode of 

the polymer.24 Competition for the Langmuir mode results in a depression of mixed-gas 

sorption for each penetrant in the mixture, which can be estimated using pure-gas DMS 

model parameters for penetrant Ὥ (Ὧȟ, ὦ, and ὅȟ) and the Langmuir affinity constant for 

the co-penetrant Ὦ in the binary mixture (ὦ). The concentration of penetrant Ὥ sorbed in the 

polymer in the presence of a co-penetrant Ὦ is: 

ὅȟ  ὯȟὪ  
ὅȟὦὪ

ρ ὦὪ ὦὪ
 υȢτ 
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where Ὢ is the partial fugacity of each penetrant. Mixed-gas sorption isotherms were 

modeled using constrained DMS parameters. Mixed-gas fugacities were calculated by 

invoking the Lewis-Randall approximation.61 

 Pure- or mixed-gas sorption coefficients can be calculated by dividing the gas 

concentration by the corresponding fugacity as shown in Eq. 5.5 and 5.6, respectively: 

Ὓȟ
ὅ

Ὢ
 Ὧȟ  

ὅȟὦ

ρ ὦὪ
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5.2.4. Sorptionïdiffusion model 

 Gas transport through a polymer is often described using the sorptionïdiffusion 

model, where the permeability is defined as the product of the diffusion coefficient (cm2
 

sī1) and the sorption coefficient (cm3
STP cmī3pol atmī1):62 

ὖ Ὀ Ὓ υȢχ 

 Pure- and mixed-gas permselectivity (‌) is defined as the ratio of the permeabilities 

for pure- and mixed-gas conditions: 

‌Ⱦ
ὖ

 ὖ

Ὀ

 Ὀ

Ὓ

 Ὓ
‌ ‌ υȢψ 

where ‌  is the diffusion selectivity and ‌ is the sorption selectivity. Pure-gas sorption 

selectivities were estimated using best-fit curves of experimental data, while mixed-gas sorption 

selectivities were calculated from sorption isotherms modeled using constrained DMS parameters, 

as described earlier. Diffusion selectivities were then calculated as the ratio between pure- or 

mixed-gas permselectivity and sorption selectivity. 

5.3. Results and Discussion 
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 In this work, mixed-gas and high-pressure transport properties of six functionalized 

PIMs were evaluated. As shown in Figure 5.1, the PIMs investigated have identical 

backbones with distinct functionalities of varying CO2 affinity including the nitrile (ïCN), 

carboxylic acid (ïCOOH), amine (ïCH2NH2), tert-butoxycarbonyl (ï

CH2NHCOOC(CH3)3, ïtBOC), and urea (ïNHCONHï). As previously reported, PIM-

deBOC(acid) and PIM-deBOC(thermal) are chemical analogues of PIM-NH2, but with 

distinct free volume architecture and for PIM-deBOC(thermal), a light degree of urea 

crosslinks.49 In our prior work, the influence of physical packing on the transport properties 

of these polymers were investigated under pure-gas conditions and through time-lag 

analysis. In this work, the influence of side-group chemistry on mixed-gas transport is 

probed through mixed-gas permeation and direct sorption.  

 In addition to mixture considerations and high-pressure, in many separation 

applications, PIMs will lose permeability and increase selectivity over time through a 

process known as physical aging, but few studies report transport performance for structural 

analogues that have been systematically aged63,64. Aging effects are also accelerated for 

thin films, and Jue et al. have demonstrated that industrially relevant PIM-1 hollow fibers 

have separation performance reminiscent of PIM-1 thick films that have aged for several 

years65,66. To consider performance under more realistic scenarios, all films were aged for 

over 290 days. After aging, all films demonstrated the expected loss in permeability and 

increase in permselectivity typically observed for glassy polymers63, with the exception of 

PIM-tBOC, which had little change in permselectivity and permeability due to its low 

fractional free volume (Figure C1).49 
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Figure 5.1. Generalized PIM-1 backbone and functionalities for the six PIM-1 analogues 

investigated in this study, along with their corresponding sorption coefficients at infinite dilution 

(Ὓ  in cm3
STP cmī3pol atm

ī1
.  

5.3.1. Variable composition mixed-gas permeation  

5.3.1.1. CO2/CH4 mixtures.  

 Aged polymer films were first evaluated with CO2/CH4 binary mixed-gas feeds at a 

low total pressure of 2 atm (Figure 5.2a and Table 5.1). When comparing pure- and 

mixed-gas tests performed at similar CO2 partial pressure of 1.2 atm, all polymers, with the 

exception of PIM-tBOC, display an increase in CO2/CH4 permselectivity and minimal 

changes in CO2 permeability. PIM-NH2 (290 d) showed an outstanding 140% increase in 

permselectivity from 12 in pure-gas tests to 29 in mixed-gas tests. Moreover, pure-gas 

permselectivities for PIM-NH2 (290 d) differed between fresh (3.6) and aged (12) films, 

showing the effect of aging on permselectivity of these films. In mixed-gas conditions, all 
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samples containing amine functionality (PIM-NH2, PIM-deBOC (acid), and PIM-

deBOC(thermal)) exhibited nearly identical permselectivities between 25 and 29, 

suggesting that mixed-gas transport is primarily controlled by competition as opposed to 

diffusion. However, when comparing the change in selectivity between pure-gas 

calculations and mixed-gas experiments, PIM-deBOC(acid) and PIM-deBOC(thermal) 

exhibited a smaller increase permselectivity of 85% and 34%, respectively. Interestingly, 

there are significant deviations between time-lag and equilibrium sorption analysis, 

particularly for PIM-NH2
49. These differences are associated with non-linearities in the 

concentration gradient through the polymer film45,47,67. Thus, the smaller increase in mixed-

gas permselectivity for PIM-deBOC(thermal) versus PIM-NH2 is attributed to its lower 

Langmuir affinity for CO2, which is further discussed later. When considering other 

derivatives, small variations were observed between pure- and mixed-gas CO2/CH4 

permselectivities for aged, untreated PIM-1 (+18%) and PIM-COOH (+26%), and aged, 

methanol treated PIM-1 (+16%) and PIM-tBOC (ï6%). In other studies, small but 

significant differences in CO2/CH4 mixed- and pure-gas permselectivities have been 

documented for glassy polymers including the 6FDA-HAB polyimide (+25%), TDA1-

APAF (+7%), and thermally rearranged PIM-6FDA-OH (+15%), where permselectivity 

increases for the mixed-gas case were also attributed to competition36,51,68.  
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Figure 5.2. (a) Robeson plot for aged PIMs containing 2008 pure-gas and 2018 mixed-gas upper-

bound relationships. Pure-gas tests were performed at 35 °C and 1.2 atm (filled circles) and mixed-

gas tests at 35 °C and approximately 2 atm at nine compositions (open circles). Stars denote mixed-

gas tests performed with a 60/40 CO2/CH4 composition and a CO2 partial pressure similar to that 

of pure-gas. (b) CO2 mixed-gas permeabilities (blue filled circles) and CO2/CH4 permselectivities 

(open diamonds) for incremental CO2 compositions at a total pressure of approximately 2 atm for 

PIM-NH2. Inset corresponds to mixed-gas CH4 permeabilities (filled triangles). Pink points 

indicate pure-gas CO2 (circle) and CH4 (open triangle) permeabilities, and pure-gas CO2/CH4 

permselectivity (diamond). Stars denote permselectivity (open) and CO2 permeability (filled) 

tested at a 60/40 CO2/CH4 composition. For PIM-NH2(290d) tested at 10ï80% CO2 

compositions, the total mixed-gas pressure was 1.9 atm. At a 90% CO2 composition, the 

total mixed-gas pressure was set to 2.2 atm to maintain a high flux and a low stage cut. 
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Table 5.2. Pure and mixed-gas permeabilities and permselectivities tested at 1.2 atm partial 

pressure of CO2 and 35 °C. All uncertainties were calculated from error propagation and each test 

was performed on independently cast polymer films. 

aMixed-gas tests were performed at a 1.6 atm partial pressure of CO2.  
bTreatment designations: MeOH (MeOH soak for 24 h followed by a vacuum dry at 130 

°C for 12h), vacuum dry (dry at 130 °C for 12h), and CO2 conditioning (pure-gas CO2 test 

up to 29 atm). Samples thicknesses and treatments are summarized in Table C1. 
cDifferences in PIM-NH2 aging rate reflects the typical variation in permeation properties for two 

microporous films casted independently. 

 To assess the influence of changes in CO2 content on mixed-gas permeation, 

incremental CO2/CH4 mixture compositions were investigated at a total pressure of 2 atm 

(Figure 5.2 and Figure C2). CO2 and CH4 permeabilities decreased with increasing CO2 

composition from 10% to 90% (Figure 5.2b). This trend is consistent with the decrease in 

sorption expected for glassy polymers with increasing pressure in the framework of the 

dual-mode sorption model when no significant plasticization-induced variations in 

diffusion are expected36. As pressure increases and Langmuir modes saturate, the sorption 

coefficient, and thus permeability, decreases due to the higher energetic penalty required to 

sorb into the Henryôs law mode69,70. The CO2/CH4 mixed-gas permselectivity slightly 

increased with increasing content of CO2, demonstrating how competition (i.e., CH4 

exclusion from the polymer matrix) is proportional to the molar ratio of CO2 over CH4 in 

the mixture. When comparing pure- and mixed-gas tests at the same CO2 pressure, CO2 

Polymer sample 

designation 

Aging 

time 

(days) 

Treatment 

after castingb 

Permeability (barrer)  Selectivity (Ŭ) 

╟╒╞
▬◊►▄

 ╟╒╞
□░●▄▀ ╟╒╗

▬◊►▄
 ╟╒╗

□░●▄▀ ♪╒╞Ⱦ╒╗
▬◊►▄

 ♪╒╞Ⱦ╒╗
□░●▄▀ 

PIM-1 (fresh) 1 MeOH 9000 ± 350 8250 ± 350 660    ± 25 810     ± 50 13.5 ± 0.8 10.2 ± 0.8 

PIM-1 (381 d) 381 MeOH 4000 ± 200 4200 ± 200 300    ± 20  270     ± 10 13.4 ± 0.9  16     ± 1  

PIM-NH
2 
(fresh)a 1 MeOH 1070 ±   60   845 ±   50 300    ± 15   33.5  ±   5.0   3.6 ±  0.3 25.2  ± 3.9 

PIM-NH
2 
(290 d)c 290 MeOH   410 ±   20   430 ±   20    33    ±  2   14.7  ±   0.8 12     ± 1 29     ± 2 

PIM-NH
2 
(448 d)c 448 MeOH   480 ±   20   509 ±   25    44    ±  2   18.3  ±   1.4 11.1  ±  0.7 27.8 ± 2.5 

PIM-NH
2 
(cond.) 433 MeOH and CO2 

conditioning 

  410 ±   20   445 ±   25    54    ±  3   16.9  ±   1.5   7.6  ±  0.6 26.3 ± 2.8 

PIM-tBOC  351 MeOH   110 ±   20   100 ±   10      6.1 ±   0.8     6.1  ±  0.8 18     ± 3  17     ± 3 

PIM-deBOC (acid)  339 MeOH   460 ±   20   480 ±   20    30    ±   1   16.7  ±  0.6 15.6  ± 0.9 29     ± 2 

PIM-deBOC (thermal)  343 MeOH   630 ±   30   650 ±   30    31    ±   2   24     ± 1 20     ± 1 28     ± 2 

PIM-1 (402 d) 402 Vacuum dry 3700 ± 100 3900 ± 100  280    ± 10 250     ± 10 13.3 ± 0.7 15.8 ± 0.9 

PIM-COOH (330 d) 330 Vacuum dry      81 ±     4     90 ±   20      2.1 ±   0.1      1.7 ± 0.1 39    ± 3  50     ± 4 
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permeabilities were roughly equivalent to each other. Conversely, mixed-gas CH4 

permeability was significantly lower compared to pure-gas permeabilities (cf., inset in 

Figure 5.2b and Table C1), due to competitive sorption and exclusion of CH4. As 

presented in Figure C2, these trends applied to every aged PIM considered except PIM-

tBOC, which was the polymer with the lowest CO2 infinite dilution sorption coefficient 

among those tested (Figure 5.1). Taken together, the decrease in CH4 permeability from 

pure- to mixed-gas tests at the same partial pressure of CH4 correlated directly with the CO2 

affinity of the polymer, as shown in Figure C3. 

 The shape of the isobaric mixed-gas permeability trends also provides valuable 

insights. By increasing CO2 compositions from 10% to 90%, CO2 permeabilities decreased 

by 60% for PIM-NH2 (290 d) and 50% for PIM-deBOC(acid) and the magnitude of the 

decreases correlated well with their Langmuir affinity constants of 1.006 atmï1 and 0.895 

atmï1, respectively (Table C3). In contrast, PIM-tBOC showed a small change in 

permeability over the same range of CO2 compositions from 118 to 99 barrer, which was 

ascribed to a low ὦ value of 0.427 atmï1. In each case, tests at incremental CO2 

compositions illustrate the important role of sorption on transport at varying feed 

conditions. At CO2 compositions of 10%, for instance, PIM-NH2 has competitive 

performance above the 2008 upper bound, indicating its potential for low-pressure and low 

concentration CO2 removal applications, such as those found in biogas purification71. 

5.3.1.2. Other mixtures.  

 Binary H2/N2, H2/CH4, and CO2/N2 mixtures were also investigated due to their 

relevance in commercial and emerging membrane-based applications including hydrogen 

purification and post-combustion carbon capture72. For these separations, significant 
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competitive sorption effects were also observed in PIM-NH2 (Figure C4) and aligned 

directly with critical temperatures of the gases, summarized in Table C2. Notably, CO2/N2 

mixed-gas permselectivity increased by 3.5 times (+250%) that of the pure-gas 

performance, higher than the enhancement measured for CO2/CH4. This result is consistent 

with the rationale that the driving force for competition is the relative difference in sorption 

of two gases for a binary mixture. Critical temperature is often used as a correlating variable 

for sorption73, and indeed Ὕ ὔ Ὕ ὅὌ ḺὝ ὅὕ . Thus, increases in CO2/N2 

permselectivity are expected to exceed those for CO2/CH4. Enhancements in CO2/N2 

permselectivity have also been reported for other PIMs, including TZ-PIM39 (+47%) and 

MTZ-PIM74 (+80%), but to a lesser extent than that for PIM-NH2. Similar considerations 

apply for H2-based separations, which showed a reduction in H2/CH4 and H2/N2 

permselectivity for PIM-NH2, consistent with the stronger sorption preference of CH4 and 

N2 compared to H2. 

5.3.2. Pure-gas sorption tests and mixed-gas sorption predictions 

 Pure-gas sorption isotherms for methanol treated PIM-1 and PIM-NH2 derivatives 

are presented in Figure 5.3a and Figure C5, along with previously published sorption 

isotherms for untreated PIM-1 and PIM-COOH.41 As shown in Figure C5a and b, the 

relative order in CO2 uptake observed for each film at 1 atm (PIM-tBOC << PIM-1 < PIM-

deBOC(thermal) < PIM-deBOC(acid) å PIM-NH2) correlated remarkably well with the 

relative increase in CO2/CH4 mixed-gas permselectivity for each PIM. In contrast, O2, CH4, 

and N2 isotherms show a different trend in relative uptake with PIM-tBOC << PIM-

deBOC(acid) å PIM-NH2 < PIM-1 å PIM-deBOC(thermal). To provide deeper physical 

insight into the distinct CO2 sorption behavior compared to that of other gases, the pure-
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gas sorption at infinite dilution (Ὓ ) was calculated. This material property, Ὓ , describes 

sorption of the first gas molecule into the polymer matrix and is dependent on 

temperature41,69. By taking the limit of Eq. 5.5 as fugacity approaches zero, Ὓ  is defined 

as: 

Ὓ ÌÉÍ
ᴼ
Ὓ  Ὧ  ὅὦ υȢω 

 DMS parameters and Ὓ  values for all isotherms, including untreated PIM-COOH 

and PIM-141 are summarized in Table C3. In line with the aforementioned sorption trends, 

the relative order of magnitude for S  and ὦ for CO2 (Figure 5.1 and Table C3) correlates 

with the relative increase in permeability between pure-gas and mixed-gas measurements 

in Figure 5.2a. At the same time, the relative order of S  for O2, N2, and CH4, aligns with 

the respective uptake trends of these gases, indicating a strong chemical interaction for 

PIM-NH2 and CO2 that is not observed for gases with lower critical temperatures. 
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Figure 5.3. (a) Pure-gas CO2 and CH4 sorption isotherms (circles) fitted with the DMS model 

(solid lines), and CO2 and CH4 50/50 mixed-gas sorption isotherms predicted with the DMS model 

(dashed lines) for PIM-NH2. Open (CH4) and filled (CO2) symbols denote experimentally collected 

data. (b) Pure-gas CO2 and CH4 sorption selectivities (solid lines) and predicted 50/50 CO2/CH4 

sorption selectivities (dashed lines) for PIM-NH2. (c) Pure- and predicted mixed-gas sorption 

selectivities at a CO2 partial fugacity of 1 atm. (d) Pure- and mixed-gas diffusion selectivities 

calculated using the sorption-diffusion model at a CO2 partial fugacity of 1 atm.  

 The effect of competitive sorption was modeled from pure-gas isotherms using Eq. 

5.6, as presented in Figure 5.3a and C6. This modeling approach has demonstrated good 

agreement with experimental mixed-gas sorption for PIM-1, TZ-PIM, PTMSP, 6FDA-
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HAB and its TR450 analog, 6FDA-mPDA, CTA, and PMMA20,22,24,25,30,52,75. 

Thermodynamically rigorous models such as the nonequilibrium lattice fluid (NELF)76 

model would provide more robust mixed-gas predictions24,77, but lattice fluid parameters 

(i.e., ”ᶻ, Ὕᶻȟὴᶻ) cannot be directly determined for the PIMs studied in this work because 

the polymers degrade below their glass transition temperature78,79. As shown in 

Figure C6a, experimental pure-gas and predicted 50/50 CO2/CH4 mixed-gas PIM-1 

sorption isotherms obtained in this work aligned very well with experimental results 

reported by Vopiļka et al.80 The modeling approach was thus extended to all six PIMs, as 

presented in Figure C6 and C7. Predicted mixed-gas sorption isotherms showed a small 

decrease in CO2 uptake ranging between ī5% and ī9% for all films, while CH4 isotherms 

displayed a much more pronounced decrease ranging from ī29% to ī47%. Because of its 

high solubility, CO2 sorption is weakly affected by the presence of CH4 in the mixture while 

CH4 experiences a significant reduction in sorption, resulting in a beneficial increase in 

CO2/CH4 sorption selectivity (Figure C7b and c). The effects of competition for increasing 

fugacities can be visualized by plotting the pure- and mixed-gas CO2/CH4 sorption 

selectivities (‌  and ‌ ) (Figure 5.3b and Figure C7). As shown in Figure 5.3b, 

‌  for PIM-1 and PIM-NH2 is consistently higher than ‌  for all fugacities 

considered. 

 Diffusion selectivity was also evaluated. To this end, pure- and mixed-gas diffusion 

selectivities (♪▬◊►▄
╓  and ♪□░●▄▀

╓ ) were estimated via the sorptionïdiffusion model (Eq. 5.7) using 

experimental pure-gas and modeled mixed-gas sorption coefficients for a CO2 partial fugacity of 

1 atm. As shown in Figure 5.3d and Table C4, there is little change between the ‌  and ‌   
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for each sample, reinforcing our assertion that the increase in mixed-gas permselectivity is driven 

by competition. 

5.3.3. Pure-gas and mixed-gas plasticization  

 Penetrant-induced plasticization is a significant challenge for the deployment of 

membranes for natural gas purification81. At industrially relevant pressures, penetrants like 

CO2 can swell the polymer and result in detrimental losses in selectivity. Effective methods 

to mitigate plasticization involve increasing interchain rigidity with addition of strong 

secondary interactions9,82ï84, thermal anealing85ï87, or chemical crosslinking88,89. Here, we 

investigate the influence of amine hydrogen bonding and ïtBOC functionality on CO2-

induced plasticization of PIM-NH2 derivatives. As shown in Figure 5.4a, PIM-1 showed a 

pure-gas plasticization pressure at a fugacity of 14 atm while PIM-NH2, PIM-deBOC(acid), 

and PIM-deBOC(thermal) showed no plasticization pressure up to a feed fugacity of 

29 atm. The shape of the high-pressure curves for the PIM-NH2 derivatives; in particular, 

the significant drop in permeability at low fugacity, is associated with the strong 

contribution to Langmuir mode sorption, as can be gleaned from Figure 5.3a and C6. In 

contrast, PIM-tBOC exhibited a plasticization pressure at a fugacity of 10 atm, which was 

ascribed to weaker interchain interactions between ïtBOC groups compared to dipolar ï

CN groups and hydrogen bonding ïNH2 groups.  
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Figure 5.4. (a) Pure- (filled circles) and mixed-gas (open shapes) normalized CO2 permeabilities 

for PIM films. (b) Mixed-gas CO2/CH4 upper-bound and plasticization performance for 

conditioned PIM-NH2 (open blue triangles), fresh PIM-NH2 (half-filled blue circles), aged PIM-1 

films which underwent methanol treatment (381 d, open black circles) or no methanol treatment 

(402 d, open gray circles), and a freshly methanol-treated PIM-1 film (half-filled black circles). 

Mixed-gas tests performed with a 60/40 CO2/CH4 mixture at 2 atm total pressure are denoted as 

stars. High-pressure mixed-gas points collected at a total presure of 20 atm (e.g., 10 atm of CO2) 

are highlighted as diamonds for comparison with the pressure-based 2018 mixed-gas upper bound. 

Permeability data in this plot was specifically calculated using pressure for ease of comparison 
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with literature. (c) Pure- and mixed-gas CH4 permeability for aged PIM-NH2 (448 d) up to a total 

pressure of 7 atm. (d) Normalized mixed-gas CH4 permeability versus CO2 partial pressure for 

methanol treated PIM-1 (open black circles), untreated PIM-1 (open gray circles), and conditioned 

PIM-NH2 (open blue triangles). Reference data for PIM-NH2(fresh) is provided in Figure C10. 

 PIM-NH2 was further evaluated for plasticization stability using a 50/50 CO2/CH4 

mixture up to total feed fugacity of 24 atm (Figure 5.4). Mixed-gas tests up to total fugacity 

of 5 atm were also provided for the other derivatives in Figure C8 and C9. For all PIM-

NH2 films, the CO2/CH4 mixed-gas permselectivity increased slightly up to a total fugacity 

of 5 atm as shown in Figure 5.4b and C9a. This unusual finding relates to a favorable 

combination of CO2/CH4 competitive effects and high CO2ïpolymer affinity. Pure-gas tests 

up to 2.5 atm at similar partial fugacity were also compared to the mixed-gas plasticization 

curves in Figure 5.4c and C10. In each case, CO2 permeability is essentially the same in 

pure- and mixed-gas scenarios, while CH4 mixed-gas permeabilities decrease significantly 

compared to pure-gas values, a clear demonstration of competitive sorption in CO2-

containing mixtures. CO2/CH4 mixed-gas plasticization was further evaluated by inspecting 

the co-permeability of CH4 with the mixture, an unambiguous indicator of plasticization.35 

Since CH4 is not a typical plasticizing gas, its pure-gas permeability is only expected to 

decrease with increasing fugacity. However, when co-permeating with CO2, CH4 diffusion 

is expected to increase more readily by CO2-induced plasticization, resulting in an 

accentuated plasticization pressure curve for CH4.
24 As presented in Figure 5.4d, C10, and 

C11, PIM-1 shows an immediate up-turn in CH4 permeability with increasing fugacity, 

while PIM-NH2 retains stable CH4 permeability that follows trends expected for non-

plasticized glassy polymers up to a total feed fugacity of 24 atm. Moreover, by increasing 
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CO2 partial pressure from 2 atm to 10 atm, there is a decrease in mixed-gas selectivity for 

both treated (ï36%) and untreated (ï32%) PIM-1 that is significantly more pronounced 

than that of PIM-NH2 (ï10%), as shown on the Robeson plot in Figure 5.4b. 

5.3.4 Comparisons to other microporous polymers.  

 Mixed-gas analysis at low pressures demonstrated how functionality influences 

competitive sorption for PIMs. To contextualize these findings, a literature survey of 

CO2/CH4 pure- and mixed-gas data for microporous polymers is summarized in Table C5 

and Figure 5.5. For the comparison shown in Figure 5.5a, only literature studies reporting 

(1) pure-gas permeability measured at a pressure consistent with the CO2 partial pressure 

reported for the mixed gas test, and (2) CO2 and CH4 high-pressure sorption isotherms were 

included. The ratio of CO2/CH4 mixed- to pure-gas permselectivity (‌ Ⱦ‌ ) was 

plotted against ‌ , where ‌  and ‌  were assumed invariant at low CO2 partial 

pressures, consistent with our findings presented in Fig 5.3d. As a general trend, as ‌  

increases, ‌ Ⱦ‌  increases largely due to competitive sorption effects. Similarly, at 

a total pressure of 2 atm, the six PIM derivatives show an increasing trend, where amine-

functionalized PIM-NH2 and its chemical analog, PIM-deBOC(acid), show the largest 

increase in ‌ Ⱦ‌  and the highest ‌ . The chemical structures of polymers 

showcased in Fig 5.5a are shown in Figure C12 in order of increasing ‌  values. 

Among the samples considered, backbones containing ïOH35,83 and ïCOOH90,91 groups 

show generally higher CO2/CH4 ‌  values than backbones containing groups such as ï

F, ïH, or ïCN18,23,35,91ï96. Moreover, all polymers considered from the literature have ‌  

below 5.5 and a ‌ Ⱦ‌   less than 1.5. In contrast, PIM-NH2 (2.4) and PIM-

deBOC(acid) (1.9) showed the highest improvements to CO2/CH4 ‌  (Figure 5.5a). 
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To the best of our knowledge, these improvements represent a record for microporous 

polymer membranes, highlighting the intriguing benefits of using amine-functionalized 

microporous polymers for CO2-based separations. Other amine-containing PIMs such as 

TZ-PIM and AO-PIM have shown less pronounced changes in sorption selectivity, as 

presented in the sorption upper bound in Figure C13. These trends correlate with lower 

CO2 Langmuir affinities for TZ-PIM-1 (ὦ = 0.437 atmï1) and AO-PIM-1 (ὦ = 0.324 atmï1) 

than PIM-NH2 (ὦ = 1.006 atmï1)21. In these cases, we hypothesize that the lower CO2ï

polymer affinity may be associated with the nature of the acid-base interactions for each 

functional group as well as group accessibility. For instance, the amine in AO-PIM is 

accompanied by an ïOH group that can hydrogen bond while TZ-PIM has low pKa values 

compared to primary amines39,97 and an aromatic ring that can create steric hindrance. 

 Compared to other PIM-1 analogues, the CO2/CH4 pure- and mixed-gas sorption 

selectivities for PIM-NH2 are remarkably high. When considering sorption at infinite 

dilution, PIM-NH2 falls on the infinite-dilution sorption upper bound (Figure C13), which 

was developed theoretically in 2014 by Lipscomb et al. for pure gases (i.e., excluding 

competitive sorption effects). As indicated by the authors, this upper bound is limited by 

the highest value of cohesive energy achievable in polymers, indicating that PIM-NH2 

sorption values fall close to this thermodynamic limit , enabling the remarkable increase in 

CO2/CH4 and CO2/N2 mixed-gas permselectivity compared to pure-gas results. These 

results suggest a unique interaction between the Lewis basic ïNH2 and CO2, consistent with 

the outstanding CO2 adsorption behavior reported for amine-functionalized MOFs and 

amine-functionalized polysulfone.38,98ï101  
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 Figure 5.5b presents a larger collection of ‌ Ⱦ‌  data reported for 

microporous polymers against pure-gas CO2 permeability, including studies that did not 

test sorption. For polymers reported in the literature, the ‌ Ⱦ‌  permselectivity ratio 

centers around 1 ± 0.2 with the lowest and highest literature values of 0.52 and 1.59 for 

PIM-EA(Me2)-TB102 and 6FDA-DAM:DABA (1:2)90, respectively. Remarkably, the value 

of ‌ Ⱦ‌  for PIM-NH2 (290 d and 448 d) is 2.4, surpassing all other microporous 

polymers considered in the literature. Interestingly, as total pressure rises, ‌ Ⱦ‌  

for PIM-NH2 further increases to over 3.5 at a pressure of 5.1 atm (Figure 5.5a). These 

results demonstrate the promise of ïNH2 chemistry for enhancing CO2-based mixed-gas 

transport through competition, while simultaneously providing plasticization resistance 

through hydrogen bonding. 



167 

 

 

Figure 5.5. Ratio of mixed-gas and pure-gas CO2/CH4 permselectivity (‌ Ⱦ‌ ) versus (a) 

pure-gas CO2/CH4 sorption selectivity (‌ ) for aged PIMs and literature samples. All filled 

stars indicate tests at a mixed-gas total pressure of 2 atm. Open blue stars indicate mixed-gas tests 

performed on PIM-NH2 (448d) at CO2 total pressures of 3.4 atm and 5.1 atm. References are 

reported in Figure C10. (b) CO2 pure-gas permeability for this work (star symbols) and literature 

data (other symbols) for microporous polymers tested at approximate total pressures indicated in 

the legend. Detailed references, permeation data, and exact testing pressures are reported in Table 

C5. 

5.4. Conclusion 

 Mixed-gas transport properties of six functionalized PIM-1 variants were 

systematically investigated after aging to study the role of CO2 affinity and polymer 

chemistry on competitive sorption. Low-pressure mixed-gas tests revealed a relationship 
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between CO2 sorption affinity and changes in permselectivities of mixed-gas tests 

compared to pure-gas tests. Amine-functionalized PIM-1 showed a 140% increase in 

mixed-gas CO2/CH4 selectivity and a 250% increase in CO2/N2 mixed-gas selectivity 

compared to pure-gas results performed at the same partial pressure of CO2. Mixed-gas 

sorption predictions and sorptionïdiffusion model analysis indicated that CO2/CH4 

permselectivity improvements resulted from sorption selectivity increases that are 

exclusive to mixed-gas conditions. Structureïproperty relationships were derived by 

comparing pure-gas sorption and mixed-gas permeation performance for samples in this 

study and for microporous polymers in the literature. PIM-NH2 showed the highest 

CO2/CH4 sorption selectivity for all polymers considered, and correspondingly, the greatest 

improvement for mixed-gas tests relative to pure-gas data. Microporous polymers 

containing hydroxyl and carboxylic acid functionalized backbones showed more limited 

improvements, and PIMs without hydrogen bonding moieties showed the most limited 

improvements. Notably, PIM-NH2 and its chemical analogue (PIM-deBOC(acid)) 

approached the theoretical sorption limit predicted in the 2014 pure-gas sorption upper 

bound. Finally, high-pressure 50/50 CO2/CH4 mixed-gas tests revealed exceptional 

plasticization resistance for PIM-NH2. This effect was attributed to enhanced interchain 

rigidity induced by hydrogen bonding in PIM-NH2. Our results demonstrate that increasing 

solubility-selectivity is of paramount importance to leverage competitive sorption and 

improve permselectivity for CO2-based gas pairs. Furthermore, plasticization resistance is 

necessary to retain this advantage at high pressure. Among the six PIMs considered, the 

primary amine functionalization (PIM-NH2) was identified as the best compromise of these 
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two features, displaying attractive performance under testing conditions reminiscent to 

those found in industry. 
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Chapter 6: Elucidating the role of micropore generating backbone motifs and amine 

functionality on sorption energetics, mixed-gas permeation, and H2S transport 

Abstract 

 While significant headway has been made in the synthesis of new microporous polymers 

for gas separations, little is known about their structureïproperty relationships in industrially 

relevant conditions involving highly condensable penetrants such as H2S. Recent work on the 

mixed-gas transport in an amine-functionalized microporous PIM (PIM-NH2) has demonstrated 

surprising benefits of plasticization resistance with competitive sorption for increased 

permselectivity in binary CO2/CH4 mixtures. Here, we test the generalizability of this approach 

through the synthesis of a new amine-functionalized polymer based on a microporous poly(aryl 

ether) (PAE) backbone and provide direct comparisons with PIM-NH2 and corresponding nitrile-

functionalized counterparts. The amine-functionalized PAE (PAE-NH2) exhibits a 3-fold increase 

in CO2/CH4 and CO2/N2 mixed-gas permselectivities compared to the pure-gas case. Moreover, in 

20/20/60 H2S/CO2/CH4 mixtures tested at a total pressure of 8 atm, amine-functionalized 

derivatives sustain increases in CO2/CH4 selectivities compared to the nitrile-functionalized 

analogues. These performance trends were further analyzed through pure-gas sorption tests at 

35 °C, 45 °C, 55 °C, and 65 °C, ternary mixed-gas sorption modeling, dual-mode sorption 

analysis, and investigation of sorption energetics for N2, CH4, CO2, and H2S. Pure-gas CO2 

sorption for PAE-NH2 was significantly higher than that of PAE-CN, suggesting increased affinity 

to CO2. The strength of the gasïpolymer interactions were quantified through calculation of 

isosteric heats of sorption for CO2 in PIM-1, PIM-NH2, PAE-CN, and PAE-NH2. Amine-

functionalized samples showed highly exothermic interactions with heats of approximately ï44 kJ 
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molï1. Finally, PIM-NH2, PAE-CN, and PAE-NH2 demonstrate excellent plasticization resistance 

in 50/50 CO2/CH4 binary mixed-gas tests up to 26 atm. 
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6.1 Introduction 

 As the drive to replace coal and provide more sustainable solutions for the energy transition 

strengthens, the global demand for natural gas continues to increase1. As a result, there is a large 

incentive to access and successfully process more natural gas wells to meet pipeline specifications 

(i.e., [CO2] = 2ï4 mol% and [H2S] = 0.2ï0.6 ppm), including sub-quality natural gas feeds 

containing large amounts of hydrogen sulfide (H2S) or carbon dioxide (CO2) at pressures up to 60 

bar2ï5. At the same time, renewable natural gas (RNG) purification has gained extensive traction 

as a means of sustainably deriving energy-rich methane from organic waste6,7. Because RNG is 

sourced from home and livestock organic waste, RNG plants treat streams covering a large range 

of compositions at atmospheric pressure, including 35ï45% of CO2 and varying concentrations of 

H2S.3 Membranes processes are a promising route to carry out CO2/CH4-based separations due to 

their energy efficiency and ease of operation. Compared to absorption processes, membranes 

provide advantages such as modularity, compactness, and limited toxicity8,9. In the case of RNG, 

the low pressures and higher CO2 contents can be particularly attractive for bulk separation with 

limited plasticization effects, if pressure differential limitations can be surpassed. Several process 

and techno-economic analyses by Stern et al. have also highlighted optimal membrane-based 

process configurations to purify traditional natural gas, such as hybrid two-stage processes using 

CO2 and H2S-selective membranes 10ï13. 

 Unfortunately, however, the development of highly H2S- and CO2-selective membranes 

can be challenging due to a conflicting interplay between diffusion and sorption selectivity for the 

gases of interest. Generally, transport in polymers is governed by the sorptionïdiffusion model 

where sorption represents a thermodynamic contribution to transport associated with gasïpolymer 

interactions, and diffusion represents a kinetic contribution to transport associated with the relative 
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differences in size of the gases14. The difference in kinetic diameters for CH4 (3.80 ) and CO2 

(3.30 ) is much larger than that of H2S (3.62 ) and CH4, making CO2/CH4 separation more 

strongly driven by diffusion selectivity. In parallel, H2S is more condensable than CO2, making 

the H2S/CH4 separation more strongly driven by sorption selectivity (CH4 (Ὕ ρωπȢπ ὑ  < CO2 

(Ὕ σπτȢσ ὑ  < H2S (Ὕ σχσȢυ ὑ ). It is thus critical to develop materials capable of both 

diffusion- and sorption-selective transport to achieve the largest enhancement in performance for 

simultaneous H2S and CO2 separation from CH4. Moreover, transport properties in ternary 

mixtures are difficult to predict due to non-ideal phenomena such as competitive sorption (i.e., 

reduced sorption of the less condensable gases in mixtures)15 and plasticization (i.e., swelling of 

the polymer matrix when in contact with condensable gases at high pressures)16. Additionally, 

testing of binary and ternary mixtures with toxic gases requires rigorous safety protocols and 

specialized testing equipment. As a result, while many new polymers have been synthesized17ï19, 

sour gas testing has been limited to only a few industrial and academic groups and a small set of 

materials, making evaluation of structureïproperty relationships in these conditions particularly 

difficult3.  

 Despite the aforementioned challenges, various studies have demonstrated the promise of 

chemical modification (i.e., functionalization) and macromolecular design handles (i.e., chemical 

crosslinking and addition of bulky monomers) for accomplishing simultaneous separation of CO2 

and H2S at industrially relevant conditions. For a comprehensive overview on this topic, we refer 

the reader to the recent review by Deng et al.3 When considering rubbery polymers, Harrigan et 

al. studied the ternary mixed-gas transport in PEG5 and the commercial polyether-b-amide 

(Pebax®)20. Tuning the crosslinking density in PEG helped to limit crystallinity in the rubbery 

polymer resulting in high sour gas selectivities (H2S/CH4 and CO2/CH4 > 60). In a separate study, 
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Pebax® polymer grades with higher hydrogen bonding ability showed higher sour gas stability at 

low H2S compositions. However, the overall performance depended on the block content and 

chemistry in the sample. When considering glassy polymers, various chemical modifications have 

been used to improve the performance of cellulose acetate (CA), the commercial polymer used in 

UOPôs SeparexTM membranes and Schlumbergerôs CYNARA membranes for applications in 

natural gas processing21,22. For example, Achoundong et al. grafted vinyltrimethoxysilane to ïOH 

groups in CA and achieved CO2 and H2S permeabilities an order of magnitude higher than those 

of the neat polymer 21. In a similar study, Sundell et al. applied an acid-catalyzed silanation on CA, 

which increased CO2 mixed-gas permeabilities from 2.7 to 12.7 barrer and improved plasticization 

resistance 23. In addition to CA, polynorbornenes24 and glassy polyimides have been investigated 

for sour gas separations including polyimides such as 6FDA-DAM25, 6FDA-DAM:DABA 26, and 

co-polymers made from 6FDA-Durene and co-monomers such as 6FDA-CARDO27 or 4,4ǋ -

methylenebis(2,6-diethylaniline) (MDEA) and 6FpDA27. In these examples, the chemical structure 

of the co-polymer played a significant role in tuning macromolecular packing structure and 

separation ability. For instance, higher DABA content in 6FDA-DAM:DABA increased hydrogen 

bonding, which reduced H2S and CO2 permeabilities, and increased overall selectivities26. In a 

separate study, addition of the fluorinated 6FpDA co-monomers introduced non-bonding 

interactions that inhibited chain packing, enhancing binary mixed-gas transport with limited 

plasticization resistance in sour gas feeds 27.  

 Microporous polymers also represent an interesting platform for sour gas separations due 

to their high diffusion selectivities, versatile backbone chemistry and high H2S sorption capacity 

3,4,28. In particular, the archetypal PIM (PIM-1), amidoxime-functionalized PIM-1, and a hydroxyl 

functionalized PIM-polyimide (i.e., PIM-6FDA-OH) have demonstrated excellent sour gas 
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separation ability in 20/20/60 H2S/CO2/CH4 mixtures at high pressures4,28. AO-PIM-1 and PIM-

6FDA-OH had H2S/CH4 selectivities of 75 and 30, respectively, and CO2/CH4 selectivities of 14.7 

and 25, respectively. In both cases, hydrogen bonding provided by the polar functionalities helped 

to densify the polymer packing structure and increase diffusion selectivity4,28. Of note, these 

studies reported H2S pure-gas sorption isotherms and ternary mixed-gas sorption predictions for a 

20/20/60 H2S/CO2/CH4 mixture. These analyses revealed how competitive sorption effects can 

reduce sorption for all three gases. In contrast, in experimental and modelled sorption for CO2/CH4 

binary mixtures, CO2 sorption remains relatively constant while CH4 sorption decreases15,29. Such 

contrasting findings suggest that ternary mixed-gas transport can contribute to even more complex 

competitive sorption phenomena compared to that in binary mixtures and must be considered for 

industrial applications. To date, the study of sour gas transport in microporous polymers has been 

limited to PIM-1, AO-PIM-1, and PIM-6FDA-OH. Investigation of mixed-gas transport and H2S 

sorption in other hydrogen bonding, hydrophilic, and H2S or CO2-philic functionalities in PIMs 

would expand the materials space and structureïproperty understanding for microporous polymers 

in sour gas conditions. 

 From a fundamental standpoint, the effects of competitive sorption and plasticization are 

important to understand complex mixed-gas transport in polymer membranes. On one hand, the 

mixed-gas sorption literature has demonstrated how condensable penetrants like CO2 can reduce 

the sorption of less condensable gases in a mixture, resulting in sometimes-advantageous shifts in 

mixed-gas permselectivity. These trends have been reported for CO2/CH4 mixtures in PIM-130, 

TZ-PIM-130, AO-PIM-131, PIM-Trip-TB32, 6FDA-mPDA33, 6FDA-HAB15, cellulose triacetate 34, 

among others35ï40. The relationship between sorption affinity and permeation performance 

becomes more convoluted with increasing complexity of the mixture as demonstrated by Ricci and 
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Benedetti et al. for a C2H6/CO2/CH4 ternary mixture in PIM-141. As pressure increases, 

condensable gases can also swell the polymer, overcompensating for competition effects, and 

decreasing gas transport performance 42,43. Various strategies have been developed to reduce inter-

chain mobility and limit the effects of plasticization. These include thermal crosslinking 44ï49, 

incorporation of hydrogen bonding groups 4,50ï55, and blending with fillers 56ï63. In general, 

plasticization effects can be stabilized when inter-chain mobility is limited, while incorporation of 

monomers that decrease intra-chain mobility has shown little success in reducing plasticization64. 

 Using insights from these previous reports, our group recently reported on a platform of 

six aged functionalized PIMs for CO2/CH4 separation29. Compared to the other functionalities such 

as the nitrile (ïCN) and carboxylic acid (ïCOOH), the primary amine (ïCH2NH2) provided a 

suitable design handle for mitigating plasticization through hydrogen bonding while enhancing 

CO2-based sorption selectivity in mixed-gas conditions. Compared to other microporous polymers 

in the literature, the primary amine showed the highest enhancement (i.e., 2.4-fold increase) in 

mixed gas CO2/CH4 permselectivity compared to the pure-gas case. To the best of our knowledge, 

amine-functionalized PIM-1 (PIM-NH2) was also the only microporous backbone functionalized 

with a primary amine pendant group, likely due to limitations in polymer synthesis, where amines 

often become insoluble65 or are consumed as end groups from step polymerization reactions, such 

as those for polyimides 66.  

 Here, we investigate the generalizability of our prior results by developing a new amine-

functionalized polymer based on a newly reported poly(aryl ether) backbone (PAE) architecture 

67. The influence of the amine on competition and plasticization was evaluated with CO2/CH4 and 

CO2/N2 binary mixed-gas tests at nine variable compositions of CO2, and plasticization tests up to 

a total mixed-gas pressure of 26 atm for four samples (i.e., PIM-1, PIM-NH2, nitrile-functionalized 
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PAE (PAE-CN), and amine-functionalized PAE (PAE-NH2)). Transport in sour-gas mixtures was 

considered through ternary mixed-gas tests with 13.3/26.6/60, 20/20/60, and 26.6/13.3/60 

H2S/CO2/CH4 ternary mixtures at a total pressure of 8 atm. To elucidate the sorption mechanisms 

influencing transport, we investigate the variable-temperature pure-gas sorption for CO2, N2, CH4 

and H2S at 35 °C, 45 °C, 55 °C, and 65 °C. Using an optimized constrained dual-mode sorption 

(DMS) fitting analysis developed by Wu et al.68, we extract high-precision DMS parameters from 

the data as well as sorption energetics for all gases. Finally, transport theory and the extension of 

the DMS model to mixtures are used to predict ternary mixed-gas sorption and calculate isosteric 

heats of sorption, revealing fundamental insights to inform the future design of microporous 

materials for sour gas applications. 

6.2 Background and Theory 

 Gas transport in a polymer is often described through the sorptionïdiffusion model 69: 

ὖ Ὀ Ὓ φȢρ 

where ὖ is the permeability or the pressure- and thickness- normalized flux through a film in units 

of barrer (10ī10 cm3
STP cmī3polymer cm2

 cmHgï1 sï1), Ὀ is the concentration-averaged diffusion 

coefficient (cm2
 s
ī1), and Ὓ is the sorption coefficient (cm3

STP cmī3polymer cmHgï1). Changes in 

backbone rigidity and polymer packing structure will influence transport performance through the 

diffusion coefficient, while changes in chemical functionality and gas polymer interactions will 

influence performance through the sorption coefficient. 

 Permeability and permeability-based selectivity (i.e., permselectivity) are two important 

metrics to measure gas transport performance. After a permeation test, pure- and mixed-gas 

permeabilities can be calculated using the following equations, respectively: 
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where ὖ is the permeability in barrer, ὰ is the thickness of the film (cm), ὠ is the volume of the 

downstream (cm3), ὃ is the cross-sectional area of the film (cm2), Ὕ is the absolute temperature of 

the air or water bath (K), ὴ is the average upstream pressure (cmHg),   is the steady-state 

pressure rise in the downstream (cmHg sï1) with the leak rate subtracted. In mixed-gas tests, ώ 

and ὼ are the mole fractions of gas Ὥ in the downstream and upstream, respectively, which, in this 

study, are calculated from GC calibration curves for binary and ternary mixtures as shown in 

Section D7 of Appendix D.  

 Pure- and mixed-gas permselectivities (‌) are defined as the ratio of pure- or mixed-gas 

permeabilities for the two gases of interest, Ὥ and Ὦ:  

‌
ὖ

ὖ
φȢτ 

 In constant-volume variable-pressure systems, diffusion coefficients can be calculated 

from pure-gas tests using the time-lag equation70:  

Ὀ
ὰ

φ —
 φȢυ 

where — is the time-lag (s) and Ὀ  is the diffusion coefficient (cm2 sï1). Using diffusion coefficients 

and pure-gas permeation values, the sorptionïdiffusion model can be used to calculate time-lag 

sorption coefficients (Ὓ).  
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 Sorption coefficients can be also measured directly through sorption experiments. In glassy 

polymers, pure-gas sorption isotherms are often described through the dual-mode sorption (DMS) 

model 71,72: 

ὅȟ  ὯȟὪ  
ὅȟὦὪ

ρ ὦὪ
 φȢφ 

where ὅ is the concentration of gas i in the polymer (cm3
STP cmī3pol), Ὧȟ is the Henryôs 

law constant (cm3
STP cmī3pol atm

ī1), ὅȟ is the Langmuir sorption capacity (cm3
STP cmī3pol), 

ὦ is the Langmuir affinity constant (atmī1), and Ὢ is the equilibrium fugacity (atm). DMS 

parameters are often fit using a nonlinear optimization with or without constraints. 

However, Ricci et al. demonstrated how unconstrained DMS fittings can result in multiple 

solutions with little physical meaning73. In this work, DMS parameters were calculated 

using a precise nonlinear optimization method developed by Wu et al.68 This method 

applies vanôt Hoff and linear free energy relationship (LFER) constraints to the 

thermodynamically-based constants, Ὧ  and ὦ, and an additional constraint that ὅ  

decreases with temperature. Parameter optimizations were run by minimizing the … 

objective function in MATLAB. Uncertainties were calculated through error propagation 

or … parabolic estimation74. The lower and upper bounds on constraints used for the 

MATLAB optimization are tabulated in Tables D10ï11.  

 In 1981, Koros et al. developed an extension of the DMS model to enable prediction 

of mixed-gas sorption isotherms.75 This extension assumes that the equilibrium mode of 

sorption is not affected by the presence of other penetrants in a binary or ternary mixture, 

and has been shown useful for predicting the qualitative behavior of gas sorption in mixture 

when mixed-gas sorption experiments are not accessible15,76. For a ternary mixture, for 
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instance, the pure-gas Langmuir affinity constant for the other penetrants in the mixture (Ὦ 

and Ὧ) can be used to predict mixed-gas sorption for the third penetrant (Ὥ): 

ὅȟ  ὯȟὪ  
ὅȟὦὪ

ρ ὦὪ ὦὪ ὦὪ
 φȢχ 

 The sorption coefficient and sorption selectivity can be calculated from the pure- or mixed-

gas concentrations acquired from the sorption isotherms, and provide a measure of sorption with 

respect to pressure or fugacity: 

Ὓ   
ὅ

Ὢ
 φȢψ 

‌Ⱦ
Ὓ

Ὓ
  
ὅ

Ὢ
 Ⱦ
ὅ

Ὢ
 φȢω 

 In addition to the secant sorption values, sorption isotherms also provide information on 

the sorption at infinite dilution (Ὓ ). The parameter Ὓ  is a measure of the affinity of a polymer 

for a gas or the sorption of the first gas penetrant to enter the polymer. In the limit of zero pressure, 

Ὓ  is: 

ÌÉÍ
ᴼ
Ὓ Ὧ  ὅὦ Ὓ φȢρπ

 When considering multiple temperatures, the temperature dependence of Ὓ, Ὧ , and ὦ can 

be represented as a vanôt Hoff expressions, respectively 68,77ï79: 

Ὓ Ὓ ÅØÐ
ЎὌ

ὙὝ
φȢρρ 

Ὧ Ὧȟ ÅØÐ
ЎὌ

ὙὝ
φȢρς 

ὦ ὦ ÅØÐ
ЎὌ

ὙὝ
φȢρσ 
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where ЎὌ, ЎὌ , and ЎὌ are the overall heat of sorption (kJ molī1), the enthalpy of Henry 

sorption (kJ molī1), and the enthalpy of Langmuir sorption (kJ molī1), and Ὓ (cm3
STP cmī3pol 

atmī1), Ὧȟ (cm3
STP cmī3pol atm

ī1), and ὦ (atmī1) are pre-exponential factors.  

 Using sorption isotherms at various temperatures, the isosteric heats of sorption can be 

calculated to elucidate the dependence of the heat of sorption with penetrant concentration78: 

Ὠ ÌÎὴ

Ὠ ρȾὝ

Ў Ὄ

ᾀὙ
φȢρτ 

where ЎὌ is the enthalpy of sorption at a concentration ὅ and ᾀ is the compressibility factor for 

the gas. 

6.3. Experimental 

6.3.1. Materials 

The PIM-1 monomers, tetrafluoroterephthalonitrile (TFTPN, 99%, Sigma Aldrich) and 

5,5ô,6,6ô-tetrahydroxy-3,3,3ô,3ô-tetramethyl-1,1ô-spirobisindane (TTSBI, 95%, Sigma Aldrich) 

were purified through re-crystallization according to reported protocols51. Pure gases were 

purchased from Airgas: H2 (>99.999%), CH4 (>99.99%), N2 (>99.999%), O2 (>99.994%), CO2 

(>99.999%), and H2S (air certified standard mixture, 99.99%). Diethyl ether (anhydrous, >99%), 

N,N-dimethylformamide (DMF, anhydrous, 99.8%), heptane (99%), decane (Ó99%), hexadecane 

(99%), ethyl alcohol (> 99.5%), hydrochloric acid (HCl, 37%), dichloromethane (DCM, >99%, 

ethanol stabilized), methanol (MeOH, HPLC, Ó99.9%), sodium hydroxide (NaOH, Ó98%, 

anhydrous pellets), a boraneïdimethyl sulfide complex solution (5.0M in diethyl ether), and a 

boraneïtetrahydrofuran (THF) complex solution (1.0 M in THF) were purchased from Sigma 

Aldrich and used as received.  
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6.3.2. Polymer synthesis 

6.3.2.1. PIM-1 synthesis  

PIM-1 was synthesized using a high temperature polycondensation procedure similar to 

that previously reported80. Glassware was dried at 130 °C under vacuum overnight. A 300 mL 

three-necked round bottom flask equipped with a mechanical stirrer, a Dean-Stark trap filled with 

toluene, and an air condenser was purged with N2 for 30 min. TTSBI (6.808g, 20 mmol), DCTB 

(4.002 g, 20 mmol), and DMAc (40 mL) were added to the flask and stirred at 200 rpm. After the 

monomers dissolved, K2CO3 (8.292 g, 60 mmol) was added and the dark red solution turned bright 

yellow. Next, 15 mL of toluene were added and the flask was immediately transferred to a pre-

heated oil bath at 160 °C at 300 rpm mechanical stirring. After refluxing for 5 min, the solution 

became viscous and 10 mL of toluene were added to allow for continuous stirring. The reaction 

was kept under reflux for a total of 50 min, with an additional 30 mL of toluene added to the 

reaction in 5ï10 mL increments to allow for continuous stirring and limit crosslinking. At the 50 

min mark, the reaction was quenched with 10 mL of toluene and the mixture was precipitated into 

600 mL of methanol. The product was filtered, dried at 130 °C, dissolved in chloroform, and re-

precipitated in methanol twice more to remove low molecular weight oligomers. The 

resulting polymer was washed in 100 °C water for 5 h to remove residual salt and then vacuum-

dried at 130 °C overnight (ὓ σπȟρρρȟὓ υψȟωυσ. 

6.3.2.2. PAE-CN synthesis 

 The poly(arylene ether) (PAE) microporous polymer (CNSBF-TBTrip-I) was synthesized 

using the palladium (Pd)-catalyzed CïO polycondesantion reaction reported by Guo et al67. For 

simplicity, the polymer will be referred to as PAE-CN thoroughout this study. The nonplanar 

spirobifluorene (SBF) motif was selected for investigation as its bulky structure can generate high 
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free volume and is commercially available (95%, 2,7-dibromo-9,9ô-spirobifluorene, Sigma 

Aldrich). An oven-dried pressure vessel (100 mL heavy wall cylindrical vessels were purchased 

from Synthware, P260005) equipped with a stir bar was sequentially charged with solid reagents, 

including Palladium(ˊ-cinnamyl) chloride dimer (36.7 mg, 0.07 mmol, 0.01 equiv), tBuBrettPhos 

(205 mg, 0.42 mmol, 0.06 equiv), tert-Bu-triptycene hydroquinone (2.81 g, 7.1 mmol, 1.0 equiv) 

81, 2,7-dibromo-9,9'-spirobifluorene (3.7 g, 7.1 mmol, 1.0 equiv)82, K3PO4
 (4.5 g, 21 mmol, 3.0 

equiv). The reaction tube was evacuated and backfilled with nitrogen from the Schlenk line (this 

process was repeated a total of five times), then toluene (8.4 mL) and dimethoxyethane (4.2 mL) 

were added successively. The reaction tube was placed into a pre-heated oil bath and the mixture 

was stirred at 140 °C for 72 h. The reaction tube was removed from the oil bath and allowed to 

cool to room temperature. Next, the tube was uncapped and the reaction solution was diluted with 

THF (50 mL) and 0.2 M thiourea aqueous solution (50 mL). The mixture was allowed to stir at 

room temperature for 4 h. The crude material was transferred to a separatory funnel and another 

50 mL THF and 50 mL brine were added. The water phase was removed and the organic phase 

was washed by brine (50 mL) once. The solution containing the crude product was dried over with 

Na2SO4 and concentrated to ~5 mL with the aid of a rotary evaporator. Upon completion, the 

resulting polymer was precipitated in methanol (500 mL). The collected polymer was dried in a 

vacuum oven at 140 °C overnight before characterization. NMR spectra are provided in Section 

D1 of the Appendix. Molecular weight values were calculated using ChemStation GPC Data 

Analysis Software (Rev. B.01.01) based on the refractive index signal (ὓ ςυȟχςψȟὓ

φρȟφωτ. 
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6.3.3. Film casting and functionalization 

6.3.3.1 Film casting 

Self-standing polymer films were prepared using a standard solution-casting procedure 

targeting a 3w/v% and 4w/v% solution for PIM-1 and PAE-CN, respectively, in 5 mL of CHCl3. 

The solutions were left to dissolve in a shaker for 30 minutes and then filtered through a 5 µm 

Whatman® PTFE syringe filter (GE Healthcare Life Science) into a flat-bottomed glass Petri dish 

which was covered with a larger dish to reduce the evaporation rate. Finally, the solutions were 

left to dry over a two-day period, and the films were dried at 130 °C for 16 h. 

6.3.3.2. Post-synthetic amine-functionalization 

PAE-CN was first functionalized in the powder form using previously reported procedures 

65 in a boraneïdimethyl sulfide complex solution in diethyl ether, which is a non-solvent for PAE-

CN, or the boraneïTHF complex solution in THF, which is a solvent for PAE-CN. For the latter, 

0.1 grams of PAE-CN were dissolved in 6.5 mL of anhydrous THF under an N2 atmosphere. The 

mixture was cooled to 0 °C and the complex was added dropwise and then left to reflux at 60 °C 

overnight. A lilac-color powder precipitated out upon addition of the complex and turned beige at 

the completion of the reaction. The amine-functionalized PAE (PAE-NH2) was filtered, immersed 

in methanolic HCl (1M) for 8 h, and neutralized in a 5 wt% NaOH solution for 6 h. The powder 

was then washed with methanol and water and dried at 130 °C under vacuum for 16 h. PAE-NH2 

powders were insoluble in common organic solvents including toluene, tetrahydrofuran (THF), N-

Methyl-2-pyrrolidone (NMP), N,N-Dimethylacetamide (DMAc), ethyl acetate, acetone (AcOH), 

dimethyl sulfoxide (DMSO), dimethyl formamide (DMF), dichloromethane (DCM), chloroform 

(CHCl3), and acetonitrile (CH3CN). 
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PIM-1 films were functionalized using a solid-state reaction in a borane dimethyl sulfide 

complex solution using a previously reported method in a three-necked round bottom flask65,83. 

Because PAE-CN films are less flexible than PIM-1 and showed some solubility in the borane-

dimethyl sulfide complex solution, the PAE-CN films were functionalized using a slightly 

modified solid-state procedure from that reported for PIM-1. The reaction was performed using a 

500 mL cylindrical reaction vessel (ChemGlass, CG-1920-01) equipped with the corresponding 

stainless-steel clamp (ChemGlass, CG-141-02), three-neck lid (ChemGlass, CG-1940-01), and 

Viton® O-Ring (ChemGlass CG-147-21). In a typical reaction, the thick edges of seven PAE-CN 

films were removed using a razor blade, leaving approximately 1.4 grams of material for 

functionalization. The films were inserted in the reaction vessel along with a small stir bar placed 

below the films. The vessel was then immersed in an oil bath at 45 °C, sealed with vacuum grease 

(Dow Corning®), and purged for 30 minutes with N2 gas. To encourage homogeneous 

functionalization and limit dissolution of the films in the complex, 100 mL of the diethyl ether 

solution were first added to the films, followed by 70 mL of the boraneïdimethyl sulfide solution. 

The reaction was left stirring for 5h. The product was then treated with a 1 M methanolic HCl 

solution and 5% NaOH solution in water as described earlier. All films were dried under vacuum 

at 130 °C for 16 h.  

6.3.4. Membrane characterization 

6.3.4.1. Chemical characterization 

Fourier-transform infrared (FT-IR) spectra were collected using the attenuated total 

reflection (ATR) mode on a Thermo Fisher FTIR6700 Fourier transform infrared spectrometer. 

Samples were measured with a resolution of 4 cmï1 in the spectral range of 500ï4000 cmï1 and for 

32 scans. Thermogravimetric analysis (TGA) profiles were measured using a TA Instruments 550 
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Thermogravimetric Analyzer at 10 °C minï1 for a temperature range from 40 °C to 650 °C under 

a N2 atmosphere. 13C magic angle spinning (MAS) solid-state nuclear magnetic resonance (NMR) 

spectra were collected on a Bruker Avance Neo spectrometer equipped with a 3.2 mm HX probe 

for solids. Small film pieces or polymer powder were packed into a zirconium rotor (3.2 mm, 

Bruker), and spectra was collected with a 20,000 Hz spinning rate, a 3 s relaxation delay, and a 

200 ppm spectral width. Previously published PIM-1 and PIM-NH2 spectra are shown to compare 

the similar functionality changes in the PAE-CN and PAE-NH2 analogues83. 

6.3.4.2. Physical characterization 

The BrunauerïEmmettïTeller (BET) surface area for PAE-CN was collected using a 

Micromeritics 3Flex instrument. Approximately 0.2 g of polymer were loaded into a clean BET 

tube and degassed at 120 °C for 12 h. Wide-angle X-ray scattering (WAXS) was conducted on a 

SAXSLAB equipment with a Rigaku 002 microfocus X-ray source and a DECTRIS PILATUS3 

R 300K detector. Measurements were taken under a 0.08 mbar vacuum for 300 s and in the 3ï70 

 range. Density measurements were performed using a Mettler Toledo density kit (ME-DNY-4) 

and Archimedesô principle in heptane (ὓὡ ρππȢςρ ὫȾάέὰ, decane (ὓὡ ρτςȢςω ὫȾάέὰ, 

and hexadecane (ὓὡ ςςφȢτρ ὫȾάέὰ. The temperature ranged from 22ï25 °C.  

6.3.5. Pure- and mixed-gas permeation testing 

 Pure- and mixed-gas permeation tests were collected using automated constant-volume, 

variable-pressure pure- or mixed-gas permeation systems supplied by Maxwell Robotics. Detailed 

experimental protocols are provided in our previous work 51,76,83. All samples were de-gassed for 

7ï8 h prior to testing. Low-pressure pure-gas tests were conducted in triplicate for each film and 

the permeability is reported as the average of three measurements with corresponding standard 

deviations. Following low-pressure pure-gas tests, high-pressure CO2 tests were carried out using 



195 

 

stepwise pressurizing up to a fugacity of 40 atm and de-pressurization back to atmospheric 

pressure. Samples were held for 0.5 h at each pressure step to ensure identical CO2 exposure. In a 

typical binary mixed-gas test, the pure-gas permeation was first evaluated followed by two 

sequences of nine variable compositions for both CO2/CH4 and CO2/N2, including 10%, 20%, 

30%, 40%, 50%, 60%, 70%, 80%, and 90% CO2 on a mole percent basis. Once the variable 

composition tests finished, the composition was maintained at 50/50 CO2/CH4 and the total mixed-

gas pressure was increased to 26 atm for plasticization analysis. Separate samples were prepared 

for H2S pure-gas plasticization tests up to 7.2 atm and for H2S/CO2/CH4 ternary mixed-gas testing 

at variable partial pressures of H2S, which included ternary H2S/CO2/CH4 compositions of 

13.3/26.6/60, 20/20/60, and 26.6/13.3/60 at a total mixed-gas pressure of 8 atm. Details on the 

stage-cut ratios and GC peak calibration for binary and ternary mixtures are provided in Section 

D7. All stage cuts were below 1%. Fugacities were calculated using the virial coefficient equation 

of state84, and for H2S, the Peng-Robinson equation of state85. Fugacities calculated using both 

equations of state differed by <1%. Peng-Robinson was selected for H2S to avoid additional 

extrapolation, since there was no available experimental data for the H2S second virial coefficient 

at 35 °C84.  

6.3.6. High- and low-pressure pure-gas sorption 

 H2S low-pressure sorption isotherms for PIM-1, PAE-CN, PIM-NH2, and PAE-NH2 were 

collected on a Micromeritics 3Flex instrument located inside a walk-in hood. Multiple H2S 

detectors and alarms were located inside and outside of the hood for safe operation. Approximately 

0.1 g of film pieces was loaded into a clean BET tube and degassed at 120 °C for 12 h, after which 

the sorption and desorption curves were collected. CO2, CH4, N2, and H2S high-pressure sorption 

isotherms were measured at 35 °C, 45 °C, 55 °C, and 65 °C using an automated pressure decay 
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system purchased from Maxwell Robotics. Detailed protocols are provided in previous reports 

51,68,76. H2S sorption isotherms were measured up to fugacities of 9ï10 atm. Because H2S is highly 

toxic, all tests involving H2S were performed with an automated and remote-control system located 

inside a walk-in hood equipped with gas detectors and alarms calibrated to sense if H2S 

concentration levels reach above a certain threshold. All researchers also used handheld detectors 

when working with tubing lines connected to H2S or when working with samples being removed 

or added to previously evacuated H2S sample chambers.  

6.4. Results 

6.4.1. Chemical characterization 

 As shown in the schematic in Figure 6.1a, PIM-1 and PAE-CN were post-synthetically 

functionalized with a primary amine (ïCH2NH2).
65 In prior work by Mason et al., amine-

functionalization of PIM-1 was conducted using a boraneïdimethyl sulfide complex in THF or 

diethyl ether for either powder or films. The amine-functionalized PIM-1 (PIM-NH2) became an 

insoluble product in common solvents. Herein, we extend the functionalization strategy to a nitrile-

functionalized PAE polymer composed of the spirobifluorene unit and a triptycene moiety. As 

shown in Figure D2, powder samples of PAE-CN were post-synthetically functionalized using 

either a THF or diethyl ether-based boraneïdimethyl sulfide complex for five hours. In all cases, 

the products were insoluble in common laboratory solvents. The functionalization strategy was 

extended to solid-state films using the dimethyl sulfide non-solvent. The films and powder 

products were characterized through FT-IR and solid-state NMR analysis, as shown in Figure D2 

and Figure 6.1. Previously reported spectra for PIM-1 and PIM-NH2 are included for comparison 

83. The FT-IR spectra for PIM-1 and PAE-CN show the characteristic stretches for a nitrile group 

at 2239 cmï1 and 2228 cmï1, respectively, which are absent in PIM-NH2 and PAE-NH2, indicating 
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successful functionalization of the ïCN. PAE-NH2 samples also show new signals for the ïNH 

wag at 807 cmï1 and the ïNH stretch at approximately 3353 cmï1, in accordance with the chemical 

features previously observed for PIM-NH2. 
65,83 

 

 

Figure 6.1. (a) Chemical structures, (b) FT-IR spectra, and (c) solid-state NMR spectra for PIM-

1, PAE-CN, PIM-NH2, and PAE-NH2. 

 The samples were further characterized through MAS solid-state 13C NMR, as shown in 

Figure 6.1c and D2c. The solid-state NMR spectra for the PAEs is composed of many broad peaks 

between 110 and 160 ppm, which correspond to various aromatic carbons with small differences 
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in chemical shift. As shown in Figure D1b, many of these peaks can be resolved for PAE-CN 

using solution-state NMR because this polymer is soluble in chloroform. The three carbons 

associated with the ïCN and ïNH2 groups are labeled in Figures 6.1a and D2a for clarity. The 

chemical shifts for PAE-CN and PAE-NH2 show three primary differences. First, the signal at 132 

ppm, which is associated with the aromatic carbon adjacent to the chemical group, shifts downfield 

to 126 ppm. Second, the chemical signal at 113 ppm, which is associated with the aromatic carbon 

directly attached to the ïCN, significantly reduces in intensity and appears at a new chemical shift 

of 136 ppm in PAE-NH2. Finally, the carbon signal for the ïCN group, which is likely concealed 

in the large peak at 121 ppm, shifts downfield to form a broad peak at 47 ppm. These chemical 

shifts changes mirror those observed when functionalizing PIM-1 to PIM-NH2 and indicate 

successful amine-functionalization of PAE-CN. 

 The thermal profiles and stability of the four polymer samples were characterized through 

thermogravimetric analysis in N2 atmosphere as shown in Figure D3. Similar to PIMs, the PAE 

samples show excellent thermal stability up to 500 °C, where the onset of backbone decomposition 

affiliated with the breakage of ether linkages begins46. Compared to the two PIMs, PAE analogues 

retain a significantly larger weight percentage after decomposition. For instance, at 500 °C, PAE-

CN and PAE-NH2 retain 79% and 76% of their weights, respectively, whereas PIM-1 and PIM-

NH2 retain only 68% and 64%, respectively. The enhanced thermal stability of PAEs may result 

from the high stability of the SBF and triptycene monomers, which do not contain chemically 

labile bonds for decomposition. This finding represents an interesting feature for potential 

carbonization of PAE samples into carbon molecular sieving materials 86,87. When considering the 

amine-functionalized analogues, both PIM-NH2 and PAE-NH2 show a slower decomposition rate 

between 425ï465 °C, which was associated with the decomposition of the ïNH2 functionality.    
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6.4.2. Physical characterization  

 The solid-state polymer films were characterized through density tests, BET analysis, and 

WAXS measurements. While PAE backbones contain tert-butyl groups, triptycene chemistry and 

SBF moieties with high configurational free volume, the linear ether backbone connectivity may 

allow for more segmental rotation in comparison to the rigid ladder structure of PIM-1. The 

importance of this type of structural configuration on transport has been highlighted in work by 

the Guo and Freeman groups, where triptycene-based polyimides including ether linkages were 

shown to have lower permeabilities than those without ether linkages 88ï90. In accordance with this 

behavior, the BET surface area for PIM-1 is usually reported at approximately 800 m2gï1, 51,83 

whereas that of PAE-CN was 288 m2/g (Figure D4), which supports similar expectations for 

permeability, which will be reported later. 

 Similar trends in porosity for PAEs and PIMs were observed through density experiments. 

The densities of PIM-1 and PIM-NH2 have been previously reported and are very close to that of 

water, making standard density measurements from buoyancy in water challenging 83. Perhaps 

because of this challenge and because of the high non-equilibrium free volume of PIM-1, density 

measurements have shown large variability in the literature 91. To address these uncertainties, 

buoyancy measurements were conducted in this study with three high molecular weight 

hydrocarbons that have significantly lower densities than water: heptane (ὓὡ ρππȢςρ g/mol, 

0.68 g/cm3), decane (ὓὡ ρτςȢςω g/mol, 0.73 g/cm3), and hexadecane (ὓὡ ςςφȢτρ g/mol, 

0.77 g/cm3). As the molecular weight of the buoyant fluid increases, liquid diffusion into the 

polymer matrix is expected to decrease, as can be gleaned from vapor sorption experiments for 

PIM-1 using pentane, hexane, and heptane 92. Because hydrocarbon sorption into these polymers 

can potentially influence density measurements, we investigated larger and larger buoyant fluids 
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to slow down this kinetic effect. From Figure D5, as the buoyant fluid molecular weight increases, 

the density appears to plateau to the real bulk density value. Density measurements for PIM-NH2, 

PAE-CN, and PAE-NH2 remain within the error of the measurement for all three solvents, but the 

PIM-1 density steadily decreases with increasing solvent molecular weight from heptane to decane 

and then plateaus for hexadecane. This result suggests that PIM-1 is more microporous and 

therefore more rapidly sorbs these hydrocarbons compared to other samples, increasing 

uncertainties in density measurements if only heptane is considered. The densities in hexadecane 

were selected as the most suitable values for analysis of fractional free volume (FFV) via group 

contribution methods, which are summarized in Table D1. FFV was calculated using van der 

Waals volumes reported by Park and Paul 93 and the modified group contribution method recently 

developed by Wu et al. 91 FFV calculated from the Wu method tends to be higher for PIMs and 

lower for PAEs compared to calculations from the Park and Paul method. Moreover, the FFV 

calculated from the Wu method decreases by 7% from PIM-1 to PIM-NH2 and by 37% from PAE-

CN to PAE-NH2. These decreases were attributed to densification in the polymer structure due to 

the addition of hydrogen bonding amines. The larger decrease in the FFV for PAEs is also 

potentially associated to their backbone flexibility derived from the ether linkages. Moreover, there 

is a 70% decrease in FFV from PIM-1 to PAE-CN, which is in line with the 67% decrease in BET 

surface area. 

WAXS spectra for PIM-1, PIM-NH2, PAE-CN and PAE-NH2 are illustrated as intensity, 

Ὅ, versus the scattering vector, ή τ“ÓÉÎ—Ⱦ‗, in Figure D6, where ‗ is the wavelength of the 

X-ray beam and — is Braggôs angle. Characteristic signals for PIM-1 and PIM-NH2 have been 

previously discussed 83,94, where the three signals at large scattering vectors represent inter-

segmental spacing between polymer chains. The WAXS pattern for PAE-CN and PAE-NH2 show 
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two amorphous halos at 0.49 and 1.22 ī1, which correspond to distances of 12.82 and 5.15 . 

and may be ascribed to the configurational free volume elements associated with SBF and 

triptycene moieties. Further analysis or simulations may be required to confirm this hypothesis. 

Of note, chain-packing simulations of SBF-based PIMs has been performed by Bezzu et al.95 In 

their study, simulated structures were used to derive cumulative pore volumes for characteristic 

PIMs such as PIM-SBF-1, where a broad halo at pore diameters between 3ï6  was consistently 

observed, and may be representative of the characteristic peaks also observed in the PAE spectra. 

Finally, there were minimal differences in the WAXS spectra for PAE-CN and PAE-NH2 

suggesting that the large features are indicative of constant structural moieties present in both 

polymer backbones. 

6.4.3. Pure gas permeation  

 The influence of polymer packing structure on gas transport properties was investigated 

through pure-gas permeation tests for H2, O2, N2, CH4, and CO2. As shown in Figure 6.2, pure-

gas permeability trends are consistent with trends in FFV, where overall gas permeability and FFV 

values calculated from both the Park and Paul and the Wu methods decrease in the following order: 

PIM-1 > PIM-NH2 >
  PAE-CN > PAE-NH2. For size-sieving gas pairs such as H2/CH4 and H2/N2, 

ideal permselectivity increases in accordance with FFV trends, where polymers with higher free 

volume are less selective, and amine-functionalized films are more selective than the nitrile-

functionalized counterparts. For CO2/CH4 and CO2/N2, ideal permselectivities decrease for amine-

functionalized films compared to the nitrile-functionalized analogues. This trend has been 

previously highlighted for PIM-NH2 and is attributed to partial immobilization of CO2 due to 

increased CO2 sorption affinity 65. In previous work, we have demonstrated how such trends for 

CO2-based pure-gas selectivities are indeed associated with increased CO2 affinity and can actually 
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result in remarkable increases in CO2-based mixed-gas permselectivities. This phenomenon will 

be discussed in detail in Section 6.4.3. Moreover, despite undergoing identical chemical 

transformations from the ïCN to the ïNH2, the decrease in CO2/CH4 pure-gas permselectivity 

from ïCN to ïNH2 analogues for PAEs is 34% while that of the PIM-1 analogues is 67%. Such 

trends could be explained by one of two hypotheses: (1) there is a smaller contribution to CO2 

sorption for denser polymer structures, which has been observed for large data sets of polymer 

membranes96, or (2) that, in PAEs, there is a strong diffusion contribution to permselectivity that 

is unaffected by CO2 affinity.  

 

Figure 6.2. (a) Pure-gas permeability, (b) pure-gas permselectivity, and (c) time-lag derived 

sorption and diffusion selectivities measured at 1 atm and 35 °C. 
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 Pure-gas trends for CO2/CH4 and CO2/N2 are shown in 2008 upper bound plots in Figure 

D7. CO2-based selectivities decrease for amine-functionalized films, along with a concomitant 

decrease in permeability due to densification of the polymer packing structure. Pure-gas transport 

was further evaluated through time-lag diffusion and sorption analysis via the framework of the 

sorptionïdiffusion model, as shown in Figure D8. Diffusion coefficients were plotted against the 

effective diameter squared, where the slope (ɓ) can serve as a proxy for diffusion selectivity 

according to the Brandt model 97. As shown in Figure D8a, PAE-CN and PAE-NH2 show steeper 

slopes of ï0.35 ± 0.03 and ï0.34 ± 0.06, respectively, compared to PIM-1 and PIM-NH2 (ï0.19 ± 

0.07 and ï0.22 ± 0.18, respectively), suggesting higher diffusion selectivities that are consistent 

with their lower FFV. However, the fit for PIM-NH2 displays a relatively high uncertainty in the 

fitting for the slope and strong deviation from the linear trend of Ὀ versus Ὠ . As previously 

pointed out by Fuoco et al., the low CO2 diffusion observed for PIM-NH2 results from partial 

immobilization of CO2 and highlights the presence of specific non-covalent interactions with CO2 

98. PAE-NH2 shows an analogous trend where the CO2 diffusion falls below the linear trends 

expected from the fit, suggesting that both PAE-NH2 and PIM-NH2 have unique non-covalent 

interactions with CO2, which may influence mixed-gas transport. Indeed, if CO2 is removed from 

this analysis, the statistical uncertainty is negligible and the PAEs demonstrate clear improvements 

in diffusion selectivity relative to the PIM-1 and PIM-NH2 samples. Time-lag sorption coefficients 

were also plotted against critical temperature, a measure of gas condensability, as shown in Figure 

D8b. In this case, time-lag sorption is generally lower for amine-functionalized samples, indicating 

reduced overall FFV, but these differences in sorption across analogues of each class of polymer 

are very small. In contrast, PIMs have significantly higher sorption capacity than PAEs due to 

higher non-equilibrium free volume. 
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 The contributions of sorption and diffusion to the overall CO2-based permselectivities in 

PAE-CN and PAE-NH2 can be compared as shown in Figure 6.2c. PAE-CN generally shows 

higher CO2-based diffusion selectivities than PAE-NH2, while PAE-NH2 shows higher CO2-based 

sorption selectivities. These trends highlight the restricted CO2 diffusion in PAE-NH2 and 

increased sorption capacity, which is discussed in detail later through sorption experiments and 

mixed-gas permeation analysis. 

6.4.3. Binary mixed-gas permeation  

 Low-pressure CO2/CH4 and CO2/N2 binary mixed-gas tests were performed on 5ï10 day 

and 36ï43 day aged samples (Table D6) to investigate the effects of competition for amine-

functionalized PIMs and PAEs. As shown in Figure 6.3 and Table S7ï8, in general, samples show 

an increase in CO2/CH4 and CO2/N2 permselectivities from pure- to mixed-gas tests. However, the 

increase in the pure- to mixed-gas CO2-based permselectivities is more significant for polymer 

backbones containing the ïNH2. For 5ï10 day aged films, PIM-1 and PAE-CN show 1.5- and 1.6-

fold increase in CO2/N2 and CO2/CH4 permselectivities, respectively. In contrast, PIM-NH2 shows 

a 12- and 15-fold increase in CO2/N2 and CO2/CH4 permselectivities, and PAE-NH2 shows a 3.1- 

and 3.4-fold increase in CO2/N2 and CO2/CH4 permselectivities ð both higher than their ïCN 

analogues. We have recently reported on the mixed-gas CO2/CH4 and CO2/N2 permselectivities 

for aged and methanol-treated PIM-NH2 backbones99, where 290-day-aged PIM-NH2 showed a 

2.4-fold increase in CO2/CH4 mixed-gas permselectivity compared to the pure-gas case. Here, 

fresh samples without methanol treatment result in even larger increases in mixed-gas 

permselectivities for CO2-based gas pairs. The additional increase in mixed-gas permselectivity 

for PIM-NH2 samples was attributed to a lower initial permselectivity present in non-aged samples. 
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In fact, in our prior work, a fresh PIM-NH2 film showed a 7-fold increase in mixed-gas CO2/CH4 

permselectivity versus pure-gas, compared to the 2.4-fold increase for the aged film.  

  

 

Figure 6.3. (a) CO2/N2 and (b) CO2/CH4 Robeson upper bound for fresh non-methanol treated 

PIM and PAE samples tested at 35 °C. The 2018 CO2/CH4 mixed-gas upper bound is shown for 

reference. Pure-gas performance (filled) was tested at 1.2 atm and mixed-gas performance (open 

circles) were collected at a total pressure of 2.0 ± 0.2 atm at nine compositions. Stars indicate 

mixed-gas tests at a CO2 partial pressure similar to that of pure-gas with a 60/40 CO2/CH4 

composition.  

 Similar mixed-to-pure-gas trends were observed for an amine-functionalized PAE, where 

there is a larger increase in mixed-gas permselectivity compared to that of the nitrile-functionalized 

analogue. The increase in CO2-based mixed-gas transport is lower for the PAEs than for PIMs. 

This subdued competition effect is consistent with the aforementioned trends in pure-gas transport, 

where there was a lower decrease in CO2-based pure-gas permselectivity, suggesting weaker CO2-

specific interactions. Such trends are evaluated through direct sorption tests later in this work. 
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 The effect of varying CO2 compositions on mixed-gas transport was investigated using 

incremental compositions from 10% to 90% of CO2 for CO2/CH4 and CO2/N2 binary mixtures at 

a low total pressure of 2.0 ± 0.2 atm. As shown in Figures 6.3, 6.4, and D9ï12, all samples show 

a decreasing trend in both CH4 and CO2 permeability, consistent with the trends of the dual-mode 

model in the absence of plasticization. In comparison to their nitrile-functionalized counterparts, 

amine-functionalized films exhibit a trend between CO2 mixed-gas permeabilities and upstream 

pressure that shows higher curvature as well as higher magnitude differences between low and 

high CO2 concentrations of 10% and 90%, suggesting a larger dependence of performance based 

on CO2 composition. Competitive sorption trends are also apparent in Figure 6.4, where the CO2 

pure-gas permeability is close to that in the mixed-gas case, while N2 mixed-gas permeability 

decreases significantly due to exclusion, resulting in an overall increase in mixed-gas CO2/N2 

permselectivity. 

 

Figure 6.4. Mixed-gas CO2 permeabilities (filled red circles), N2 permeabilities (filled triangles in 

inset), and CO2/N2 permselectivities (open red diamonds) for incremental CO2 compositions 

ranging from 10ï90% at a total pressure of 2.0 ± 0.2 atm for PAE-NH2. Green points represent 
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pure-gas CO2 (filled circle) and N2 permeabilities (open triangle) and CO2/N2 permselectivities 

(diamond). 

6.4.4. Ternary sour gas permeation 

 The effects of competition were further investigated by exposing aged PIM-1, PIM-NH2, 

PAE-CN, and PAE-NH2 to sour-gas ternary mixtures with CO2, CH4, and H2S. Thicknesses and 

treatment conditions are summarized in Table D9. Because H2S is highly condensable, it could 

outcompete CO2 and CH4 sorption and reduce the competitive sorption enhancements observed 

for the CO2/CH4 binary mixture. At the same time, favorable interactions between the ïNH2 and 

CO2 in amine-functionalized polymers could assist in retaining competitive effects for CO2/CH4. 

Many researchers have reported on the favorable interactions between amines and CO2 
100,101, 

which result in increased binary mixed-gas separation 99,102, high CO2 sorption capacity for 

adsorbents 103. Interactions between primary, secondary and tertiary amines with H2S have also 

been reported where, H2S can react with amines and lead to low sorption capacity104. Here, the 

effect of H2S and CO2 on transport is considered through H2S/CO2/CH4 mixed-gas tests. Ternary 

mixtures of 13.3/26.6/60, 20/20/60, and 26.6/13.3/60 H2S/CO2/CH4 were measured at a total 

pressure of 8 atm. Pure-gas permeabilities at the corresponding H2S, CO2, and CH4 partial 

pressures of the mixture were also tested for direct comparison with mixed-gas tests. Pure- and 

mixed-gas H2S, CO2, and CH4 permeabilities and CO2/CH4, H2S/CH4 pure- and mixed-gas 

selectivities for each mixture are shown in Table 6.1 and 6.2. The results are also summarized in 

Figure D13 in CO2/CH4 pure- and mixed-gas upper bounds and a pure-gas H2S/CH4 upper bound. 

 Figure 6.5a shows the H2S/CH4 and CO2/CH4 permselectivity changes observed between 

a pure-gas and a mixed-gas test for a 20/20/60 H2S/CO2/CH4 ternary mixture tested at a total 

pressure of 8 atm. In most cases, H2S/CH4 permselectivity increases by approximately 2-fold in 
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the mixed-gas test due to competition and exclusion of CH4 from the mixture. This effect is 

surprisingly not observed for PAE-NH2. For CO2/CH4, PIM-1 and PAE-CN maintain equal pure- 

and mixed-gas CO2/CH4 permselectivities, highlighting the effect of H2S competition with CO2 

and potential plasticization for PIM-1. In contrast, PIM-NH2 and PAE-NH2 show an 8-fold AND 

1.8-fold increase in CO2/CH4 permselectivity in mixtures, respectively, suggesting that strong CO2
 

sorption affinity can compete with H2S and partially maintain increases in CO2/CH4 mixed-gas 

permselectivity.  

 Figure 6.5b presents the combined acid gas (CAG) pure- and mixed-gas permselectivities 

and permeabilities for all samples and Figure 6.5c shows the individual H2S/CH4 and CO2/CH4 

permselectivities in the y and x axes, respectively. The CAG metric was first proposed by 

Kraftschik and Koros et al. as a metric to evaluate overall membrane performance for sour gas 

mixtures 2. Ding et al. recently introduced plots of H2S/CH4 versus CO2/CH4 permselectivities, 

which can complement CAG plots and directly highlight changes in permselectivity for both gas 

pairs 3. As shown in Figure 6.5c, PIM-1 shows a small boost in H2S/CH4 permselectivity, but 

retains its overall performance, while PIM-NH2 shows a 2-fold increase in H2S/CH4 

permselectivity along with an 8-fold increase in CO2/CH4 mixed-gas permselectivity. These 

performance enhancements place PIM-NH2 at a CAG of 48 (CO2/CH4= 28 and H2S/CH4=20) 

compared to 26 for PIM-1 (CO2/CH4= 11 and H2S/CH4=17), and remarkably close to the upper 

bound proposed by Liu et al. for CAG performance in glassy polymers. 
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Figure 6.5. (a) Pure- and mixed-gas H2S/CH4 and CO2/CH4 permselectivities. (b) Combined acid 

gas (CAG) permselectivity versus CAG permeability plot. A CAG upper bound reported by Liu 

et al. is shown for comparison with performance of other non-microporous glassy polymers105. (c) 

H2S/CH4 versus CO2/CH4 permselectivity plots for PIM-1 (dark blue), PIM-NH2 (light blue), 

PAE-CN (dark red), and PAE-NH2 (light red). Pure-gas data is shown as circles and mixed-gas 

data is shown as stars. Mixed-gas tests were performed at 13.3/26.6/60, 20/20/60, and 26.6/13.3/60 

H2S/CO2/CH4 compositions at a total pressure of 8 atm and 35 °C. Enhancements in CO2/CH4 and 

H2S/CH4 performance from the pure- to the mixed-gas case are noted as gradient triangle shading 

or arrows, respectively. 
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Table 6.1. Pure- and mixed-gas H2S, CO2, and CH4 permeabilities for H2S/CO2/CH4 ternary 

mixtures of 13.3/26.6/60, 20/20/60, and 26.6/13.3/60 tested at a total pressure of 8 atm. 

aPure-gas PIM-1 data was measured on a separate film at a pressure of 1 atm for H2S and CH4 

and is therefore reported as identical permeabilities for all compositions in the pure-gas case. 

 

 

 

 

 

Ternary 

mixture  

Sample 

designation 

Permeability (barrer)  

╟╗ ╢
▬◊►▄

 ╟╗ ╢
□░●▄▀ ╟╒╞

▬◊►▄
 ╟╒╞

□░●▄▀ ╟╒╗
▬◊►▄

 ╟╒╗
□░●▄▀ 

13.3/26.6/60 

PIM -1a 3700 ± 100 4100 ± 100 3200 ± 100 3200 ± 100 310    ± 10 265    ± 9 

PIM -NH
2
   460 ±   20     69 ±     3   127 ±     6   106 ±     5   47    ±   2     3.6 ± 0.2 

PAE-CN   263 ±     9   271 ±     9   390 ±   10   237 ±     8   27.4 ±   0.9   16.2 ± 0.6 

PAE-NH2   330 ±   10   120 ±     4   187 ±     7   159 ±     6   17.2 ±   0.6     6.9 ± 0.3 

20/20/60 PIM -1a 3700 ± 100 4000 ± 100 4200 ± 100 2690 ±   90 310    ± 10 235    ± 8 

PIM -NH
2
   460 ±   20     71 ±     3   162 ±     8     98 ±     5   47    ±   2     3.5 ± 0.2 

PAE-CN   246 ±     9   250 ±     9   410 ±   10   212 ±     7   27.4 ±   0.9   14.3 ± 0.5 

PAE-NH2   290 ±   10   113 ±     4   215 ±     8   155 ±     6   17.2 ±   0.6     6.9 ± 0.3 

26.6/13.3/60 PIM -1a 3700 ± 100 3100 ± 100 4200 ± 100 1980 ±   70 310    ± 10  169   ± 6 

PIM -NH
2
   380 ±   20     97 ±     5   200 ±   10   105 ±     5   47    ±   2     4.2 ± 0.2 

PAE-CN   233 ±     8   245 ±     8   430 ±   10   186 ±     6   27.4 ±   0.9   12.3 ± 0.4 

PAE-NH2   280 ±   10   126 ±     5   248 ±     9   137 ±     5   17.2 ±   0.6     6.4 ± 0.2 
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Table 6.2. Pure- and mixed-gas H2S/CH4 and CO2/CH4 permselectivities for H2S/CO2/CH4 

ternary mixtures of 13.3/26.6/60, 20/20/60, and 26.6/13.3/60 tested at a total pressure of 8 atm. 

aPure-gas PIM-1 data was measured on a separate film at a pressure of 1 atm for H2S and CH4 

and is therefore reported as identical permeabilities for all compositions in the pure-gas case. 

6.4.5. Pure gas sorption and sorption energetics 

6.4.5.1. Sorption trends with gas condensability 

 N2, CH4, CO2, and H2S sorption isotherms tested at 35 C for PIM-1, PIM-NH2, PAE-CN, 

and PAE-NH2 are presented in Figure 6.6, D14, D15 and D26, and show the concave curvature 

characteristic of dual-mode sorption in glassy polymers 79,106. For less condensable gases (i.e., N2 

and CH4), PAE-CN and PAE-NH2 have identical sorption curves while PIM-1 generally has higher 

sorption than PIM-NH2. For PAEs, the similar N2 and CH4 sorption capacity was attributed to their 

Ternary 

mixture  

Sample 

designation 

Permselectivity (Ŭ) 

♪╒╞Ⱦ╒╗
▬◊►▄

 ♪╒╞Ⱦ╒╗
□░●▄▀ Ratio ♪╗ ╢Ⱦ╒╗

▬◊►▄
 ♪╗ ╢Ⱦ╒╗

□░●▄▀ Ratio 

13.3/26.6/60 PIM -1a 11.6 ± 0.6 12.1 ± 0.6  1.04 ± 0.07 11.9 ± 0.6 15.4 ± 0.8 1.30 ± 0.09 

PIM -NH
2
   2.7 ± 0.2 29    ± 2 11     ± 1   9.7 ± 0.7 19    ± 1 2.0   ± 0.2 

PAE-CN 14.3 ± 0.7 14.6 ± 0.7  1.02 ± 0.07   9.6 ± 0.5 16.7 ± 0.8 1.7   ± 0.1 

PAE-NH2 10.8 ± 0.6 23    ± 1  2.1   ± 0.2 19    ± 1 17.2 ± 0.9 0.91 ± 0.07 

20/20/60 PIM -1a 15.2 ± 0.7 11.5 ± 0.6  0.75 ± 0.05 11.9 ± 0.6 17.1 ± 0.8 1.4   ± 0.1 

PIM -NH
2    3.4 ± 0.2 28    ± 2  8.1   ± 0.8   9.8 ± 0.7 20    ± 1 2.0   ± 0.2 

PAE-CN  15.0 ± 0.7 14.8 ± 0.7  0.99 ± 0.07   9.0 ± 0.4 17.5 ± 0.9 2.0   ± 0.1 

PAE-NH2 12.5 ± 0.7 22    ± 1  1.8   ± 0.1 17.0 ± 0.9 16.4 ± 0.9 0.96 ± 0.07 

26.6/13.3/60 PIM -1a 15.4 ± 0.8 11.7 ± 0.6  0.76 ± 0.05 11.9 ± 0.6 18.6 ± 0.9 1.6   ± 0.1 

PIM -NH
2
   4.3 ± 0.3 25    ± 2  5.9   ± 0.6   8.0 ± 0.5 23    ± 2 2.9   ± 0.3 

PAE-CN 15.6 ± 0.8 15.1 ± 0.7  0.97 ± 0.07   8.5 ± 0.4 20    ± 1 2.3   ± 0.2 

PAE-NH2 14.4 ± 0.8 21    ± 1  1.5   ± 0.1 16.5 ± 0.9 20    ± 1 1.20 ± 0.09 
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similarly dense packing structures while, for PIM-1 and PIM-NH2, functionalization can strongly 

densify the packing structure decreasing overall Langmuir capacity. For more condensable gases 

(i.e., CO2 and H2S), amine-functionalized polymers have higher sorption capacity than nitrile-

functionalized analogues, suggesting favorable interactions between the amine and both CO2 and 

H2S. Notably, PIM-NH2 retains higher H2S and CO2 sorption at most pressures despite the inverse 

trend in N2 and CH4 sorption noted previously. Moreover, at 35 °C and 10 atm, the films reached 

remarkably high H2S concentrations of 180, 200, 135 and 156 cm3
STP cmī3pol for PIM-1, PIM-

NH2, PAE-CN, and PAE-NH2, respectively. 

 

Figure 6.6. N2, CH4, CO2, and H2S sorption isotherms for (a) PIM-1 (dark blue) and PIM-NH2 

(light blue), and (b) PAE-CN (dark red) and PAE-NH2 (light red) measured at 35 °C.  

6.4.5.2. Dual-mode model fitting and interpretation 

 Sorption isotherms were collected at 35 °C, 45 °C, 55 °C, and 65 °C to enable application 

of a constrained dual-mode sorption fitting previously developed by Wu et al.68 H2S isotherms for 

PIM-NH2 and PAE-NH2 at the four testing temperatures are shown in Figure 6.7a and b, where 

all isotherms show the expected decrease in sorption with increasing temperature79. Analogous 

plots for N2, CH4, CO2 and H2S sorption at variable temperatures for PIM-1, PIM-NH2, PAE-CN, 
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and PAE-NH2 are summarized in Figures D16ï18. The aforementioned fitting was performed to 

derive temperature-dependent DMS parameters and gain a phenomenological understanding of 

sorption of highly condensable gases in the four polymers considered. In short, DMS isotherms 

were calculated through a nonlinear optimization minimizing the ɢ2 difference between the 

experimental data and the DMS model. The fit was minimized using six constraints: (1) two linear 

free energy relationships (LFER) relating the enthalpies of sorption for the Langmuir mode (ЎὌ  

and Henry mode of sorption (ЎὌ  with their corresponding parameters, Ὧȟ and ὦ, (2) two vanôt 

Hoff relationships for Ὧ  and ὦ, and (3) a criterion of increasing ὅ  with temperature. Detailed 

protocols for this optimization are provided in previous work 68. Upper and lower bound 

constraints and initial guesses for the optimization are shown in Tables S10ï11. DMS parameters 

and Ὓ  values measured at 35 °C, 45 °C, 55 °C, and 65 °C are reported in Tables D12ï15.   
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Figure 6.7. H2S pure-gas sorption isotherms as a function of pressure at 35 °C (diamonds), 45 °C 

(circles), 55 °C (squares), and 65 °C (triangles) for (a) PIM-NH2 and (b) PAE-NH2. Sorption trends 

for (c) Ὓ  and (d) Ὧ  versus critical temperature for PIM-1 (dark blue), PIM-NH2 (light blue), 

PAE-CN (dark red), and PAE-NH2 (light red). Slopes (ɓ) and error for the fitted lines were 

calculated using the LINEST function in Excel. The N2 data points for (c) and (d) for PAE-NH2 

was excluded due to low fit quality using LFER parameters for that particular gasïpolymer pair. 

 Parameters derived from sorption fittings, such as Ὓ , Ὧ , and ὦ, are often correlated with 

measures of gas penetrant condensability such as critical temperature (Ὕ  and Lennard-Jones 

parameters (‐Ⱦ‖)107. The corresponding trends with Ὕ are shown in Figure 6.7c and d and Figure 

D21. The sorption at infinite dilution (Ὓ ) can be calculated from DMS parameters according to 



215 

 

Equation 6.10 and provides a measure of intrinsic sorption into the polymer in the limit of zero 

pressure. For Ὓ , PIM-1, PIM-NH2, PAE-CN, and PAE-NH2 had ‍ values of πȢπρχπ πȢπππφ, 

πȢπςρ πȢππσ, πȢπρω πȢππρ, and πȢπςρπ πȢπππς, consistent with typical sorption trends 

for hydrocarbon-based polymers108. Generally, Ὓ  values showed similar trends to those of the 

overall sorption, where less condensable gases showed similar Ὓ  values for amine-functionalized 

and nitrile-functionalized samples, and CO2 showed a significant boost in Ὓ  for amine-

functionalized samples, resulting in steeper ‍ values for those polymers; the magnitude of ‍ 

provides an indication of a materialôs sorption selectivity.  

 The Ὓ  trends presented in Figure 6.7c were further investigated by plotting their Henry 

and Langmuir contributions (Ὧ  and ὦ) against Ὕ, as shown in Figure D21 and Figure 6.7d. 

Henryôs constant is associated with solubility into the polymer matrix, which necessitates the 

opening of ñgapsò inside the polymer chains. As shown in Figure 6.7d, the trends of Ὧ  with Ὕ 

remain relatively constant for the two polymer backbones regardless of backbone functionality. 

This result suggests that the Henryôs mode of sorption is less affected by the interactions of the 

penetrant with the ïNH2 or ïCN in microporous polymers and that Henryôs mode of sorption may 

be dictated by the backbone chemistry of the polymer, which remains identical for PIM-1 and 

PIM-NH2, and PAE-CN and PAE-NH2, respectively. In previous work investigating gas sorption 

in perfluoropolymers, Wu et al. found that Henryôs mode was the primary contributor to changes 

in sorption selectivity for perfluorinated polyimides whereas the Langmuir affinity constant 

remained relatively unchanged across the polyimides considered68. In perfluoropolymers, the gas 

penetrant incurs an additional enthalpic penalty associated with unfavorable mixing of fluorine 

with condensable gases such as CH4. In contrast, for amine-functionalized microporous polymers, 
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there appears to be an additional favorable interaction for mixing on the ñsurfaceò of polymer 

micropores, directing the sorption contributions to the Langmuir mode rather than Henry. 

 In fact, when the Langmuir contributions of ὦ and ὅ  are considered for PIMs and PAEs, 

the Langmuir mode appears to contribute considerably to the trends for sorption at infinite dilution. 

Figure D21 illustrates trends of ὅ  with FFV for all gases for both PIMs and PAEs. The PIM 

analogues, which have higher FFV, show a clear increase in ὅ  for less condensable penetrants, 

while the PAEs, with less non-equilibrium free volume, show relatively constant ὅȢ Interestingly, 

the trends are reversed for CO2 and H2S, where increasing free volume does not contribute directly 

to increased Langmuir capacity, likely due to the loss of the ïNH2 group. This effect was further 

investigated through the Langmuir affinity constant, ὦ, which represents the equilibrium between 

absorption between non-equilibrium surface voids of the polymer matrix and the penetrant. As 

shown in Figure D21, ὦ generally increases for more condensable gases and, in the case of PIM-

NH2, increases much more strongly for CO2 than H2S. This result further suggests strong surfaceï

penetrant (i.e., amineïCO2) interactions primarily taking place in non-equilibrium voids of the 

polymer. Taken together, the Langmuir mode strongly contributes to the trends observed for Ὓ  

with Ὕ and thus, to overall sorption in amine-functionalized microporous polymers. The important 

role of the Langmuir mode to the sorption trends observed also provides a potential explanation 

for the higher increase in mixed-gas versus pure-gas permselectivities observed for PIM-NH2 

compared to PAE-NH2. These findings suggest that, in addition to the ïNH2 functional group, the 

Langmuir contribution (and therefore polymer FFV) should be maximized to optimize competitive 

sorption effects. 
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6.4.5.3. Mixed-gas sorption predictions for ternary mixtures 

 Pure-gas DMS model parameters were used to model the effects of competitive sorption 

on mixed-gas transport for a 20/20/60 H2S/CO2/CH4 ternary mixture at a total pressure of 8 atm. 

Mixed-gas H2S, CO2, and CH4 sorption isotherms were calculated from pure-gas DMS fitting 

parameters according to Equation 6.7, as shown in Figure 6.8a and D22. This ternary mixture 

compares directly with the ternary permeation tests discussed previously and illustrates the 

competitive effects of a mixture involving two highly condensable gases (i.e., H2S and CO2) and 

a less condensable gas (i.e., CH4). In previous DMS modeling work, our group and others have 

demonstrated how CO2 mixed-gas sorption is typically unaffected by the presence of CH4, while 

CH4 mixed-gas sorption significantly decreases as it is excluded from the polymer matrix15,76. In 

this scenario, H2S represents a much more condensable penetrant than CO2, suggesting that both 

CO2 and CH4 sorption decreases significantly while that of H2S remains less affected. These trends 

have been previously highlighted in DMS modelling by Yi et al.4 for AO-PIM-1 and PIM-1 in 

20/20/60 H2S/CO2/CH4 ternary mixtures. As shown in Figure 6.8a and D22, the mixed-gas 

sorption of all three penetrants in the mixture significantly decrease when in the presence of the 

other two penetrants. However, the decrease in H2S mixed-gas sorption for PIM-1 and PAE-CN 

compared to pure-gas H2S sorption is noticeably smaller than that observed for the amine-

functionalized films, suggesting that the stronger CO2 affinity of ïNH2 can increase the potential 

for exclusion of other penetrants in the mixtures regardless of condensability. 
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Figure 6.8. (a) H2S, CO2 and CH4 pure-gas isotherms (lines) and modeled mixed-gas sorption 

isotherms (dashed and dotted lines) for a 20/20/60 H2S/CO2/CH4 mixture tested at a total pressure 

of 8 atm. (b) Pure-gas CO2/CH4 (orange bars) and H2S/CH4 (dark brown and patterned bars) 

sorption selectivities and modeled mixed-gas CO2/CH4 (purple bars) and H2S/CH4 (dark purple 

and patterned bars) sorption selectivities for PIM-1, PIM-NH2, PAE-CN, and PAE-NH2.  

  Pure- and mixed-gas CO2/CH4 and H2S/CH4 sorption selectivities are presented in Figure 

6.8b. In all cases, H2S/CH4 mixed-gas sorption selectivity increases by more than double that in 

the pure-gas, and the effect is slightly more prominent for PIM-NH2 and PAE-NH2. These trends 

align with the expected competitive effects for a highly condensable penetrant and can positively 

influence transport performance for the polymer in the absence of deleterious plasticization effects. 

On the other hand, mixed-gas CO2/CH4 sorption selectivity remains identical to that in the pure-

gas case for PIM-1 and PAE-CN while PIM-NH2 and PAE-NH2 mixed-gas CO2/CH4 sorption 

selectivities still increase compared to that in the pure-gas case. These results align remarkably 

well with the observed trends in ternary mixed-gas permeation experiments discussed in Section 

6.4.4 and highlight the promise of amine-functionalized microporous backbones for increasing 

CAG permselectivities even in the presence of a more condensable gas at high concentrations. 
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6.4.5.4. Sorption energetics and isosteric heats of sorption 

 Changes in sorption energetics as a function of amine-functionalization were investigated 

by calculating heats of sorption at infinite dilution (ȹὌ ) for each polymer-gas pair. ȹὌ  can 

be calculated from trends of Ὓ  with temperature according to Equation 6.11 in the following 

form: 

Ὓ Ὓȟ ÅØÐ
ɝὌ

ὙὝ
φȢρυ 

where Ὓȟ is a pre-exponential factor embedding the entropic terms associated with infinite 

dilution sorption (cm3
STP cmī3pol atm

ī1). As shown in Equations 6.12 and 6.13, Henryôs and 

Langmuir mode contributions to sorption follow similar vanôt Hoff relationships with 

temperature, where ȹὌ  and ȹὌ  can be extracted in kJ molï1 and represent the energy 

difference between the penetrant in the gaseous state and the penetrant sorbed in its respective 

mode (i.e., ɝὌ   Ὄ  Ὄ . 

 The ȹὌ  values for each gasïpolymer pair are presented in Figure 6.9, where ȹὌ  

values range from ï16 kJ molï1  for N2 to ï38 kJ molï1  for CO2, respectively. These values are 

consistent with general trends observed for hydrocarbon-based polymers68. Moreover, ȹὌ  

values in PIM-1 align well with previously reported values for N2 (ï14 kJ molï1 ), CH4 (ï19 kJ 

molï1 ) and CO2 (ï22 kJ molï1 )79. To the best of our knowledge, there are no reported H2S sorption 

isotherms at variable temperatures for PIM-1 or the three other polymers considered. Generally, 

ȹὌ  values represent the thermodynamic favorability associated with mixing of the gas penetrant 

with the polymer matrix. In typical hydrocarbon-based polymers, the more condensable gases will 

more favorably mix with the polymer matrix, resulting in more exothermic sorption interactions. 

These trends are directly observed for PIM-1 and PAE-CN, where ȹὌ  values increasingly more 
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exothermic in proportion to the condensability of the gases. Analogous to the CO2-specific trends 

observed for Ὓ  and Ὧ , PIM-NH2 and PAE-NH2 have significantly higher ȹὌ  values for 

CO2 than for H2S, which is attributed to the CO2-specific interactions between the ïNH2 and the 

gas penetrant. Figure D23 summarizes the contributions of ȹὌ  and ȹὌ  for each gasïpolymer 

pair, where the trends for ȹὌ  mirror those reviewed earlier for ȹὌ . Sorption energetic trends 

for the Henry law mode of sorption remain relatively constant across gases, with some more 

significant deviations observed for N2 in PIM-1 and CO2 in PIM-NH2. 

 

Figure 6.9. N2, CH4, CO2 and H2S ȹὌ values calculated for PIM-1, PIM-NH2, PAE-CN, and 

PAE-NH2. Errors were calculated from error propagation of the slope and intercept errors 

calculated using the LINEST function in Microsoft Excel. 

 Isosteric heats were calculated to investigate CH4, CO2, and H2S sorption energetics across 

penetrant composition for the gasïpolymer pairs considered, as shown in Figure 6.10 and Figure 

D24. N2 curves remain relatively flat and within error of each other, thus, more condensable gases 

were taken as the primary focus of this discussion. CH4, CO2 and H2S isosteric heats all show a 

minimum which is generally lower for PAEs than PIMs. In the context of the dual-mode model, 
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the minimum of the isosteric heat trends generally represents transition from the Langmuir regime 

to less favorable enthalpic interactions in the Henryôs law mode. This transition occurs earlier for 

PAEs due to their denser packing structure, where PAEs reach their Langmuir capacity at a lower 

concentration than PIMs. The largest differences between the isosteric heat curves are observed 

between nitrile- and amine-functionalized samples for CO2. Interestingly, PIM-NH2 and PAE-NH2 

show remarkably exothermic minima of ï44 kJ molï1. These highly favorable exothermic 

interactions between CO2 and the ïNH2 surpass the minima observed for isosteric heats of H2S, 

which falls at ï34 kJ molï1 and ï31 kJ molï1 for PIM-NH2 and PAE-NH2, respectively. Moreover, 

H2S isosteric heats remain within error of each other between polymers with the same backbone, 

while CO2 isosteric heats for PIM-NH2 and PAE-NH2 show significant differences in 

exothermicity.  

 The interaction of amines with CO2 can undergo various mechanistic pathways depending 

on the humidity or neighboring groups in the fixed ïNH2 site101. For amine-functionalized solids 

in dry conditions, CO2 capture at its highest efficiency occurs at a 2:1 ratio of ïNH2 to CO2 through 

the formation of a carbamate100. In the context of isosteric heats, the minimum observed can be 

understood as the transition from Langmuir to Henry mode sorption after reaching the Langmuir 

capacity. Interestingly, the approximate concentration of ïNH2 groups per mole in the polymer 

backbone is approximately twice the concentration of the minima observed in the isosteric heat 

curves in Figure 6.10a. This finding could be explained by two hypotheses: (1) the polymers have 

not been functionalized to full conversion and instead show approximately 50% conversion to ï

NH2, or (2) the physical reactions occurring between the CO2 and the ïNH2 require a 2:1 ratio of 

ïNH2 to CO2 similar to that observed in amine-functionalized solids. Additionally, Said et al. has 

demonstrated how CO2ïamine reaction mechanisms can sometimes require the catalytic assistance 
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of a base101. In the presence of water, highly favorable interaction can occur between the CO2 and 

the amines, but in its absence, the nucleophilic attack of CO2 may be assisted by neighboring ï

NH2 groups. While this interpretation provides another potential explanation for these results, this 

assisted behavior is typically expected for samples with high density of amines, which may or may 

not fully represent the state of these microporous systems.  

 

Figure 6.10. (a) CO2 and (b) H2S isosteric heats of sorption for PIM-1, PIM-NH2, PAE-CN, and 

PAE-NH2. Error bars are represented as lines with the area of the error shaded in the corresponding 

color for the respective plot in a lighter shade. Dashed lines indicate the concentration of CO2 that 

corresponds to a 1:1 balance with the concentration of amine groups in each polymer. 

6.4.6. Pure- and mixed-gas plasticization 

 Penetrant-induced plasticization is a ubiquitous phenomenon in membrane-based gas 

separations where a polymerôs segmental mobility can increase when in contact with highly 

condensable gases at high pressures110. This effect can be particularly detrimental in natural gas 

purification applications where the feed pressures can reach up to 60 bar and contain large amounts 

of condensable impurities such as CO2 and H2S. In previous work, we demonstrated how amine 
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hydrogen bonding in PIM-NH2 yielded strong plasticization resistance for CO2/CH4 mixtures up 

to a total mixed-gas pressure of 26 bar99. Figure 6.11b and Figure D26 summarize the results for 

plasticization tests of the four polymers in pure CO2 up to a partial fugacity of 40 atm, pure H2S 

up to a partial fugacity of 7.5 atm, and a 50/50 CO2/CH4 mixture up to a total feed pressure of 26 

atm. Permeability and permselectivity values are presented in Figure D27. For high-pressure tests 

containing CO2, PIM-NH2 displays high plasticization resistance to CO2 in pure- and mixed-gas 

conditions as previously reported. Notably, PAE-CN and PAE-NH2 also show excellent 

plasticization resistance in pure- and mixed-gas tests, especially compared to PIM-1, which readily 

plasticizes in both cases at around 15 atm.  
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Figure 6.11. (a) Pure- and mixed-gas CO2/CH4 upper bounds with plasticization performance for 

PIM-1 (open dark blue circles), PIM-NH2 (open light blue circles), PAE-CN (open dark red 

circles), and PAE-NH2 (open red circles) in a 50/50 CO2/CH4 mixture. Mixed-gas tests performed 

at a total pressure of 2 atm using a 60/40 CO2/CH4 mixture are indicated as stars and high-pressure 

points at a total pressure of 20 atm (i.e., CO2 partial pressure of 10 atm) are denoted as diamonds. 

(b) Normalized mixed-gas CH4 permeabilities versus CO2 fugacity for all films tested in the 50/50 

CO2/CH4 binary mixtures. Open and filled dark red symbols represent PAE-CN data for a 40d and 

10d aged sample, respectively. (c) Normalized pure-gas H2S permeabilities versus H2S fugacity 

for all films tested up to a total H2S fugacity of 7.5 atm. 

 A more unambiguous measure of plasticization is the permeability of the less condensable 

gas in the mixture. In a pure-gas high-pressure test for a non-plasticizing gas such as CH4, 

permeability is expected to decrease according to the DMS model. When a polymer plasticizes, 

increased polymer segmental motion will allow for significantly increased diffusion of all gases, 

including the less condensable gases. This effect results in an upward shape for permeability versus 

fugacity curves for the less condensable gas in a mixture. Figure 6.11b presents the mixed-gas 

CH4 permeability for all samples considered in the binary CO2/CH4 mixture. While PIM-1 displays 

a rapid upturn in CH4 mixed-gas permeability, PAE-CN, PAE-NH2 and PIM-NH2 show excellent 

stability for CH4 permeability in the mixture. These trends suggest that the particular backbone 

chemistry of PAEs endows polymers with higher plasticization resistance compared to PIMs. 

 The polymers were further subjected to plasticization with pure-gas H2S up to 7.5 fugacity. 

Due to its high condensability, H2S is more likely to plasticize polymers than CO2 and is thus 

expected to cause these plasticization effects at lower fugacities. As shown in Figure 6.11c and 

D29, all samples plasticize when in contact with H2S. However, PAE analogues show noticeably 
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stable plasticization curves up to 3 atm, while PIMs readily plasticize with H2S, which is consistent 

with previous reports of H2S permeation in PIM-1.111 PIM-NH2 shows slightly stabilized H2S 

plasticization isotherms compared to PIM-1, likely due to its hydrogen bonding ability reducing 

inter-chain mobility. 

6.5. Conclusions 

 A new amine-functionalized microporous polymer (PAE-NH2) based on spirobifluorene 

and triptycene structural units was synthesized from a nitrile-functionalized poly-aryl ether (PAE). 

Chemical characterization demonstrated successful functionalization of the PAE-CN to PAE-NH2. 

The effects of amine-functionalization on the polymer packing structure and pure-gas transport 

performance were investigated through FFV calculations and pure-gas permeation tests in direct 

comparison to PIM-1 and its amine-functionalized analogue, PIM-NH2. In pure-gas tests, amine-

functionalized backbones showed a decrease in CO2-based selectivities and an increase in size-

sieving selectivities compared to their nitrile functionalized analogues. The effects of competitive 

sorption were investigated through CO2/CH4 and CO2/N2 binary mixed-gas tests at nine variable 

compositions from 10% to 90% of CO2. PIM-NH2 and PAE-NH2 showed significant increases in 

mixed-gas permselectivity compared to the pure-gas tests for both CO2/CH4 and CO2/N2 binary 

mixtures, while PIM-1 and PAE-CN showed limited increases in mixed-gas permselectivity. The 

effects of competition were further investigated through ternary mixed-gas testing with 

H2S/CO2/CH4 mixtures at a total pressure of 8 atm. All polymers showed an increase in H2S/CH4 

permselectivity consistent with competitive sorption effects. Notably, PIM-NH2 and PAE-NH2 

retained increased competitive effects for CO2/CH4 even in the presence of a more condensable 

gas.  
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 To better understand the competitive phenomena observed through permeation testing, 

gasïpolymer interactions were probed through N2, CH4, CO2, and H2S pure-gas sorption tests at 

35 °C, 45 °C, 55 °C, and 65 °C and the data was interpreted via the dual-mode model framework. 

CO2 sorption for PAE-NH2 and PIM-NH2 was noticeably higher than that of PAE-CN and PIM-1, 

respectively, suggesting that increases in mixed-gas performance were driven by sorption. For 

PAE-NH2 and PIM-NH2, sorption at infinite dilution for CO2 was particularly high. In terms of 

sorption energetics, the heats of sorption at infinite dilution were also highest for CO2 in the amine-

functionalized samples. Further analysis indicated that interactions of CO2 with the amines were 

driven by the Langmuir mode of sorption. The strength of the CO2ïpolymer interactions was 

quantified through calculation of isosteric heats of sorption for CO2 in PIM-1, PIM-NH2, PAE-

CN, and PAE-NH2. Amine-functionalized samples showed significantly more exothermic 

interactions compared to those of nitrile-functionalized analogues, indicating stronger interactions 

for the amine with CO2. Finally, the plasticization behavior of all samples was investigated in 

binary CO2/CH4 mixtures and low-pressure plasticization tests with H2S. PAE-CN and PAE-NH2 

also showed exceptional plasticization resistance to CO2 up to a total mixed-gas pressure of 26 bar 

and resistance to H2S plasticization up to 3 atm. 
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Chapter 7: Binary and ternary mixed-gas transport in mixed-matrix membranes formed 

from UiO -66-NH2 and functional polymers of intrinsic microporosity 

Abstract 

Mixed-matrix formulation has emerged as a compelling strategy to develop high-performing gas 

separation membranes and combat polymer-specific instability issues like plasticization. However, 

issues of particle agglomeration and poor interfacial compatibility often limit formation of 

homogeneous mixed-matrix membranes (MMMs). As a result, significant research efforts have 

focused on developing new chemistries and hybrid formulations to increase MOFïpolymer 

interactions, but advanced transport analysis, including the effects of MOF addition on competitive 

sorption and binary- and ternary mixed-gas transport, are seldom explored. In this work, we 

leverage the compatible functionalities in a UiO-66-NH2 MOF and a carboxylic acid-

functionalized PIM-1 to fabricate homogeneous mixed-matrix membranes with improved pure-

gas performance compared to control formulations with archetypal PIM-1. Pure-gas transport 

properties are evaluated for testing samples of duplicate films to highlight sample-to-sample 

variation expected for high-free volume MMMs. Sorptionïdiffusion analysis demonstrates that 

UiO-66-NH2 addition in both PIM-1 and PIM-COOH primarily contributes to increased pure-gas 

diffusion while pure-gas sorption remains relatively constant. Incorporation of UiO-66-NH2 in 

PIM-COOH helps to stabilize CO2 and H2S plasticization compared to PIM-1 MMMs, likely form 

increased MOFïpolymer inter-chain interactions. The effects of UiO-66-NH2 incorporation on the 

mixed-gas transport through the MMMs is probed through CO2/CH4 and CO2/N2 tests at a total 

pressure of 2 atm. All samples show increased CO2-based selectivities, with minimal contributions 

directly associated to the MOF. Finally, ternary H2S/CO2/CH4 tests were performed to demonstrate 

the influence of H2S content on the overall performance of the MMM. Notably, the highest 
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H2S/CH4 and CO2/CH4 selectivity combinations were found for the PIM-COOH based MMM due 

to increased inter-chain rigidity provided by the UiO-66-NH2.  

This chapter has been adapted from: Katherine Mizrahi Rodriguez, Wan-Ni Wu, Naksha Roy, 

Justin Teesdale, Gang Han, Alexander Liu, and Zachary P. Smith. Binary and ternary mixed-gas 

transport in mixed-matrix membranes formed from UiO-66-NH2 and functional polymers of 

intrinsic microporosity. In preparation. 

7.1. Introduction  

 Gas separations such as natural gas upgrading, nitrogen production, and hydrogen recovery 

are important processes for the chemical and energy industries. In 2020, natural gas accounted for 

40% of the total utility power generation in the U.S. and is projected to remain in high demand in 

2022 1. Developing suitable technologies for emerging separations such as CO2 from N2 for post-

combustion carbon capture and of CO2 from CH4 for renewable natural gas purification is also 

important for a smooth transition to a more sustainable energy future 2,3. Membrane-based gas 

separations are an attractive separation technology due to their energy-efficiency, scalability, low 

operation costs, and modularity 4. However, polymer membranes display a well-known trade-off 

in permeability and selectivity and, as a result, few compositions are deployed in industrial gas 

separations 2. Moreover, traditional polymers often plasticize when in contact with condensable 

gases at high pressures5. Plasticization is particularly concerning in natural gas purification, where 

H2S content and feed pressures can reach up to 30 vol% and 60 bar, respectively 6. 

 Fabrication of mixed-matrix membranes (MMMs) via incorporation of high-performance 

metalïorganic frameworks (MOFs) has emerged as a compelling strategy to overcome polymer-

specific limitations 3. MOFs are composed of metal centers bridged by organic linkers, resulting 
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in crystalline structures with fixed pore sizes and topologies. Their organicïinorganic composition 

make MOFs useful for interfacing with polymers and their inherent rigidity can help reduce inter-

chain mobility in polymer matrices, reducing plasticization and aging. Moreover, MMMs formed 

with the appropriate fabrication strategy and MOFïpolymer pair can achieve promising increases 

in permeability and selectivity. However, MMM fabrication is difficult due to issues of particle 

agglomeration and interfacial incompatibility between the MOF and the polymer, which result in 

sieve-in-cage defects and non-selective transport in addition to low mechanical integrity typical of 

high filler loadings. Researchers have developed many approaches to circumvent these challenges 

including priming of the MOF with the polymer before casting 7ï9, preparing viscous polymer 

solutions to prevent particle settling, using compatible functionalities to improve MOFïpolymer 

interactions, and carrying out modifications such as in situ synthesis of MOF within a polymer 

film 10, in situ polymerization on MOFs 11, and post-synthetic modification of MOFs 12.  

 MMMs formed from polymers of intrinsic microporosity (PIMs) and University of Oslo 

(UiO) MOFs have gained particular attention for achieving ultrahigh permeabilities with decent 

selectivity combinations for various gas pairs. The archetypal PIM, PIM-1, is mechanically and 

thermally robust, and has a non-equilibrium structure that results in excellent permeabilityï

selectivity combinations for common gas pairs 13. UiO-66 MOFs, on the other hand, are versatile 

in terms of accessible synthetic design modifications and post-synthetic functionalization 

chemistries, which allows for tuning of particle sizes, 14 defect density 15,16, and post-synthetic 

modification with functional groups 17. In particular, the amine-functionalized version of UiO-66, 

UiO-66-NH2, has been widely used to form MMMs with PIMs and other glassy polymers 18ï20. 

For instance, Khdhayyer et al. fabricated MMMs from UiO-66, UiO-66-NH2 and UiO-66(COOH)2 

in PIM-121. MMMs formed from UiO-66-NH2 showed increased pure-gas permeabilities with little 
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selectivity improvements and retained this performance in the CO2/N2 mixtures for a 3-month aged 

sample. Muldoon et al. embedded UiO-66-NH2 in a PIM-1/MEEP80 blend. In this case, CO2 

permeabilities increased with MOF addition and CO2/N2 selectivities were between that of the two 

polymer matrices in pure- and mixed-gas tests 22. In a separate study, Ghalei et al. demonstrated 

significant CO2/N2 selectivity increases by mixing PIM-1 with UiO-66-NH2 nanoparticles23. 

However, while there was a step change increase selectivity from the pure-polymer to the MMM 

at 5 wt% loading, selectivity losses were observed with increasing MOF loading up to 30 wt%.  

 Other groups have developed synthetic approaches to improve MOFïpolymer interactions. 

Yu et al. functionalized the surface of UiO-66-NH2 with ïCN groups and then cross-linked the 

MOF with PIM-1. This method resulted in what the authors called ñconnected paths for gas 

transportò with CO2 permeability of 12,063 barrer 14. Tin-Binh et al. developed an in situ chemical 

cross-linking method to bind UiO-66-NH2 to PIM-1 during polymer synthesis. The resulting 

MMMs showed good MOFïpolymer compatibility, increased permeabilities and CO2-based 

selectivities, in contrast to MMMs formed from physically mixed PIM-1 and UiO-66 or UiO-66-

NH2 
11. Recent work has also demonstrated the potential of using compatible functional groups on 

the polymer matrix to increase MOFïpolymer adhesion. Ren et al. fabricated MMMs from 

amidoxime-functionalized PIM-1 (AO-PIM-1) and UiO-66-NH2. 
24 Hydrogen bonding between 

MOF and polymer functional groups provided a benefit to transport performance, resulting in CO2 

permeabilities of 8425 barrer while retaining CO2/N2 and CO2/CH4 selectivities of 27.5 and 23.0, 

respectively. Similar findings were reported in a computationalïexperimental study by Carja and 

Tavares et al. where the interfaces between UiO-66(Zr) and AO-PIM-1, tetrazole PIM-1, and N-

((2-ethanolamino)ethyl)carboxamide PIM-1 were simulated and examined 25. The authors 
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concluded that polymer functionalization was a reliable strategy for improving adhesion with the 

MOF for AO-PIM-1 MMMs.  

 In addition to MOFïpolymer interactions, a critically important consideration for industrial 

deployment of MMMs is mixed-gas performance. Our groupôs recent work demonstrated how 

increased CO2 affinity in amine-functionalized PIM-1 can result in increased CO2-based mixed-

gas transport compared to the pure-gas case 26. Given its similarly high CO2 affinity, UiO-66-NH2 

may exhibit similar mixed-gas performance trends in CO2-based mixtures. In fact, some of the 

aforementioned MMM studies including UiO-66-NH2 showed increases in CO2-based mixed-gas 

selectivities compared to the pure-gas case, but competitive effects were not explored directly. In 

addition to binary mixed-gas transport, the Koros and Eddaoudi groups have recently reported on 

the H2S/CH4/CO2 ternary mixed-gas transport through MMMs27ï29. Simultaneous H2S/CH4 and 

CO2/CH4 separation can be particularly difficult because H2S/CO2 separations and CO2/CH4 

separations are characterized by a complicated tradeoff in sorption and diffusion control, as noted 

by the relative condensabilities and sizes of the permeate species. More specifically, the order of 

gas condensability is: CH4 (Ὕ ρωπȢπ ὑ  < CO2 (Ὕ σπτȢσ ὑ  < H2S (Ὕ σχσȢυ ὑ  while 

the order of gas size is: CO2 (3.30 ) < H2S (3.62 ) < CH4 (3.82 ). Leveraging the tailorable 

pore apertures and sorption-selectivity combinations provided by MOFs can be a promising 

strategy to tune performance for challenging sour gas applications 6. For instance, Liu et al. showed 

how incorporation of fluorinated MOFs with tuned pore apertures (NbOFFIVE-1-Ni and 

AlFFIVE-1-Ni) in 6FDA-DAM allowed for ultra-selective MMMs with combined acid gas (CAG) 

selectivities close to 50 29. In a separate work, MMMs formed from 6FDA-based polyimides were 

combined with Zr-fum-fcu-MOF fillers to control plasticization and competition, resulting in 

H2S/CH4 and CO2/CH4 selectivities above 20 and 30, respectively 28. In further studies, the tailored 
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pore apertures in Eu-naph-fcu-MOF and Y-fum-fcu-MOF have also demonstrated unprecedented 

performance for H2S/CO2/CH4 separations in MMM formed with 6FDA-based polyimides. 27 In 

the case of PIMs, however, few studies have reported on the sour gas transport in PIM-130, AO-

PIM-130 and PIM-6FDA-OH 31, and to the best of our knowledge, there are no reports with ternary 

mixed-gas tests for PIM-based MMMs. 

 In this work, MMMs are formed from UiO-66-NH2 and PIM-1 as well as its carboxylic-

acid functionalized analogue, PIM-COOH (Scheme 1). Functionalization of both the polymer and 

MOF components are applied to increase MOFïpolymer adhesion through hydrogen bonding, 

while amine-functionalization of the MOF is investigated as a potential means to improve CO2-

based transport in mixtures. A comprehensive pure-gas testing campaign was performed to derive 

trends in pure-gas transport performance for PIM-COOH MMMs. Such trends were directly 

compared to PIM-1 MMMs cast using the same method, and replicate testing was performed to 

account for sample-to-sample variation in transport properties that is commonly observed for 

PIMs32,33. The influence of competition on CO2-based transport through the MMMs was evaluated 

through binary CO2/CH4 and CO2/N2 tests of the high loading MMMs at a total pressure of 2 atm 

and ternary H2S/CO2/CH4 mixed-gas tests at a total pressure of 8 atm. To fundamentally 

understand trends in binary mixed-gas transport, mixed-gas sorption isotherms for the three MMM 

components were predicted using the extended Langmuir-Freundlich and dual-mode sorption 

models. Finally, CO2 and H2S plasticization trends were evaluated for pure-gas tests up to 

pressures of 40 atm and 7 atm, respectively.  
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Scheme 1. General schematic of MMM fabrication with PIM-1 and UiO-66-NH2 (left) and PIM-

COOH and UiO-66-NH2 (right). 

7.2. Results and Discussion 

7.2.1. Synthesis and Characterization of PIM-1, PIM-COOH, and UiO-66-NH2 particles 

 The PIM-1 polymer was synthesized through a modified high-temperature polymerization 

reaction detailed in Appendix E. Next, the PIM-1 sample was functionalized with a carboxylic 

acid group to form PIM-COOH using 1-gram scale modification of our previously reported method 

34. UiO-66-NH2 MOFs with particle size between 100ï150 nm and surface areas of approximately 

1000ï1200 m2 gï1 were synthesized via an acetic acid modulated hydrothermal synthesis (cf. 

Appendix E). The chemical identity, porosity, and crystallinity of the MOF was confirmed via 

TEM, BET, XRD, and TGA (Figures 7.1 and E1ï3, and Tables E2ï3). The XRD patterns of 

UiO-66-NH2 show the characteristic peaks at 7.4, 8.5 and 25.6° corresponding to the (1 1 1), (2 0 

0), and (6 0 0) crystal planes, respectively, and confirming high crystallinity consistent with the 

simulated pattern for the UiO MOF 35,36. The thermal profiles of the samples were investigated 

through TGA (Figure 7.1c), where UiO-66-NH2 shows the characteristic weight loss for the MOF 
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ligands between 200ï300 °C, and after 700 °C, only ZrO2 remains37. PIM-1 and PIM-COOH show 

high thermal stability with the backbone degradation starting at around 400 °C. The thermal profile 

for PIM-COOH in air also shows the characteristic weight loss for decarboxylation at 250 °C, 

which plateaus at 86%, and corresponds to a 14% loss of ïCOOH content compared to the 

theoretical loss of 17.8% at 100% conversion. It is important to note that the 1-gram scale synthesis 

results in slightly reduced ïCOOH content relative to our originally reported method using a 0.3-

gram scale34. However, this analogue was chosen for MMM fabrication due to its increased 

mechanical robustness compared to fully functionalized PIM-COOH.  

 The sorption affinity of the UiO-66-NH2 particles was evaluated through low pressure N2, 

CH4, and CO2 sorption tests at 25 °C, 35 °C, and 45 °C, which were fit to the LangmuirïFreundlich 

equation (Figure 7.1d, E4, and Table E4). All isotherms show the expected trend of decreasing 

sorption with increasing temperature and demonstrate CO2 uptakes similar to those in other reports 

of UiO-66-NH2
38. Because the UiO-66-NH2 synthesis is subject to variation depending on the 

defect density, modulator chemistry, and particle size, a range of CO2 uptake is expected compared 

to literature. As-synthesized UiO-66-NH2 particles have high affinity to CO2, as shown in the 

tabulated isosteric heat values in Table E5, where the N2, CH4 and CO2 isosteric heats are ï15.6 

kJ molï1, ï16.0 kJ molï1, and ï34.0 kJ molï1, respectively.  
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Figure 1. (a) TEM image of UiO-66-NH2, (b) simulated and experimental XRD pattern for UiO-

66-NH2, (c) TGA profiles in air for PIM-1, PIM-COOH and UiO-66-NH2. Red, yellow, and gray 

shading represent weight losses associated with decarboxylation, loss of the amine, and backbone 

degradation, respectively. (d) CO2 low pressure sorption isotherms at 25 °C, 35 °C, and 45 °C. 

7.2.2. Hybrid mixed-matrix membrane characterization   

 PIM-1 and PIM-COOH based MMMs with UiO-66-NH2 particles were prepared at various 

filler loadings as shown in Tables E9 and E18. For simplicity, loading references with ñ%ò 

symbols all indicate volume percent. TGA scans of each MMM in air were run to calculate precise 

volume percentages of each sample (Figures E5ï6). The skeletal densities of two independent 
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UiO-66-NH2 syntheses (cf. Figures E7ï9 and Tables E6ï8) were used to estimate bulk densities 

and MMM volume fraction according to a method by Bloch et al. 39 To form well-dispersed MMM 

casting solutions, the polymers were first dissolved as highly viscous solutions in vials, the vials 

were placed on a mechanical roller overnight, and then homogenized with the MOF solutions in 

THF for a second night as detailed in Appendix E. The total THF volume for casting was 2 ml, 

and films were cast in a glove bag to reduce variation in solvent evaporation rates (cf. Figures 

E10ï11). This method produced highly homogeneous films (Figure 7.2a).  

 FT-IR was used to identify successful incorporation of the MOF within the MMM and 

identify the corresponding features associated with the functional groups in each component. PIM-

1 showed the characteristic ïCN peak at around 2250 cmï1. For UiO-66-NH2, the signals 

associated with the symmetric and asymmetric vibrational bands of the ïNH2 were identified at 

3518 cmï1 and 3337 cmï1, respectively. Additional signals associated with the symmetric and 

asymmetric stretches of the CïO in the BDC linker and the ZrïO mode were also found at 1380 

cmï1, 1568 cmï1 and 764 cmï1, respectively. PIM-COOH showed the characteristic peak for the 

carbonyl at 1731 cmï1. All MMM s retain the characteristic chemical signals of each independent 

component without signs of chemical crosslinking between the ïNH2 and ïCOOH, as has been 

recently reported in MMMs formed from ïCOOH functionalized polyimides with UiO-66-NH2.
40 
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Figure 2. (a) MMM casting solutions and films one day after drying for PIM-1 (yellow) and PIM-

COOH (brown) MMMs. The far left solution and film are pure-polymer only. (b) FT-IR spectra 

for PIM-COOH (red), PIM-COOH MMM (dark red), UiO-66-NH2 (orange), PIM-1 MMM 

(mustard), and PIM-1 (black). Cross-sectional SEM image for the (c) PIM-1 MMM at 25% loading 

and (d) PIM-COOH MMM at 32% loading. Red circles highlight two MOF particles in the 

MMMs.  

 The compatibility of the MMMs was investigated through cross-sectionalal SEM imaging 

(Figures 2c and d and E12ï17). Despite having identical backbone structures, the cross sections 

of PIM-1 and PIM-COOH MMMs are markedly different. In general, the adhesion between the 

polymer and MOF appeared to be improved when using the PIM-COOH as polymer matrix. In 
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PIM-1, cross sectional images display well dispersed single MOF particles sitting in voids within 

the polymer. Typically, these voids form when the polymer separates from the MOF as the 

membrane is fractured, suggesting weaker interfacial interactions between the MOF and the 

polymer phase relative to the PIM-COOH samples, which showed relatively homogeneous cross 

sections, where visible MOF particles remain closely bound to the polymer matrix and completely 

surrounded by the polymer phase. In part, these cross-sectional results qualitatively demonstrate 

the weaker mechanical integrity of PIM-COOH relative to PIM-1, which leads to smoother 

cracking, but nevertheless, as a composite, the good adhesion between the MOF phase and polymer 

phase suggests improved MOFïpolymer interactions. Similar effects have been observed for AO-

PIM-1 with UiO-66(Zr), where TEM demonstrates no clear interfacial voids in these samples 

compared to those of PIM-1 with UiO-66(Zr).25 In our case, the compact packing structure of the 

polymer and compatible functionalities provided by the ïCOOH groups interact favorably with 

the MOF. 

4.3. Influence of MOF addition on pure-gas permeation 

 The effect of the polymer matrix on MMM performance was investigated first through 

pure-gas permeation experiments with He, H2, O2, N2, CH4, and CO2 at 1 atm and 35 °C, which 

are represented in Robeson upper bound plots in Figures 3 and E18 and tabulated in Tables E9ï

26. Recent efforts in the scientific community have highlighted the importance of reproducibility 

and batch-to-batch variability in MOF synthesis, sorption measurements and testing of gas 

transport properties41ï44. This issue is of particular importance for PIMs, where variations in 

thermal treatments, solvent treatments, and casting protocols can significantly influence the 

performance of high free volume polymers32. In MMMs, the concern is particularly salient as new 

sources of variation such as that in MOF synthetic protocols and MMM formation are added. In 
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fact, in most PIM-based MMM reports, there is limited data on reproducibility and batch-to-batch 

variation.  

 

Figure 3. (a) O2/N2, (b) H2/N2, and CO2/CH4 2008 upper bound plots for PIM-1 and PIM-COOH 

MMMs. Pink and gray dashed lines represent Maxwell model fitting for the entire dataset starting 

from the average polymer permeabilityïselectivity combination (pink star) to the predicted pure-

MOF permeabilities (orange star).  

 To illustrate the variability in MMM properties, two sets of mixed-matrix membranes were 

cast using PIM-1 and PIM-COOH and two samples from each membrane were prepared for 

testing, representing a data set of 32 samples, where statistical deviants with permeabilities outside 

two standard deviations of the dataset were removed from the analysis. As shown in Figure 3, the 
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data of the pure polymer for both PIM-1 and PIM-COOH exhibit some scatter beyond the deviation 

observed from error propagation. Such trends can result from differences in drying and solvent 

evaporation rates within a film. Still, a clear increase in permeabilities is observed for all gases in 

all samples with increasing MOF content. Interestingly, these trends appear to be more consistent 

for the PIM-COOH dataset, where better MOFïpolymer compatibility may result in more 

consistent film formation and a reduction in defects. Additionally, PIM-1 films show decreases in 

selectivity with increasing MOF content for all gas pairs, precluding the MMMs from crossing the 

pure-gas 2008 upper bounds in all cases except that of CO2/N2. In contrast, PIM-COOH showed 

general increases in H2/N2, O2/N2, H2/CH4 and CO2/CH4 selectivity compared to the pure PIM-

COOH samples. Of note, PIM-COOH MMMs surpass the O2/N2, CO2/CH4, H2/N2 and H2/CH4 

2008 upper bounds at increased MOF loading, and the permeation results suggest that the high 

diffusion selectivity of PIM-COOH is maintained with MOF addition, enabling increases in 

permeability with limited permselectivity decreases as a function of filler content.    

 Pure-gas transport results were further analyzed using a Maxwell model fitting of the entire 

dataset shown in Figures 3. Generally, the Maxwell model is most valid for spherical particles at 

low loading of filler below 20 vol%. As such, the fittings were performed both for the entire dataset 

(Figure 3) and the < 20 vol% subset of the data (Figure E19.) Additionally, the four pure-polymer 

samples were averaged into a single average permeability for PIM-1 and PIM-COOH for analysis. 

Depending on the nature of the fillerïpolymer interaction, Maxwell model predictions will fall 

within the following scenarios21: (1) the interaction with the polymer is poor and gas diffuses 

through defects between the polymer and filler or the MOFïpolymer adhesion is improved and 

gas diffuses preferentially through the MOF (ὖ  > ὖ), (2) the polymer blocks the porosity of 

the filler (ὖ  < ὖ), (3) the permeability through the MMM lies between the two earlier extremes 
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(π ὖ  < ). As shown in Figure 3, the scatter in the dataset results in MOF permeability 

predictions that are significantly different depending on the polymer matrix used for MMM 

formation, PIM-1 or PIM-COOH. The analysis was further extended to predictions including the 

first scenario and the second scenario described above, as well as predictions for the entire data set 

and for < 20 vol% loadings as shown in Figure E19. Similar to previous demonstrations by Bushell 

et al. using a PIM-1/UiO-66-NH2 MMMs, the datasets for all gases in PIM-1 and PIM-COOH 

based MMMs remain within the bounds of scenarios 1 and 2. The pure-MOF permeabilities for 

all gases predicted using the low loading data points are lower than that predicted from the entire 

dataset for PIM-1 MMMs while those of PIM-COOH MMMs remain within error for CO2 and N2, 

with more scatter observed for other gases. In previous work by Qian et al., MMMs formed from 

6FDA-Durene and UiO-66-NH2 coated with 6FDA-Durene showed strong alignment with 

Maxwell model predictions due to enhanced interactions between the MOF and polymer at the 

interface45. In this case, increased consistency between model predictions at low and higher 

loadings for PIM-COOH MMMs could result from enhanced compatibility between the MOF and 

polymer phase for the MMMs, reducing MOFïMOF connections. While an interesting 

pedagogical exercise, the Maxwell model fitting and resulting MOF permeabilities are still highly 

dependent on differences in inherent properties of the MOFïpolymer pairs and defect density 

variations in the UiO-66-NH2 MOF. To demonstrate this variation and contextualize our findings, 

literature values of predicted UiO-66-NH2 permeabilities are tabulated in Table E27. 

 The contributions of sorption and diffusion to MMM pure-gas transport were calculated 

using the time-lag methods and sorptionïdiffusion model and are summarized as a function of 

MOF volume percent in Figure 4. In comparison to PIM-1, PIM-COOH films and MMMs display 

much more selective gas transport, with higher discrimination of CH4 and N2 compared to H2 and 



252 

 

CO2 and with concomitant reductions in pure-gas permeabilities compared to PIM-1. For MMMs, 

PIM-1 and PIM-COOH based films showed increases in overall gas permeability as a function of 

increasing MOF loading. These higher permeabilities result primarily from an increase in gas 

diffusion through the MMM matrix due to MOF incorporation, as shown in Figures 4cïd. 

Interestingly, the diffusion coefficients calculated for PIM-1 show significantly higher scatter for 

lighter gases such as CO2 and O2, highlighting inaccuracies of the time-lag method for calculating 

diffusion coefficients in relatively thin and highly permeable PIM-1 films. Additionally, Figures 

4eïf present the trends of sorption versus volume percent. Generally, overall gas sorption remains 

relatively constant for PIM-COOH MMMs and shows some scatter for PIM-1 MMMs likely 

resulting from variations in diffusion coefficient calculations. These findings suggest that 

incorporation of a UiO-66-NH2 does not contribute significantly via sorption to bulk MMM gas 

transport at these low vol% loadings and that transport improvements through the MMM are 

primarily driven by diffusion. Interestingly, PIM-1 and PIM-COOH based films have very similar 

sorption characteristics for slightly more condensable gases (i.e., CO2 and CH4), while the sorption 

coefficients decrease more significantly for PIM-COOH films for O2 and N2, potentially due to 

reduced non-equilibrium free volume in these systems. 
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Figure 4. Pure-gas permeabilities (a and b), time-lag diffusion coefficients (c and d), and sorption 

coefficients (e and f) for PIM-1 and PIM-COOH based MMMs as a function of MOF loading. 

7.2.3. Pure-gas plasticization effects in MMMs 

 Penetrant-induced plasticization is an important challenge for polymer membranes with 

targeted applications in natural gas purification, biogas upgrading, and olefin/paraffin separations. 
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Highly condensable gases at high pressures can induce increased chain mobility in polymer films, 

which result in swelling of the polymer matrix that is often characterized by an increase in the 

permeability at high pressures. Through the lens of the sorptionïdiffusion model, permeability 

versus pressure curves show an exponentially decreasing trend, where the sorption coefficient 

decreases with pressure as expected from the dual-mode framework. When a polymer plasticizes, 

the diffusion of the gas through the polymer will significantly increase, resulting in an upward 

deviation of the permeability versus pressure curve, which is referred to as the plasticization 

pressure. Different polymers will plasticize at different rates depending on their inherent chain 

dynamics and inter-chain rigidity. Generally, gases with higher condensability plasticize polymers 

more readily than those of lower condensability, making separations involving H2S particularly 

difficult due to losses in membrane selectivity associated with plasticization. Despite these 

challenges, researchers have demonstrated that increased inter-chain rigidity in polymer 

membranes is a reliable strategy for mitigating plasticization. In particular, incorporation of rigid 

MOF fillers can act as physical cross-linkers for the polymer matrix and suppress increased chain 

dynamics during plasticization. The plasticization behavior of PIM-1 and PIM-COOH MMMs was 

investigated through pure-gas CO2 and H2S tests up to total pressures of 42 atm and 7 atm, 

respectively, for each sample as described in Table E29. As shown in Figures 5 and E19ï20, 

PIM-1 and PIM-COOH have CO2 plasticization pressures at 15 atm and 10 atm, respectively. With 

increasing MOF loading, PIM-1 MMMs show a slight increase in the CO2 plasticization pressure 

from 15 to 20 atm, but all MMMs show a plasticization pressure within the pressures considered. 

In contrast, PIM-COOH MMMs show significant suppression of plasticization with incorporation 

of MOF, with a significant plateau in permeability at 19 vol% with slight increases in permeability 

at approximately 20ï25 atm. At 35% MOF loading, the PIM-COOH MMM has no observable 
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plasticization pressure. Differences in the plasticization behavior in PIM-1 and PIM-COOH 

MMMs are indicative of stronger MOFïpolymer adhesion for UiO-66-NH2 with PIM-COOH 

compared to that of the MOF with PIM-1. Despite having a lower plasticization pressure in the 

pure-polymer case, PIM-COOH plasticization can be significantly stabilized by incorporation of 

MOF. For PIM-1 MMMs, UiO-66-NH2 addition is able to suppress plasticization with limited 

success as a result of limited MOFïpolymer adhesion. H2S plasticization trends are also presented 

in Figure 5c. As observed for CO2 and reported in our previous work34, PIM-COOH plasticizes 

more rapidly than PIM-1, and effect that is driven by the polymerôs instability. Notably, MOF 

addition slightly stabilizes H2S plasticization for PIM-COOH.  

 






























































































































































































































































































































































































































































































