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Abstract 

 

Intrinsically Microporous Polymer Membranes for High Performance 

Gas Separation 

 

Raja Swaidan 

King Abdullah University of Science and Technology, 2014 

 

Advisor: Ingo Pinnau 

 

This dissertation addresses the rational design of intrinsically microporous solution-

processable polyimides and ladder polymers for highly permeable and highly selective 

gas transport in cornerstone applications of membrane-based gas separation – that is, air 

enrichment, hydrogen recovery and natural gas sweetening. By virtue of rigid and 

contorted chains that pack inefficiently in the solid state, polymers of intrinsic 

microporosity (PIMs) have the potential to unite the solution-processability, mechanical 

flexibility and organic tunability of commercially relevant polymers with the 

microporosity characteristics of porous crystalline materials. The performance 

enhancements of PIMs over conventional low-free-volume polymers have been primarily 

permeability-driven, compromising the selectivity essential to commercial viability. An 

approach to unite high permeability with high selectivity for performance transcending 

the state-of-the-art in air and hydrogen separations was demonstrated via a fused-ring 

integration of a three-dimensional, shape persistent triptycene moiety optimally 
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substituted with short, branched isopropyl chains at the 9,10-bridgeheads into a highly 

inflexible backbone. The resulting polymers exhibited selectivities (i.e., O2/N2, H2/N2, 

H2/CH4) similar to or higher than commercial materials matched with permeabilities up 

to three hundred times higher.  

 

However, the intra-chain rigidity central to such conventional PIM-design principles was 

not a singular solution to suppression of CO2-induced plasticization in CO2/CH4 mixed-

gas separations. Plasticization diminishes the sieving capacity of the membrane, resulting 

in costly hydrocarbon losses that have significantly limited the commercialization of new 

polymers. Unexpectedly, the most permeable and selective PIMs designed for air and 

hydrogen separations strongly plasticized in 50:50 CO2/CH4 mixtures, enduring up to 

three-fold increases in mixed-gas CH4 permeability by 30 bar and strong drops in 

selectivity. Instead, a paradigm shift emphasizing inter-chain rigidity was demonstrated 

for the PIM-type polyimides via introduction of a flexible diamine functionalized with 

hydroxyl groups. Intra-chain flexibility may permit short-range coplanarization of 

backbone segments which facilitates inter-chain interactions likely comprising charge 

transfer complexes over the N-phenyl imide bond and hydrogen bonding. Relative to 

commercial cellulose acetate membranes at a representative 10 bar CO2 partial pressure, 

the resulting polyimide exhibited two-fold increases in mixed-gas CO2/CH4 selectivity 

(~50) concurrent with nearly 10-fold higher CO2 gas permeability. Similar design 

principles were drawn for ladder polymers.  
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Chapter 1. Membrane-based Gas Separation: Past, Present and Future 

This chapter reviews the developmental milestones, from foundational experiments to 

chief scientific and engineering feats, that led membrane-based gas separation technology 

to commercialization around 1980. Today, it has grown into a yearly market of nearly 

$500 million due to major applications in air separations, hydrogen separations and – the 

fastest emerging – natural gas sweetening. Major advances over competing technologies 

require the development of new materials with intrinsically better properties than those 

employed today. An overview of key applications, including their commercially relevant 

materials and important process parameters, is provided along with qualitative targets for 

the performance of such new materials. 

 

1.1. The Past: Developmental milestones 

1.1.1. Foundational observations 

The principles governing the separation of gases through membranes have their 

beginnings in the early 19th century with simple observations. In a short communication, 

Thomas Graham reported that a bladder isolated in an atmosphere of carbon dioxide 

inflated, by the passage of gas into the bladder, until it burst [1, 2]. Along the same lines, 

in 1830 J.K. Mitchell made three foundational observations [3]: (i) That natural-rubber 

(caoutchouc) balloons inflated with hydrogen gas ascended in his lecture room, but 

eventually descended with time; (ii) that the rate at which the balloon collapsed – 

quantified by the “velocity” of the gas through the rubber layer – depended on the gas it 

was filled with (e.g., hydrogen-filled balloons collapsed sooner than air-filled balloons); 

and (iii) that the rubber increased in weight under an atmosphere of pure gas, indicating it 
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could sorb gas. After ruling out reaction with the rubber and escape through the ligature, 

Mitchell also resolved that the gases possessed a “power” to permeate the dense rubber 

wall of the balloon into the lecture room. Inspired by Mitchell’s results, Graham 

published a seminal paper on many experiments detailing the ability of a rubber 

membrane to permeate various gases not only into an atmosphere of a different gas (as in 

Mitchell’s experiments), but into a vacuum as well. He used a customized setup shown in 

Fig. 1.1.  

 

Fig. 1.1 Apparatus customized by Graham to study gas permeation through natural 

rubber [4]. Mercury dripping from a funnel (A) through a clamp (C) carried along gas 

permeating the air-tight polymer bag (E) into a gas receiver (R) in the mortar (B) below. 

 

For the first time, Graham described the rubber membranes as dense, non-porous 

materials across which he postulated the gas permeation to proceed via a three-step 

solution-diffusion mechanism: (1) Gas sorbed into the surface of the rubber; (2) gas 
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diffused down a concentration gradient induced by a difference in the partial pressure of 

the gas across the layer; and (3) gas desorbed at the other side [4]. In his paper, Graham 

even demonstrated the possibility of producing oxygen-enriched air (~40%), which is 

today a major potential application of gas separation technology. However, there were no 

immediate opportunities for industrialization at the time that could capitalize upon the 

pioneering works of Graham and Mitchell.  

 

Fig. 1.2 Timeline highlighting major developmental milestones in membrane-based gas 

separation science and technology (adopted from [5]). 

 

1.1.2. Commercialization: Major scientific and engineering feats 

It took more than one century (Fig. 1.2) after the early experiments of Graham and 

Mitchell for the separative power of membranes, the procedures for their economical 
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formation and, importantly, the market demand to be established. In the 1940s and 1950s, 

Amerongen [6] and Barrer [7] established a fundamental mathematical and scientific 

framework elucidating the mechanisms behind the transport across a semi-permeable 

barrier between two phases – that is, a membrane. In particular Barrer, considered the 

father of modern membrane science, wrote a book mathematically addressing concepts of 

diffusion and solubility, gas flow in capillary systems and metals, and gas and vapor flow 

through polymers, revealing a large amount of relevant transport data for systems of 

technical importance [7].  

 

However, researchers encountered serious hurdles in achieving adequately high fluxes 

across their thick films. Reducing the thickness of simple isotropic films increased flux, 

as Graham also observed in 1866, but often led to pinhole defects that compromised 

selectivity. The first major engineering feat then occurred. In 1961, Loeb and Sourirajan 

discovered a simple procedure to form high-flux asymmetric membranes comprising a 

thin defect-free separating layer atop a highly porous support, all from one material in a 

single phase separation step [8]. Initially, the intended application was reverse-osmosis 

and the material was cellulose acetate (CA), a cheap and readily available polymer. 

However, the formulation required 60-70 grams per square meter of membrane, making it 

too expensive to commercialize asymmetric membranes from custom-made materials 

with intrinsically better properties than CA.  

 

Several companies including Carbide, DuPont and Monsanto tackled the issue of low 

flux with notable engineering-based solutions. Researchers in Carbide laminated multiple 
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thin separating layers upon a microporous substrate, forming the concept of a composite 

membrane [9]. High fluxes could be achieved, but the complications introduced by the 

lamination process limited the technology to small-scale production of medical-grade 

oxygen-enriched air [10]. In 1977, DuPont revealed an innovative approach: Instead of 

increasing flux by reducing membrane thickness and dealing with defects, they proposed 

membranes spun in dense hollow-fiber geometries that could be packed into modules 

with incredibly high surface-area/volume ratios reaching 10,000 ft2/ft3 [11]. However, 

DuPont’s decision to focus on reverse osmosis applications again set back the 

commercialization of gas separation technology.  

 

 

Fig. 1.3 Revolutionary concept of a “caulked” thin-film composite membrane comprising 

the caulking layer (i.e., silicone rubber), dense separating layer with potential defects, and 

a microporous structural support. Combined with a hollow fiber geometry, high surface-

area/volume ratios (reaching 10,000 ft2/ft3 in a module) and very high fluxes were 

“Caulking” layer 

Selective layer 

Porous support 
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matched with high selectivities, granting gas-separation membranes their first 

commercial realization. 

 

Perhaps the major accomplishment catapulting membrane technology onto the industrial 

platform was circa 1980, when the revolutionary concept of “caulked” composite 

membranes was announced by the Monsanto company [12]. Monsanto first made a 

porous hollow-fiber formed from an inexpensive polymer by the Loeb-Sourirajan method 

and used it as a structural support for a very thin polysulfone selective layer (e.g., less 

than 100 nm) [8, 12]. The trick was that the selective layer was coated with a silicone 

layer to “caulk” any pinhole defects (Fig. 1.3). The caulked hollow-fiber thin-film 

composite membranes were timely, given a national demand for energy at the time, and 

Monsanto commercialized their PRISM membrane system for the adjustment of H2:CO 

ratios in syngas in 1980 [13]. Thereafter, an era of growth in membrane-based gas 

separation science and technology was launched which today comprises a $500 million 

industry embracing a diversity of applications including oxygen and nitrogen enrichment, 

hydrogen purification, natural gas upgrading, and vapor/gas and vapor/vapor separations 

[5, 14].  

 

1.1.3. Potential advantages of membrane technology 

The United States Department of Energy (DOE) reported in 2004 that separations in the 

U.S. account for more than 20% of all in-plant energy usage – 40-50% in some major 

production cycles [15] – and consume nearly 4500 trillion BTU of energy yearly [16]. 

They classified membrane technology as an “emerging” and “low energy intensity” 
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alternative to “high energy intensity” thermally-driven classical technologies including 

chemical absorption and distillation. That is, a key advantage of membrane technology is 

the potential to be more energy-efficient than competing equilibrium-based technologies 

because no phase change is required [17]. It also has the potential to offer a variety of 

other attractive perks [18]. In general, light-weight, skid-mounted packages offer reduced 

system size and weight and thus lower installation costs. The smaller footprint is 

particularly important for offshore applications, as typically encountered in natural gas 

separations. Moreover, once started up, membrane systems can offer simple and 

continuous operation demanding minimal operator attention. They are environmentally 

friendly with no chemical requirements or disposals. They offer an operational flexibility 

tolerant to variations in feed gas compositions and flow rates, and their capacity can be 

easily adjusted given the modular nature of the technology. 

 

1.2. The Present: State of the art 

1.2.1. Air and hydrogen separations 

Industrial gases including nitrogen, oxygen and ammonia are among the most produced 

chemicals in the U.S. [19]. Two-thirds of the membrane-based gas separation market is 

rooted in the enrichment of nitrogen from air (e.g., for fuel-blanketing purposes) and the 

capture and purification of hydrogen from reactor purge gases in ammonia production 

[14]. The success of membranes in these separations is attributed to the relatively clean 

feed gas mixtures involved, free of highly condensable components that can compromise 

the performance and integrity of the membrane. Indeed, a total market value of $500 
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million in 2010 considerably exceeded that ($350 million) predicted by Baker in 2002 

(Fig. 1.4) primarily due to expansions in air separation applications. 

 

 

Fig. 1.4 Predicted market growth in membrane-based gas separation applications 

 

1.2.2. Natural gas upgrading 

Shortly after membranes met commercial success in air and hydrogen separations, they 

found a niche in natural gas sweetening (Fig. 1.2) which, amidst a global demand for 

efficient and sustainable energy resources, has become the fastest growing segment [20] 

of the business as predicted (Fig. 1.4). Currently, natural gas is the fastest growing 

primary energy source with a doubling in worldwide production from 1980 to 2010 [21]. 

Its combustion offers ~50% reductions in greenhouse gases over coal for the same 

amount of electricity, and it is therefore considered the cleanest-burning fossil fuel on the 

market today [22]. Accordingly, among the largest industrial gas separation plants is the 
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Castor offshore platform being built in the Mediterranean Sea to sweeten nearly 1 billion 

standard cubic feet (bscf) of crude natural gas daily (Fig. 1.5) using UOP’s spiral-wound 

cellulose acetate membranes [23]. Many other large projects related to natural gas 

processing with membranes have been and are being funded as the competitive edge of 

membrane technology is becoming clearer [24]. 

 

 

Fig. 1.5 980 MMscfd offshore natural gas sweetening platform (Castor, UGS), among the 

largest industrial gas separation plants today, located in the Mediterranean Sea. 

 

1.2.3. Commercially relevant materials 

There is great potential for expansion of membrane markets in gas and vapor separations. 

While engineering novel membrane configurations, thin-film formation techniques and 

process designs have granted membrane technology a seat in the industrial arena and a 

steady yearly growth, any further major advances require novel material development 

[10, 14, 25]. In 2002, only eight or nine amorphous polymeric materials made up 90% of 

the total membrane gas separation market despite the plethora of novel materials reported 
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on the laboratory scale with better combinations of permeability and selectivity [14]. The 

exact structures of commercial materials are protected intellectual property, but they 

belong to the general classes shown in Fig. 1.6. Some of the major reasons for their 

translation into an industrial setting are outlined below. 

 

Fig. 1.6 General classes of commercially employed materials including polysulfones 

(Udel® PSU), tetrahalogenated-polycarbonates, polyimides (Matrimid®), aramids, 

poly(phenylene oxide) and cellulose triacetate (in which the degree of substitution with 

acetate groups can vary). 
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1.2.4. Material viability criteria 

The materials of Fig. 1.6 have found commercial success for two main reasons. The first 

is  because they conform to a certain set of interdependent criteria summarized in Fig. 

1.7. The phase-inversion process employed industrially to make membranes requires 

solution-processable materials capable of forming robust thin-films. These membranes 

should pack tightly in spiral-wound or hollow-fiber modules with high surface-

area/volume ratios. Thus good mechanical properties are necessary. Depending on the 

process, the materials should exhibit chemical stability in the face of aggressive feed 

streams (e.g., hydrocarbons, acid gases) and, of course, high permeability – productivity 

– and high selectivity – efficiency – that are stable with time [26]. Ultimately, the relative 

importance of each of these parameters is process- and site-specific and gauged from the 

point of view of cost-reduction, as will be discussed later. That is the second reason: The 

synergy between the intrinsic properties (permeability and selectivity) of commercial 

materials and the processes they serve is necessary for cost optimization. 
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Fig. 1.7 Some key parameters defining the commercial viability of a new membrane 

material. 

 

1.2.5. Permeability/selectivity trade-offs 

The contemporary stagnancy in novel material development and implementation – a 

limitation on the growth of the field – is due to several reasons. One reason is that new 

materials are rarely investigated with regards to the comprehensive criteria of Fig. 1.7. 

Another is an inherent challenge posed by a general permeability/selectivity trade-off 

represented by the “upper bounds” introduced by Robeson in 1991 and revised to 

accommodate the latest materials in 2008 (Fig. 1.8) [27, 28]. However, perhaps a larger 

problem is the general and tempting challenge of “beating” the upper bound, which 

certainly is not a threshold for commercially attractive properties. Instead, it is a fit to the 

performance of materials tested under highly ideal conditions (i.e., pure-gas feeds) and a 

range of pressures and temperatures. Commercially relevant domains on such 

permeability/selectivity maps are based on process-specific considerations (later 
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sections), and thus which way one crosses the upper bound, if necessary at all, is a 

practical consideration. 

 

 

Fig. 1.8 “Beating” the upper bound: Which way? How far? Is it necessary? 

 

1.2.6. Mixed-gas permeation properties 

The majority of laboratory experiments are conducted under ideal testing conditions 

involving single-component, pure gas feeds. Evaluation of materials using such 

techniques may be acceptable for mixtures free of condensable gases, because the mixed-

gas performance varies little qualitatively and quantitatively from the pure-gas 

performance. Because the upper bounds are based on such data, they are pertinent 

indications of state-of-the-art materials when highly supercritical gas mixtures are 

involved (e.g., O2/air, N2/air, H2/N2). However, using pure-gas techniques in the 

evaluation of condensable gas mixtures (e.g. CO2/CH4, vapors) wavers the trust of 

industry and complicates the selection of materials for large-scale trials. These conditions 
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are blind to the potentially detrimental effects of one permeating component on the 

transport of the other observed in real gas mixtures. The upper bounds are inappropriate 

and often misleading in these cases. In particular, a more important concept pertains to 

upper and lower limits to desirable performance traits as defined by consideration of the 

process in which a membrane unit serves. This is briefly overviewed in the next section. 

 

1.3. The Future: Process-oriented novel material development 

Setting practical design targets for a membrane material requires careful consideration of 

the process it will serve. That is, the membrane will be ultimately part of a “membrane 

system,” and a synergy must exist between its intrinsic properties and the process design 

parameters. Below, key applications that have been the cornerstones of the growth and 

commercial success of membrane gas separation technology growth are briefly reviewed 

and evaluated for some qualitative identification of future “target” material properties. 

First, a brief description is given of critical process parameters. 

 

1.3.1. Process pressure ratio 

There are several key process parameters that define the performance of a membrane 

system including stage-cut (i.e., ratio of permeate flow rate to feed flow rate; determined 

by product demand; controlled with membrane area, which is directly related to 

permeability), product recovery (i.e., fraction of the product in the feed that is not lost in 

waste streams) and the pressure ratio (i.e., ratio of feed pressure to permeate pressure). 

The latter is particularly important, because it determines the maximum enrichment 

possible of a feed component in the permeate, regardless of membrane selectivity. It is 
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evident in the simple relationship that the component’s partial pressure in the feed (yf) 

should be greater than or equal to its partial pressure in the permeate (yp) to permit 

transport across the membrane: 

pf ! pp  

yf Pf ! ypPp  

yp / yf ! !  

That is, the pressure ratio (φ) is the maximum enrichment (yp/yf) possible. Moreover, a 

more complicated relationship exists between pressure ratio, enrichment and selectivity 

given by the following equation [5]: 
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Its meaning is more clearly indicated in a representative plot below (Fig. 1.9), of 

enrichment (yp/yf) against selectivity for various pressure ratios. 



 52 

 

Fig. 1.9 Relationship between pressure ratio (φ), selectivity (α) and enrichment in a 

membrane process with a feed containing 20% of a fast gas that preferentially permeates 

the membrane. 

 

Briefly, when the pressure ratio is similar to the selectivity, it limits enrichment and gains 

in selectivity provide diminishing returns in enrichment. Conversely, when the pressure 

ratio is much higher than the selectivity, the selectivity limits the enrichment. Pressure 

ratio is often the basis of major cost in plants, since it pertains to the electricity-

consumption of compressors and pumps. It is key in evaluating relevant target material 

properties.  

 

1.3.2. Targets for hydrogen separations 

1.3.2.1. Commercial process and materials 

The first successful large-scale commercial application of membrane-based gas 

separation was in the late 1970s for mining hydrogen from ammonia purge gases using 
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Monsanto’s revolutionary “caulked” hollow-fiber modules based on polysulfone [5, 10]. 

Some systems are still operational today, granting membrane technology a proven track 

record. The streams involved in hydrogen separation and recovery are often clean streams 

free of condensable gases that can plasticize a membrane and introduce detrimental non-

ideal “second component” effects. For example, in the Haber process (3H2 + N2  

2NH3), hydrogen produced by steam reforming (containing residual methane) is reacted 

with nitrogen produced by cryogenic distillation of air. The reactors have yields of ~30%, 

leaving unreacted hydrogen and some trace methane in the purge gases. Membranes are 

used to recover the hydrogen and recycle it to the reactor to improve conversion rates 

[17]. A simplified schematic of the commercial PRISM membrane system is shown in 

Fig. 1.10. As can be seen, the Haber process itself requires 135 atm of pressure in the 

reactor. Two membrane stages are used, with a pressure ratio of ~2 in the first stage and 

~5 in the second, partly to minimize recompression of the recycled permeate [5]. 

 

Fig. 1.10 Simplified schematic of commercial PRISM membrane system for mining 

hydrogen from ammonia purge gas streams (adopted from [5]). 
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Given a feed of roughly 45% hydrogen, the maximum possible enrichment in the first 

stage permeate is to 90%. However, because the pressure ratio is much lower than the 

required selectivity, the membrane is operating in a pressure ratio dominated regime. 

Given the diminishing returns of selectivity (i.e., Fig. 1.9), the selectivity needs to be very 

high to utilize the maximum enrichment possible. Indeed, PRISM systems attain 

permeate hydrogen compositions ~85% (with hydrogen recoveries near 85%) [5] using 

very selective materials (e.g., α(H2/N2) > 80) (Table 1.1). These materials, despite their 

low fluxes, have maintained a market of almost $25 million/year [14].  

 

Table 1.1 H2/N2 commercially relevant materials, by class). Structures for some are 

shown in Fig. 1.6 above. 

Polymer 
H2 Permeabilitya 

(Barrer) 

H2/N2  

Selectivity 

Aramid - >200 

Polysulfone ~10 80 

CA ~20 60-80 

Polyimide ~10-20 100-200 
 

a Approximated from permeances assuming ~100 nm separating layer. 
 

1.3.2.2. Target performance zone 

It is difficult to make major gains in the treatment of ammonia purge gas streams [14]. 

However, to further improve economics, membrane materials with similarly high 

selectivities and increased permeabilities can reduce capital costs due to area 

requirements and modules. They would also reduce the footprint of the system. 
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Additionally, great opportunities exist for membranes in the petrochemical refineries (i.e., 

H2/CH4) where high-throughput processes would favor membranes with very high 

permeabilities and selectivities of 20-25 [17]. However, they should be tolerant to 

condensable hydrocarbon vapors [14]. 

 

1.3.3. Targets for air separations 

1.3.3.1. Nitrogen-enriched air: Process, technologies and materials 

The separation of nitrogen from air is the largest industrial application of membrane-

based gas separation technology. On-board inert gas generation systems (OBIGGS) – i.e., 

on board many commercial air craft today – employ membranes to generate nitrogen-

enriched air for fuel tank blanketing (i.e., reduce chances of explosion due to air/fuel 

mixtures in fuel tank head space) [17]. Air is free, relatively clean from condensable 

components that can foul or plasticize the membrane, and already contains 79% of the 

product nitrogen, making it a simple feed for membranes in nitrogen enrichment. In a 

standard process configuration (Fig. 1.11), a compressor delivers feed air at 8-10 atm to 

an oxygen-selective membrane that preferentially extracts oxygen (some nitrogen 

permeates, too), retaining a high-pressure nitrogen-enriched stream – the product – and a 

low-pressure oxygen-enriched permeate stream. Having the product nitrogen on the 

pressurized feed-side eliminates the need for costly recompression. 
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Fig. 1.11 Typical process configuration for membrane-based nitrogen production system. 

 

The majority of the operating cost in an air separation plant is due to energy used to 

power the compressor [14]. Two-thirds of the total plant component cost is due to the 

compressor as well. Therefore, the key to lowering nitrogen production costs is reducing 

the size of the feed gas compressor which is proportional to [29] the volume of feed gas 

and inversely proportional to the compression ratio (i.e., outlet pressure/inlet pressure) 

required.  

 

Today’s principal market is for a 99% nitrogen product. The first generation of 

membranes (e.g., TPX, poly(4-methyl-1-pentene) used (for 95% N2 at the time) had an 

O2/N2 selectivity of about 4 and would yield 99% nitrogen at 25% recovery (i.e., process 

parameter representing percentage of feed nitrogen retained in the retentate), resulting in 

a loss of 75% of the feed nitrogen to the permeate [14]. A second generation of 

membrane materials (Table 1.2, including tetrabromo-bis-polycarbonates, aramids, 

polyimides and polysulfones (Fig. 1.6)) emerged offering selectivities of 6 to 8 that could 

produce 99% nitrogen at twofold higher recoveries (50%) [14]. They had 10- to 30-fold 

lower permeabilities (well-known trade-off in permeability and selectivity) which meant 
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(8-10 atm) 
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more area had to be used to process the same volume of gas [5]. However, the greater 

nitrogen recoveries permitted by higher selectivities (i.e., less nitrogen from feed gas is 

wasted into the low-pressure oxygen-enriched permeate) meant that less feed gas needed 

to be compressed by the compressor to get the same product nitrogen flow. The nearly 

50% savings in compressor energy usage due to high selectivity more than offset the 

increased area costs due to the low permeability. 

  

Table 1.2 Commercial materials employed in the nitrogen enrichment of air. 

Polymer 
O2 Permeability 

(Barrer) 

O2/N2  

Selectivity 

Poly (4-methyl-1-pentene) (TPX) 30 4.2 

Poly (phenylene oxide) (PPO) 17 4.4 

Polysulfone 1.1 6.2 

Aramid 3.1 6.8 

Tetrabromo bis polycarbonate 1.4 7.5 

 

Today, these second-generation materials define a “competitive” position of membranes 

roughly indicated in the technology map of Fig. 1.12. Membranes are economically 

practical for users demanding lower flow rates (~1000 scfd to 1 MMscfd) and lower 

nitrogen purities (~95-99%) (e.g., on-site nitrogen generation), whereas conventional 

cryogenic distillation and pressure swing adsorption (PSA) dominate at larger capacities 

and higher purities [10].  
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Fig. 1.12 Approximate competitive position of membrane systems for nitrogen 

production relative to cryogenic distillation and PSA (adopted from [5]). 

 

In summary, (i) high product nitrogen recovery permits major, paramount savings in 

compressor cost by reducing the volume of feed gas that it needs to compress; (ii) high 

recoveries require high O2/N2 selectivity (strip more molecules of O2 out of the feed per 

molecule of N2); and (iii) high selectivity is best realizable in a process with high 

pressure ratio (hence chosen at 8-10 in the plants). Additional major gains in selectivity 

(i.e., beyond 6-8 of second-generation materials), which have been the main target of 

academic research in an attempt to overcome the upper bound, then provide only 

diminishing returns (Fig. 1.13). Therefore, it appears that room for further optimization is 

in a new “third generation” of materials uniting higher permeabilities with the same 

selectivities of the second-generation materials. They would accomplish the same 

recoveries and purities as the second-generation except with far lower membrane area 
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requirements and lower membrane module costs, the latter potentially being considerable 

[30, 31]. 

 

Fig. 1.13 Effect of O2/N2 selectivity on compressor energy consumption for membrane 

systems producing equivalent amounts of 99% nitrogen from air (pressure ratio = 10). A 

point of diminishing returns is evident (adopted from [14]). 

 

1.3.3.2. Oxygen-enriched air: Process, technologies and materials 

There is the related process of oxygen enrichment on the permeate side, which is an 

emerging application for membranes that could become very large [14]. A number of 

processes can benefit from oxygen-enriched “air” containing 30-60% oxygen including 

enhanced natural-gas combustion, catalyst regeneration in refineries, and medical 

procedures. Other applications such as the production of synthesis gas require higher 

oxygen concentrations (95-98%). In general, polymeric membranes are far from 

achieving purities >60-70% (which would correspond to a selectivitiy of ~10) [5]. Strong 

competition exists from cryogenic distillation, a mature technology, and newer 
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technologies like vacuum swing absorption which can both perform the separation at 

$40-60/ton EPO2 [32] (i.e., equivalent pure oxygen, defined as the amount of pure oxygen 

that needs to be added to air to achieve desired oxygen concentration). The materials 

defining the latest 2008 upper bound cannot reach a $30-$40/ton EPO2 target to compete 

with distillation and vacuum swing adsorption [31].  

 

1.3.3.3.Target performance zone 

For production of nitrogen-enriched and oxygen-enriched air, a “third generation” of 

materials are required that would transcend the upper bounds into “target” regions 

roughly sketched in Fig. 1.14 and 1.15, respectively. The finite areas of the “target” 

regions, with some upper and lower limits on both permeability and selectivity, reflect 

the conclusions of the discussions above in addition to a practical consideration that 

membranes with far too high fluxes (permeabilities) may result in concentration 

polarization on the feed side that reduces the apparent selectivity. For nitrogen-enriched 

air, emphasis is on increasing permeabilities while maintaining the selectivities of the 

current commercial materials. 
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Fig. 1.14 A “target zone” for the development of novel materials relevant to the nitrogen 

enrichment of air is shown on the permeability/selectivity trade-off map illustrating the 

performance of commercial materials and the latest 2008 upper bound [28]. 

 

Fig. 1.14 identifies a target zone for the production of air containing 30% oxygen based 

on the analysis of Bhide and Stern [31]. In particular, the $30/ton EPO2 is attractive. 

Some researchers and industrial experts have identified selectivities of 4 to 6 and 

permeabilities of more than 250 Barrer as hopeful [10, 25, 32]. Ultimately, larger markets 

exist if membranes can approach the higher purities of their competitors and, since the 

product oxygen is in the permeate, O2/N2 selectivity is emphasized.  
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Fig. 1.15 A “target zone” for the development of novel materials relevant to the oxygen- 

enrichment of air is shown on the permeability/selectivity trade-off map illustrating the 

performance of commercial materials and the latest 2008 upper bound [28]. A product 

containing 30% oxygen is considered for the cost analysis [31]. 

 

1.3.4. Targets for natural gas sweetening 

1.3.4.1. Process, technologies and materials 

As noted earlier, one of the largest industrial gas separation plants today is the UGS 

Castor offshore platform in the Mediterranean sea built to sweeten ~1 bscf daily of 

natural gas (Fig. 1.5) [23]. Relative to hydrogen and air streams, natural gas streams are 

significantly more challenging to separate for any technology. Firstly, crude natural gas 

(in which the major component, 50-90%, is CH4) emerges from the well entrained with 

oil mist, methanol, glycol, water, particulates and drilling fluids that are currently 

removed with costly pretreatment processes. Secondly, it often contains high levels of 

acid gases (CO2, H2S) which can corrode delivery pipelines in the presence of water 
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vapor. Thirdly, the delivery pressure and composition are site-dependent and can vary 

over the lifetime of the well. Fourthly, it often contains condensable C2+ hydrocarbons 

that reduce the heating value and dew point of the product gas if not removed. The U.S. 

pipeline specifications for product gas focus on preventing corrosion and controlling dew 

point and heating value and are shown in Table 1.3 along with a typical natural gas feed 

composition. 

 

Table 1.3 Typical natural gas composition and U.S. delivery pipeline specifications. 

Component Crude Gas U.S. Specification 
CH4 50-90% Balance 
CO2 0-50% <2% 
H2S 0-5% <4 ppm 
H2O 0-5% <120 ppm 
C3+ 0-20% 950-1050 BTU/scf 

Inerts  0-5% <4% 
Dew point - -20 oC 

 

Amine absorption columns currently dominate the market. Membranes offer many 

potential advantages including (i) higher energy efficiency, given the lack of phase 

changes involved and no need for regeneration of the amine solvents; (ii) smaller 

footprint and minimal operator attention, which are indispensable for offshore platforms 

where many gas wells are located (Fig. 1.5 and 1.16); (iii) continuous operation; (iv) 

tolerance to changes in feed conditions; and (v) ease of scale-up given modular design. 

The columns, on the other hand, are energy intensive, heavy and large, require careful 

monitoring, and not tolerant to feed composition fluctuations. They are however, more 

selective for acid gas removal, minimizing hydrocarbon (namely CH4) loss to less than a 
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few percent. This is the main reason for their domination of the market, leaving a limited 

5% share for membranes in 2008 [5, 20, 32].  

 

 

Fig. 1.16 Larger weight and size of a) amine columns (400 GPM amine plant, GTS 

energy) relative to b) small-footprint membrane systems (MTR, VaporSep®). 

  

1.3.4.2.Route forward for membrane technology 

Relative to the columns, a major shortcoming of membrane technology is CO2-induced 

plasticization, by which the membrane structure swells and loses its size-discrimination 

and selectivity [33]. This exacerbates what is an inherent disadvantage in membranes – 

copermeation of all feed components, to some extent, namely the product CH4. That is, 

under the high wellhead pressures (30-100 bar) and CO2 concentrations (~5-10 mol%) 

typically encountered in natural gas sweetening, gas separation membranes can 

outcompete conventional absorber-stripper units only if they are selective enough to 

reduce hydrocarbon product losses (e.g., CH4) to a few percent [14, 20, 34, 35]. CH4 

losses are particularly important when dealing with the increasingly larger flows 

encountered today (e.g., 1 bscfd, UGS), and a two-stage process configuration has been 

(b)  (a)  
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proposed by process engineers to compensate for the low selectivities of commercial 

materials (10-15) [20] (Fig. 1.17).  

 

 

 

Fig. 1.17 Typical two-stage membrane process industrially used to sweeten large flows of 

natural gas. The permeate of the first stage is compressed and fed to a second stage. A 

conventional CA membrane is used in (a) and a hypothetical high-performance 

Feed Gas 
1,000 MMscfd 

10% CO2 
1,000 psia 

Product Gas 
890 MMscfd 

2% CO2 
1,000 psia 

Permeate Gas 
110 MMscfd 
22.3 % CH4 

50 psia 

   379,000 m2 

   58,000 m2 

(a) Cellulose acetate membrane 
CO2 permeance: 50 GPU 
CO2/CH4 selectivity: 15 

Feed Gas 
1,000 MMscfd 

10% CO2 
1,000 psia 

Product Gas 
910 MMscfd 

2% CO2 
1,000 psia 

Permeate Gas 
90 MMscfd 
6.7 % CH4 

50 psia 

   233,000 m2 

   21,000 m2 

(b) High performance membrane 
CO2 permeance: 100 GPU 
CO2/CH4 selectivity: 40 



 66 

membrane is used in (b). A calculation of areas and power consumption by Baker is 

modified for large flows (1000 MMscfd) processed today [14]. 

 

Table 1.4 Savings over CA membrane by hypothetical high performance membranea 

  Intrinsic Properties  Savingsc 

Membrane 
 CO2  

Permeance 
(GPU)b 

CO2/CH4 
Selectivity 

 
Area Power CH4-Loss 

Hypothetical PI  
(vs CA) 

 100  
(50) 

40  
(15) 

 
42% 

$9 
million/yr 

$32 
million/yr 

a Previously reported calculation[14] adjusted for contemporary 1000 MMscfd flows[23].  
b 1 GPU = 10-6 cm3(STP) cm-2 s-1 cmHg-1 
c Calculated with current market prices for electricity and gas. 

 

Fig. 17 provides a comparison between the performance of a conventional cellulose 

acetate membrane and a more selective, more permeable membrane in a state-of-the-art 

two-stage process for membrane-based natural gas sweetening. Both the CH4 losses in 

the permeate of the second stage and the areas used are significantly reduced for the latter 

membrane. Briefly, higher membrane permeability directly reduces membrane area; 

higher membrane selectivity reduces both compressor power consumption and membrane 

area. A closer look at the costs involved (Table 1.4) indicates that the costs due to CH4-

loss greatly outweigh those associated with capital savings (area) and even power 

consumption given the large feed flows dealt with today (i.e., 1000 MMscfd) [14, 23]. 

The higher CO2/CH4 selectivity in the “high performance” membrane offers huge 

savings. This highlights the need for new membranes with high selectivity.  

 

1.3.4.3.Target performance zone 
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Indeed, it has been stated that membranes with selectivities of 40 under realistic mixed-

gas conditions will replace traditional cellulose acetate membranes that have been used 

for more than 30 years and permit membrane technology to replace most amine plants 

[32]. Fig. 1.18 offers a rough “target” zone for target membrane properties that could 

greatly improve the economics of membrane-based natural gas sweetening. The presence, 

but not absolute positions, of upper and lower limits to useful permeabilities and 

selectivities are suggested in light of the consideration of process parameters. That is, 

useful selectivities are limited by available pressure ratios – which can range from 30-100 

in natural gas sweetening, depending on the well. However, since the playing field is 

open, the goals can be kept modest for early strides. In addition, very high fluxes can 

result in feed-side concentration polarization that reduces apparent selectivity, and thus 

some qualitative limit is implied on permeability. 

 

 

Fig. 1.18 A target zone, qualitatively (not absolutely) indicating useful membrane 

permeabilities and selectivities for natural gas sweetening. Commercial material 
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performance is shown in yellow triangles based on low-pressure ideal pure-gas 

experiments. The “star” indicates selectivity reductions incurred by CA during binary 

mixture testing (50:50 CO2/CH4). 

 

1.4. Promising materials: Solution-processable PIMs 

Polymers of intrinsic microporosity (PIMs) represent a diverse class of materials 

possessing microporosity, which is defined by IUPAC to include “pores” less than 20 Å 

in diameter (Fig. 1.19). For the purposes of transport, it is important what the distribution 

of these pores is and whether or not they are interconnected. Microporous materials 

include, but are not limited to, aluminosilicates (zeolites), activated carbons, metal 

organic frameworks (MOFs), covalent organic frameworks (COFs) and soluble 

amorphous organic polymers. Together, they have sparked a widespread interest 

spanning various applications including gas adsorption and storage [36, 37], 

heterogeneous catalysis [38], pervaporation and membrane-based gas separation [39-43]. 

Zeolites, MOFs and COFs have a crystalline nature that allows for uniform pore size 

distributions but results in brittleness/inflexibility and complicates their processability, 

hindering their integration into the membrane gas separation industry. Thermal treatment 

of amorphous polymers is a traditional approach to making microporous materials. High-

temperature pyrolysis produces carbons comprising crystalline and amorphous domains, 

rendering them brittle and introducing challenges to scale-up. Milder thermal treatment 

(~400 oC) of ortho-hydroxyl-functionalized polyimides results in a thermal 

rearrangement into polybenzoxazoles, of which some have shown promising mechanical 
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and gas separation properties [44-46]. However, the relatively high-temperature treatment 

introduces an extra complexity into the manufacturing process.  

 

Fig. 1.19 Classes of promising microporous materials under intense investigation. 

 

Amorphous, solution-processable “pristine” polymers therefore continue to reign as the 

materials of choice for membrane-based gas separation. Interestingly, they too can be 

designed with intrinsic microporosity purely by virtue of chains that inefficiently pack in 

the solid state [47, 48]. They are particularly interesting because they have the potential 

to unite the solution-processability, mechanical flexibility and organic tunability of 

commercially relevant polymers with the microporosity of inorganic materials. Fig. 1.20 

gives a brief overview of some prototypical PIMs that have emerged over the years in 

various classes, including polyacetylenes (e.g., poly(trimethylsilyl propyne), PTMSP), 

ladder polymers (e.g., PIM-1) and polyimides (e.g., polyimide of intrinsic microporosity, 

IUPAC 
<2 nm 

Zeolites Activated Carbons 

COFs MOFs 

Amorphous organic polymers 
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PIM-PI-8). They are characterized by high glass transition temperatures (often not 

apparent below decomposition), high free volumes (up to ~25%) believed to be 

interconnected, high accessible surface areas (300-1000 m2 g-1), low densities and very 

high gas permeabilities relative to conventional materials, including those employed 

commercially like polysulfones, polycarbonates and CA, due to largely increased 

solubility and diffusion contributions to transport. An analysis of Fig. 1.20 reveals several 

basic lessons that can be drawn from the designs of these PIMs, including the 

incorporation of bulky side groups on a rigid backbone (PTMSP) and the integration of 

sites of contortion (PIM-1 and PIM-PI-8), all which disturb efficient chain packing. They 

will be addressed thoroughly in Chapter 2. In short, PIMs provide a promising, tunable 

platform for the design of materials with properties targeted in the above sections, namely 

higher permeabilities with similar or higher selectivities compared to conventional low-

free-volume, commercial polymers. 

 

Fig. 1.20 Brief overview of PIM-type structures developed over time. 
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1.5. Dissertation structure and goals 

This dissertation is organized into nine chapters which detail the key observations 

considered in postulation of strategies for the rational design of PIM-PIs and ladder PIMs 

exhibiting significantly enhanced performance in notable applications of membrane-

based gas separation. In general, all results will be discussed in light of structure/property 

relationships. 

 

Chapter 2 will identify and address the fundamental and theoretical frameworks 

necessary to understand all experiments performed and conclusions deduced. A specific 

literature review is offered to provide relevant context for discussions of the experimental 

results. 

 

Chapter 3 will introduce the rationale for the design of novel PIM-polyimide (PIM-PI) 

and ladder-PIM structures subsequently discussed. A 9,10-diisopropyl-triptycene moiety 

is presented as a structural motif in both polymeric contexts. Moreover, a detailed 

treatment is provided of the experimental techniques, apparatus, measurement principles 

and standard operating procedures used and developed in the investigations of 

relationships between the chemical structures, physical microstructures and gas transport 

properties of the polymers. 

 

In Chapter 4, outstanding performance among 10 custom PIM-PIs (KAUST-PIs) in air 

(i.e., O2/N2) and hydrogen (i.e., H2/N2, H2/CH4) separations is discussed with particular 

attention on the effects of different structural features including the diamine, dianhydride 
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and 9,10-bridgehead substituent on triptycene. Key design principles for tuning PIM-PIs 

for air and hydrogen separations are established through an extensive analysis of data for 

relevant polymers in the literature. 

 

Chapter 5 examines the high-pressure pure- and mixed-gas CO2/CH4 separation 

performance of two representative PIM-PIs from Chapter 4, one of which showed the 

best performance under ideal pure-gas conditions. This was the first investigation of the 

mixed-gas performance of PIM-PIs reported in the literature. Surprising results, contrary 

to general expectations, were found. The popular, but general, notion of “rigidity” is 

challenged and classified into “inter-” and “intra-chain” rigidity. Analysis of the results 

indicates fundamentally different design principles (i.e., as compared to those for air and 

hydrogen separations in Chapter 4) are required for tuning PIM-PIs for CO2/CH4 

separations. 

 

In Chapter 6, the PIM-PIs of Chapters 4 and 5 are tuned in accordance with the design 

principles of Chapter 5 for promising CO2/CH4 separation performance in high-pressure, 

aggressive mixed-gas environments. A paradigm shift in PIM-design is emphasized 

entailing a strong departure from the conventional PIM-design principles akin to those in 

Chapter 4. 

 

Chapter 7 demonstrates how the design principles established in Chapters 5 and 6 can 

also be applied to PIMs comprising ladder backbones to improve CO2/CH4 mixed-gas 
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separation performance. This is the first systematic study on pure- and mixed-gas 

CO2/CH4 performance of ladder PIMs. 

 

As a follow up to Chapter 7, Chapter 8 treats the air, hydrogen and pure- and mixed-gas 

CO2/CH4 separation performance of a ladder PIM integrating the 9,10-diisopropyl-

triptycene structural motif (TPIM) of Chapters 4, 5 and 6 for significantly enhanced 

intra-chain rigidity over the ladder PIMs of Chapter 7. 

 

Ultimately, Chapter 9 addresses in a unifying manner the principles postulated in the 

dissertation for the rational design of PIM-PIs and ladder PIMs exhibiting enhanced 

performance in cornerstone applications of membrane-based gas separation. Specific 

recommendations are given for (i) further rigorous and necessary material evaluation 

protocols and (ii) new material development capitalizing on the conclusions of previous 

chapters.  
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Chapter 2. Theory and Background 

This chapter details the theoretical grounds for fundamental concepts pertinent to gas 

transport across amorphous polymer membranes and the study of polymer 

microstructures using gas sorption techniques. Strategies for studying and developing 

structure/property relationships are suggested. 

 

2.1. Amorphous glassy polymers 

2.1.1. Non-equilibrium excess free volume 

Upon cooling a typical polymer from the melt, a transition occurs between a liquid-like 

rubbery state and a more “rigid” glassy state at the glass transition temperature (Tg). This 

transition appears as a discontinuity in the slope of specific volume against temperature, 

as indicated in Fig. 2.1. Below a polymer’s Tg, the available thermal energy is insufficient 

for large-scale motions comprising backbone atoms (e.g., torsions). As a result, the chain 

packing is disrupted and an “excess free volume” is trapped in the solid state [1]. It is 

often quantified as a fractional free volume (FFV) defined by 

FFV ! v " vo
v

            (1) 

where v is the measured experimental specific volume (cm3/g) and vo is the volume 

theoretically occupied by the polymer chains, often estimated using group contribution 

theory [2]. 
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Fig. 2.1 Dependence of specific polymer volume on temperature before and after the 

glass-rubber transition.  

 

2.1.2. Solution-processable amorphous PIMs 

The solution-processable, amorphous PIMs (referred to hereafter as PIMs) relevant to this 

work are interesting in that they have high glass transition temperatures often not 

observable below the decomposition temperatures. They are sometimes categorized as 

“super-glassy” materials containing significantly larger excess free volumes than 

conventional low-free-volume polymers, as indicated in Table 2.1. This is attributed to 

the design of torsion-resistant backbones equipped with bulky pendants (e.g., 

trimethylsilyl groups in PTMSP) and/or sites of contortion (e.g., spirobisindane moiety in 

PIM-1 and PIM-PI-8) that intentionally create free volume by disrupting chain packing. 

 

Table 2.1 Glass transition temperatures for conventional low-free-volume and high-free-

volume PIMs. 
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Polymer 
Tg  

(oC) 

FFV  

(cm3/cm3 polymer) 

Polycarbonate 150 0.16 

Polysulfone 186 0.16 

PTMSP >250 0.25-0.30 

PIM-1 >400 ~0.25 

PIM-PI-8 >400 0.23 

 

2.1.3. Physical aging 

2.1.3.1. Mechanism 

The excess free volume in glassy polymers is “non-equilibrium” in nature and can slowly 

relax over time even at temperatures far below Tg. That is, Tg refers to long-range and 

large-scale backbone torsions necessary to transition from a rubbery state to a glassy state 

[3]. At temperatures well below the Tg of the polymer, small-scale segmental motions 

involving far fewer bonded atoms than involved in a glass transition still occur, albeit 

slowly. These motions are believed to be more indicative of local chain dynamics 

pertinent to gas diffusion and transport through a polymer [4, 5]. Indeed, typical 

commercial materials have glass transition temperatures well above their operating 

temperatures and between 100-300 oC [6]. 

 

The relaxation of the excess free volume is referred to as physical aging, in which the 

mechanism is primarily a volumetric densification of the matrix attributed to small scale 

molecular motions below Tg [7]. It is commonly described by the rate of change in 

specific volume, v, of the polymer with time, which is taken to scale with the “distance” 

from the equilibrium specific volume (v ! v" ) (Fig. 2.1) [8]: 
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dv
dt

= ! (v ! v" )
!

         (2) 

The parameter τ is a characteristic timescale for relaxation of the specific volume in the 

polymer. Usually, with increasing polymer free volume, more aging occurs [8]. 

Additionally, its kinetics and the extent to which it occurs can strongly depend on the 

thickness of the membrane (both increasing for thin films i.e., <0.5 µm) and have 

significant consequences for apparent flux during a membrane’s operational lifetime [9, 

10].  

 

2.1.3.2. A finite process 

Although physical aging can result in larger permeability losses with decreasing film 

thickness, it is a finite process that amounts in a new chain packing, as indicated in Fig. 

2.2. 

 

 

Fig. 2.2 Dependence of physical aging on thickness of polymer film.  
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2.2. Gas transport in glassy polymers 

2.2.1. Permeability and permselectivity (selectivity) 

A schematic summarizing gas transport across a polymer membrane is shown in Fig. 2.3, 

taking into account the early postulations by Graham for solution-diffusion transport. 

 

Fig. 2.3 Schematic illustrating solution-diffusion gas transport across a polymer 

membrane. 

 

The permeability coefficient of a pure-gas A (PA) across a membrane of thickness l is 

defined [4] as 

PA !
NA

p2,A " p1,A( ) / l =
NA

#pA / l
        (3) 

where NA is the steady-state flux and the driving force is a partial-pressure gradient 

established by a difference in partial pressures p2 (upstream) and p1 (downstream). Adolf 

Fick’s first law phenomenologically describes one-dimensional diffusion-based flux (i.e., 

along x direction) in a gradient-driven process which, combined with convection, gives 

the following equation for the total flux, NA: 

NA =
!DA

1!wA( )
dCA

dx
         (4) 

x 

DESORPTION 

p2 p1 p2>p1 

c2 

c1 

SORPTION DIFFUSION 

l 
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where DA is the diffusion coefficient A through the polymer and wA is the mass fraction 

of A in the polymer. As previously shown [4], this may be combined with the definition 

of permeability in equation 3 to yield 

PA =
!DA

1!wA( )
l
"p

dCA

dx
         (5) 

Integrating across the membrane thickness from x=0 (CA=C2) to x=l (CA=C1) gives 

PA = ! 1
"pA

DA

1!wA
C1

C2

# dCA         (6) 

If a concentration-averaged diffusivity is defined as  

DA ! " 1
C2 "C1

DA

1"wA
C1

C2

# dCA         (7) 

and p2,A>>p1,A then the permeability coefficient may be simply written as  

PA = DA
C2 !C1
"pA

= DA # SA         (8) 

where SA=CA/pA. The units of PA are expressed in Barrer, where 1 Barrer = 10-10 

cm3(STP) cm / (cm2 s cmHg); DA [=] cm2/s; and SA [=] cm3(STP)/(cm3-polymer cmHg). 

Equation 8 indicates that the permeability coefficient is the product of a kinetic term – 

diffusivity (DA) coefficient – and a thermodynamic term – solubility (SA) coefficient – 

that define transport through a membrane. It follows that the selectivity of a membrane 

for gas A over gas B, α(A/B), is defined as the ratio of the permeability of A to that of B,  

! (A B) = PA
PB

= DA

DB

!
"#

$
%&
SA
SB

!
"#

$
%&
=!D (A / B)'! S (A / B)      (9) 

such that it can be expressed as a product of diffusivity selectivity (αD(A/B)=DA/DB) and 

solubility selectivity (αS(A/B)=SA/SB).  Moreover, in the case of a mixed-gas feed, if the 
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downstream pressure is negligible relative to the upstream pressure, equation 9 can be 

written as 

! (A B) =
yA
yB

xA
xB

         (10) 

where yi is the mole fraction of component i in the permeate and xi is the mole fraction of 

i in the feed. 

 

2.2.1.1. Time-lag in membrane permeation 

Gas permeation through an initially clean (well-purged) membrane (i.e., under vacuum) 

exhibits time-dependent, transient behavior upon exposure to a gas on the feed side. 

During this time, the concentration profile is developed across the membrane as the gas is 

transported and steady-state transport is only achieved after the concentration profile 

matures. This time delay is often referred to as a “time-lag” and its mathematical 

treatment has been shown to offer meaningful information about transport in various 

porous media and membranes involving simultaneous adsorption and diffusion processes 

(e.g., solution-diffusion transport through membranes) [11]. Since it involves transient 

behavior, Fick’s second law can be written for unidirectional transport (i.e., across a 

membrane slab) as 

!C
!t

= D !2C
!x2           (11)

 

where C is the concentration of the species, t is time, D is the diffusion coefficient for the 

species through the membrane and x is the position. Fickian diffusion is assumed, such 

that the diffusion coefficient is taken to be constant. The following boundary conditions 
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are specified for C(x,t) in an initially purged membrane of thickness l in which the 

downstream pressure is negligible relative to the upstream pressure, 

C(x, 0) = 0           (12a) 

C(0, t) = Co           (12b) 

C(l, t) = Cl ! 0          (12c) 

Solving for C and substituting back into Fick’s second law, the flux at the downstream 

side of the membrane can be written as a function of time [11], 

J(l, t) = DCo

l
+ 2DCo

l
! cos(n! )exp "n2! 2Dt

l2
#
$%

&
'(n=1

)

*         (13) 

This flux at the lower surface of the membrane represents an amount permeating per unit 

area, or J=Q/A. It can be integrated with respect to time to give the total amount, Q(l,t), 

permeating that will have permeated out at some time t. This can be represented as a 

pressure rise in a reservoir of volume V (given that the pressure p=CRT) via 

P(l, t) = ADpo
Vl

t ! l2

6D
+ 2l2

! 2D
" (!1)n+1

n2
exp !n2! 2Dt

l2
#
$%

&
'(n=1

)

*+

,
-

.

/
0     (14) 

The limit of this equation at long times gives a downstream pressure of 

limP(l, t!") = ADpo
VL

! # l2

6D
$
%&

'
()

       (15) 

where θ is the time-lag. A plot of downstream pressure versus time will approach a linear 

asymptote that will intercept the time-axis at the time-lag (time elapsed since beginning 

the experiment) 

! = l2

6D
        (16) 
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This provides a simple relationship for the diffusion coefficient derived from the steady-

state slope of a downstream pressure rise during a permeation experiment. The solubility 

coefficient may then be deduced from solution-diffusion theory; S=P/D. 

 

2.3. Factors controlling transport properties in glassy polymers 

2.3.1. Penetrant size and shape 

Particularly in glassy polymers where the chain motion is more restricted than in rubbers, 

the diffusion coefficient is strongly dependent on penetrant size and shape [1, 4]. 

However, there is no single parameter that can simultaneously represent both of these 

critical features and no universal correlations are known. Often times, the logarithm of 

the diffusion coefficient is scaled with the square of a characteristic dimension, such as 

the kinetic diameter (kD) determined by Breck (i.e., the smallest diameter zeolite window 

that admits a molecule into a zeolite cavity) although it breaks down for larger penetrants 

(i.e., equal diameters of 4.3 Å are reported for propane and butane). Generally, Fig. 2.4 

shows that smaller gases can have orders-of-magnitude higher diffusion coefficients than 

larger gases in glassy polymers. Molecular shape is also critical: Molecules with oblong 

or linear shapes have higher diffusivities than spherical molecules of equivalent 

molecular volume [12]. For example, CO2 and CH4 have molecular volumes of 17.5 and 

17.2 cm3/mole, respectively, but the kinetic diameter of rod-like CO2 is 3.3 Å, smaller 

than that of symmetrical and bulky CH4  at 3.8 Å. 
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Fig. 2.4 Dependence of gas diffusivity coefficient on molecular size for low-free-volume 

(polycarbonate, PC) and high-free-volume (PIM-1) glassy polymers and a rubbery 

polymer (polydimethylsiloxane, PDMS). 

 

Accordingly, there is a parallel dependence on the polymer microstructure. For example, 

diffusion coefficients are much higher and less dependent on penetrant size in rubbery 

polymers (e.g., polydimethylsiloxane, PDMS) than glassy polymers. For example, D(O2) 

is 10-fold higher than D(CH4) in PIM-1 compared to 1.5-fold in PDMS. Moreover, 

diffusion coefficients are a stronger function of size in conventional low-free-volume 

polymers (e.g., polycarbonate, PC) than in PIM-like glassy materials (Fig. 2.4). Briefly, 

as the pore-structure tightens and shifts towards smaller pore sizes, the diffusivities of 

larger gases are affected more than those of smaller gases (Fig. 2.4). Their admittance 

into and transport through the microstructure is hindered. A direct and favorable result is 

the increase in diffusivity selectivities as can be extracted from the slope of the curves 

between two gases. 
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2.3.2. Gas condensability 

Larger gases, however, tend to be more condensable and gas solubility coefficients are 

often described by a linear relationship with a measure of condensability, such as critical 

temperature, Tc, or normal boiling point, Tb [13]. Fig. 2.5 illustrates this dependence of 

solubility coefficient on Tc for glassy and rubbery polymers. The higher solubility of CO2 

than CH4 is consistent with its higher critical temperature (31 oC vs -82.1 oC). 

 

 

Fig. 2.5 Dependence of solubility coefficient on gas condensability (i.e., critical 

temperature, Tc). 

 

Fig. 2.5 demonstrates that differences in the absolute magnitude of the solubility 

coefficient may depend on the polymer. It appears that the solubility coefficient is most 

affected by available sorption sites provided by free volume, but to a lesser extent than 

diffusivity [1, 14]. It can depend on gas-polymer interactions, as indicated by the 
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dependence of sorbed CO2 concentration on functional groups, such as carbonyl and 

sulfonyl groups, in some polymers [15]. 

 

However, the free volume and functional group density appear to have minor effects on 

the solubility selectivity as shown for a series of polyimides and PPO derivatives (often 

ranging ~3-4) [14, 16]. That is, the slopes of the curves are constant for a given class of 

polymeric materials (i.e., hydrocarbon polymers) and similar liquids.  

 

2.3.3. Amount and distribution in free volume 

2.3.3.1.“Pores” in amorphous polymers 

Perhaps the most relevant parameter affecting transport through a polymer film, as will 

be detailed in subsequent sections, is its physical microstructure (i.e., chain packing) [1, 

4, 14, 17, 18]. The different transport mechanisms that can dominate are summarized in 

below from the point of view of a qualitative “pore” size [1, 6]. It is first noted that a 

“pore” in an amorphous polymer is defined as a region of free volume that either may 

fluctuate in position or volume on the timescale of penetrant motion (i.e., depends on 

activated thermal agitation of the chains), or may not [19]. That is, the relative 

“permanence” of a pore on the timescale of gas transport determines whether a 

membrane is (macro, micro or meso) porous or if it is dense (nonporous). 

 

2.3.3.2.Pore size and transport mechanisms 

If the pore size is larger than the mean free path of a gas molecule (i.e., the distance 

traveled by gas molecules between successive collisions), then convective flow occurs 
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without any separation. As the pore size approaches the mean free path, then collisions 

with the wall result in Knudsen diffusion and the selectivity for gas A over B is 

proportional to the inverse square root of the molecular weights of the gases. As the size 

of the pore further decreases into the ultra-microporous region (< 7 Å), it approaches the 

molecular dimensions of gas molecules and vapors. More complex mechanisms can 

occur, depending on whether the penetrant involved is highly condensable or not, as 

shown in Fig. 2.6. Of them, molecular sieving is the most pertinent to this work. Indeed, 

it is because PIMs have the potential to provide this region of porosity that they are being 

intensely researched for simultaneously boosting permeability and selectivity. 

 

 

Fig. 2.6 Dependence of transport mechanism on “pore” size. 
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For example PTMSP, the earliest solution-processable amorphous PIM reported, has 

highly unusual gas transport properties relative to conventional low-free-volume glassy 

polymers that are consistent with its much higher free volume (Table 1) [20, 21]: (i) 

Nearly 104 times the permeabilities; (ii) ten times the sorption capacities, with a BET N2-

probed surface area ~ 1,000 m2/g; and (iii) 103-106 times the diffusion coefficients. The 

distribution of this free volume is indicated by its selectivities: Though such remarkable 

numbers appear to indicate pore flow, an O2/N2 selectivity of 1.4 is higher than what is 

expected for Knudsen diffusion (i.e., 0.94). Moreover, it has peculiar mixed-gas transport 

properties that resemble those first described by Ash and Barrer first for finely 

microporous carbon membranes [22, 23]. For example, in the presence of 1% Freon-11 

(CFCl3, a big condensable vapor), nitrogen permeability is reduced twentyfold [6]. This 

is consistent with capillary condensation of the CFCl3 that blocks the pores to nitrogen 

transport. By a purportedly similar mechanism, it shows the highest butane/methane 

“reverse” selectivity reported to date for polymers as tested in 2%-nC4H10/CH4 mixtures 

[20]. PIM-1, with similar free volume, also shows qualitatively similar trends. Therefore, 

it has been concluded that there is some contribution of transport from non-transient, 

relatively permanent pores (owing to the poor packing ability of rigid and contorted 

chains) to the permeation of gases across PIMs – namely, ultra-micropores [24]. 

 

2.3.3.3.Distribution in porosity 

Therefore, several different mechanisms (i.e., molecular sieving, transient diffusional 

jumps) may be contributing simultaneously to gas transport through PIM-based 

membranes. Unlike their crystalline counterparts, amorphous polymers like PIMs have 
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complicated distributions in porosity indicated by the broad peak often observed in 

WAXD spectra. Therefore, the concept of interconnected porosity is envisioned and 

illustrated below in Fig. 2.7. It is referred to throughout the rest of this chapter and 

dissertation. Currently, it is accepted that microporosity in PIMs comprises pores present 

on a timescale greater than that of penetrant motion that are interconnected. 

 

 

Fig. 2.7 Presumed microporous structure in non-porous membranes, membranes with 

isolated porosity, and membranes with interconnected porosity (i.e., PIMs). 

 

2.3.4. Better membranes: Structure/property relationships 

Despite an intensive development in novel amorphous microporous materials (i.e., 

substituted polyacetylenes, ladder PIMs, PIM-PIs), the understanding of their 

microporosities (i.e., the structure of their free volumes, the PSD) which is indispensable 

to rationalizing their transport properties and developing better materials is far less 

developed. Some overview is provided in this section. 

 

2.3.4.1.Early design “criteria” 
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There is no equation between structure and property that provides a clear formula for 

designing a membrane defying the traditional trade-offs between permeability and 

selectivity. An extensive review of more than 50 different specific studies regarding 

various parameters (e.g., free volume, Tg) is provided elsewhere [1, 14]. Here, notable 

criteria that have been declared are described briefly. The reader is cautioned, however, 

that they are predominantly based on pure-gas permeation experiments, which may be 

applicable for mixtures involving noncondensable gases like CO2 or higher hydrocarbons 

C3+. The first set was published in a patent in 1974 by Hoehn of DuPont regarding the 

generation of more useful gas separation membranes from polyimides, polyamides and 

polyesters [25]. Namely, he specified that (i) the repeat unit should have at least one rigid 

bivalent subunit bound to the main chain with non-collinear bonds, (ii) the polymer chain 

should be sterically hindered from rotating 360o about at least one of those bonds, and 

(iii) 50% or more of its main chain atoms in the repeat unit should be members of 

aromatic rings. These criteria focus on intra-chain rigidity. 

 

Almost 20 years later in 1988, Koros’ group introduced more comprehensive criteria 

based on data for aromatic polyimides [26]. They concluded that any change to the 

polymer repeat unit structure should balance gains/losses in intra-chain mobility and 

inter-chain spacing. Several examples emphasized that polyimides with much better 

performance can be obtained if both intra-chain mobility and inter-chain packing were 

inhibited. Indeed, most literature on the effects of the structures of the diamines and 

dianhydrides that are reacted to form a polyimide are best rationalized by their influences 

on chain mobility and chain packing [4]. 
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Some simple examples of the rules Koros has delineated [26] are provided for the O2/N2 

separation with tetrasubstituted polycarbonates as discussed by Koros and Fleming [17] 

in Table 2. The carbonate linkages are particularly flexible. 

 

Table 2.2 Relationships between structure and O2/N2 transport properties in 

polycarbonates.  

Notation Structure P(O2) 

(Barrer) 
α(O2/N2) 

PC 
 

1.6 4.8 

6F-PC 
 

6.9 4.1 

TM-6F-PC 

 

32 4.1 

TM-PC 

 

5.6 5.1 

 

Substituting bulky -C(CF3)2- groups into the isopropylidene position of the polycarbonate 

(6F-PC) inhibits chain packing but does not reduce the mobility around the carbonate 

linkages. Accordingly, permeability increases fivefold and selectivity decreases from 5 to 

4 in a typical trade-off fashion. Tetramethyl substitution of the new 6F-PC results in both 
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inhibited mobility around the carbonate linkage and inhibited chain packing (TM-6F-

PC). Threefold increases in O2 permeability occur over the 6F-PC without any loss in 

O2/N2 selectivity occur, as the rules suggest. A subtle balance is struck between intra-

chain mobility and inter-chain spacing when the bulky CF3 groups are replaced with the 

original CH3 groups, producing a threefold increase in O2 permeability and a slight 

increase in selectivity over PC.  

 

2.3.4.2.The property 

Though the strategies towards more permeable and selective polymers were qualitatively 

mature, researchers primarily used measurable parameters like Tg, FFV and d-spacing to 

establish structure/property relationships between chain-packing/chain-mobility and 

transport properties like P, D and S [1, 4, 14]. The Tg was often taken as a measure of 

polymer “rigidity” which was thought to be crucial to disturbing packing and improving 

selectivity. However, it became apparent that the large-scale motions associated with a 

glass-rubber transition were not necessarily those that controlled diffusion in the glassy 

state, including short-range backbone torsions and pendant group motion. FFV was 

calculated indirectly using group contribution theory, as discussed above, and is only a 

rough representation of the amount of free volume. Similarly, d-spacing, which is an 

average inter-chain spacing approximated from the peak of a broad halo in the WAXD 

(wide angle x-ray diffraction) spectrum of an amorphous polymer, is a rough indication 

of the amount of free volume. Neither of the two consider the distribution in free volume 

which, as shown in Fig. 2.6 and 2.7, is critical to a comprehensive understanding of 

observed transport properties. 
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2.3.4.3.Simultaneously boosting permeability and selectivity 

In summary, the majority of the work targeting novel organic polymeric materials with 

higher permeabilities and selectivities has been focused on systematically varying the 

chemical structure to induce increases in diffusivity (penetrant mobility) and diffusivity 

selectivity (sieving) [4, 27]. Freeman and Robeson have established a theoretical 

foundation for the initially empirical upper bound relationship based on activation energy 

theory that demonstrates an overwhelming contribution of diffusivity relative to solubility 

in the slope of the upper bound [18, 28]. PIMs, given their high free volumes and rigid 

backbones, have thus gained immense interest as a platform for boosting diffusivity while 

maintaining or boosting diffusivity selectivity. 

 

2.4. Sorption in glassy polymers: Investigation of the microstructure 

Gas sorption provides a means of qualitatively investigating changes to the physical 

microstructures (chain packing, chain mobility) of amorphous polymers as well as 

energetics of potential interactions with gases like CO2. This section briefly reviews 

relevant theory and its applications to polymer membranes. 

 

2.4.1. Dual mode sorption 

2.4.1.1.Theory 

Gas sorption isotherms in glassy polymers are often collected at 35 oC, far below the 

critical points of most gases tested (i.e., He, H2, N2, O2, CH4, CO2). They appear concave 

to the pressure axis and exhibit a fast initial rise at low pressures followed by a slower, 
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steady rise in sorption capacity at higher pressures. Barrer first reported that this sorption 

behavior typical of a glassy polymer like ethyl cellulose was much different than in a 

rubber. That is, a rubber (testing temperature > Tg) exhibits only a linear increase with 

pressure resembling Henry’s law of dissolution, similar to the dissolution process of a gas 

in a liquid. He postulated the presence of “holes” (i.e., pores of a relative permanency on 

the time-scale of penetrant motion) in the glassy ethyl cellulose and the concept that two 

concurrent mechanisms were occurring during glassy polymer sorption, namely 

microvoid filling and ordinary dissolution [29-31]. The dual mode sorption model was 

thus put forth to quantitatively describe the sorption of gases in glassy polymers as an 

additive process [30]: 

c = cD + cH = kDp +
c 'H bp
1+ bp

        (17) 

 where c is the total gas concentration, cD is the concentration due to ordinary dissolution 

as described by Henry’s law and cH’ is the concentration due to a nonlinear Langmuir 

expression. kD is Henry’s constant, cH’ represents the hole-filling constant, and b 

represents a gas-polymer affinity parameter. At low pressures, the hole-filling appears to 

be the dominant mechanism while at higher pressures, ordinary dissolution dominates. 

The additive nature of these two sorption mechanisms in the final total sorption isotherm 

is shown in Fig. 2.8 for a typical glassy polymer.  
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Fig. 2.8 Dual mode sorption in glassy polymers. 

 

Moreover, CH’ is often correlated with the amount of non-equilibrium free volume in a 

polymer (i.e., holes) and kD with the capacity of the densely packing equilibrium-state 

[32]. Therefore, the dual mode model can offer a basic idea of changes induced in the 

polymer chain packing in terms of the relative contributions of “free volume” holes and 

“denser” regions.  

 

2.4.1.2.Implications for permeation 

It has been shown that an expression for the pressure dependence of the permeability 

coefficient of a pure gas through a polymer can be deduced from the dual mode model, 

with the assumption that the diffusion coefficient of a gas depends on whether it is in a 

Langmuir-type microvoid or a the dense region of the polymer but not a function of 

pressure [13]: 

P = kDDD +
CH
' bDH

1+ bp
         (18) 
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This predicts that at large pressures, the permeability isotherm versus pressure should 

approach an asymptote equal to the value of the first term on the right side [4]. That is, 

the permeability isotherm should decrease with pressure primarily due to saturation of the 

Langmuir-type microvoids at lower pressures. This will parallel a drop in solubility 

coefficient of the gas with pressure. However, the assumption of diffusion being constant 

with concentration does not always hold, particularly in the important phenomenon of 

plasticization discussed later, limiting the predictive capacity of the model. 

 

2.4.2. Low-pressure physisorption 

Low-pressure (i.e., N2, 77 K, 10-7 < p/po < 1.0, po=1 bar; CO2, 273 K, 10-7 < p/po < 0.03, 

po=33 bar) sorption is a very new and promising concept in the amorphous polymer 

membrane literature. Several publications exist on its potential to indicate microporosity 

based on sorption isotherms. However, only one publication exists on its potential use in 

relating the structure of free volume to permeation properties.  

 

2.4.2.1.Key theories and experimental observations 

The early success of the dual mode model for describing sorption in glassy polymers led 

researchers to believe that the porous texture of polymers had isolated pores (holes) in a 

dense matrix [33]. This was corroborated by the earliest reports of nitrogen sorption at 77 

K, showing very low BET (N2) calculated surface areas of 0.3-0.6 m2/g for linear 

polyolefins [34]. This further supported the presence of a relatively dense nonporous 

matrix and discouraged researchers from using sorption techniques classically developed 

for porous solids.  
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Starting in 1994, Illinitch et al. reported the first systematic studies on the use of N2 (77 

K, saturation pressure po=1 bar) sorption in the investigation of the structure of the free 

volume of polyphenylene oxides [33, 35]. He observed isotherms that could not be 

classified by IUPAC classifications because of peculiar hysteresis effects that extended 

well into the low-pressure region. Ilinitch identified two potential reasons. The first was 

that this shape was similar to that associated with adsorption in activated carbons having 

a “throat and cavity” type microporosity, in which one cavity can have multiple throats 

[36, 37]. He argued that the hysteresis is due to the fact that the pressure for desorption is 

based on the size of the widest throat connecting the cavity to the external surface. The 

more the throats, the broader the hysteresis. The second reason posed for the hysteresis 

was that the soft and elastic nature of the polymer could undergo swelling during the 

experiment caused by the gas (intercalation), which is also a speculated theory [38, 39]. 

This is consistent with the framework of the dual mode sorption model, which postulates 

that after micropores fill the dense region takes up gas via Henry sorption (i.e., swelling).  

 

Recently, Jeromenok and Weber reported negligible macroscopic dilation/swelling for 

PIM-1 films (show considerable hysteresis) exposed to liquid argon and concluded that 

that swelling-induced formation of new pores was not the only mechanism contributing 

to hysteresis (at least 10% was expected based on desorption curve) [40]. Instead they 

attributed it to restricted-access to pores due to solvation pressures induced by sorbed 

gases in narrow cavities (e.g., connecting a big and small cavity). At low gas pressures, 

solvation pressure in pores is negative and contracts them, restricting access to pores they 
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connect to that are already there. As the gas pressure increases, the solvation pressure 

becomes positive and expands the pores, allowing the gas to access and fill those 

previously unaccessible pores. Therefore, during desorption, gas emerges at low relative 

pressures. 

 

 

Fig. 2.9 N2 adsorption/desorption isotherms at 77 K in polyethylene (PE), polyphenylene 

oxide (PPO), PIM-1 and PTMSP. The BET (N2) surface areas are shown on the right. 

 

In summary, there are several points that appear to be agreed upon by various researchers 

regarding gas physisorption in polymers: (i) Sharp initial rise indicates interconnected 

microporosity; (ii) low-pressure hysteresis is likely due to the presence of interconnected 

microporosity; (iii) a complicated throat-and-cavity structure is speculated. The 

adsorption/desorption isotherms for relatively low-free-volume polymers including 

polyethylene (PE) and PPO are shown relative to high-free-volume PIM-1 and PTMSP in 
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Fig. 2.9. The distinct sharp rises at low pressures for PIM-1 and PTMSP are indicative of 

their high intrinsic microporosities owing to inefficient chain packing. 

 

2.4.2.2.Probe molecule for soft polymers 

It has been recognized in literature on the sorption of gases in microporous carbons and, 

recently, amorphous polymers that there are numerous advantages to using CO2 and N2 as 

complementary probes in investigating pore structure. CO2 is smaller (kD=3.3 Å vs 3.64 

Å), more condensable and can thus measurably access narrower porosity at higher 

temperatures closer to actual permeation testing conditions (i.e.,  35 oC). This offers a 

more comparable physical state of the soft polymer matrix. Additionally, hysteresis tends 

to be minimal and the isotherm can be usually collected relatively quickly compared to 

N2. Disadvantages of using CO2 include the higher pressures required at the favorable 

higher temperatures to achieve saturation (i.e., at 273 K, 33 bar), which are often limited 

by the apparatus. On the other hand, relative pressures from 0 to 1 can be scanned with 

N2 with the convenient use of liquid N2. This offers a study of a larger range in pore size 

as well. 

 

Weber et al. demonstrated consistency between analyses performed with N2 and CO2 

probes and 129Xe-NMR spectroscopy on two PIM-PIs based on spirobifluorene units [41, 

42]. The advantages of CO2 in faster analysis relative to N2 (5 hours vs 60 hours) as well 

as minimal hysteresis were identified. His group also identified the vast differences in 

sorption properties which could occur with temperature when a soft material was 

investigated, demonstrating that some PIM-PIs revealed negligible N2 sorption at 77 K 
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but larger N2 sorption at elevated temperatures due to contraction of the soft polymer 

structure at 77 K [43]. 

 

2.4.2.3.Nonlocal density functional theory 

In the 1980s, considerable progress was made in the theoretical understanding of the 

behavior of fluids confined between walls, as in capillaries or slits [44]. Density 

functional theory (DFT) was particularly of interest because it employed statistical 

mechanics to rigorously treat gas-gas (gas-liquid) and gas-solid interactions on a 

molecular level within the confines of a micropore or mespore having a particular 

geometry and at a given temperature and pressure [45]. This was a major advance over 

classical treatments of sorption phenomena, such as the Horvath-Kawazoe (HK) method, 

which are based on a direct mathematical relationship between pore-size and relative 

pressure (p/po) derived from a modified Young-Laplace equation, only for slit-pore 

geometries [45]. Particularly for DFT, a key advance was using a non-local density 

approximation that accounted for oscillations in the fluid density profile near the walls 

[46]. This was more realistic than the common local density approximation that did not 

take into account short-ranged correlations or “packing” considerations in the liquid state. 

The non-local density approximation gave density functional theory (DFT) a major 

advantage over classical models based on the Kelvin equation, including Horvath-

Kawazoe (HK), which (i) assume pores of a given width will fill at a given pressure, (ii) 

assume density of the adsorbed phase is constant, regardless of the size of pores that are 

being filled, (iii) do not distinguish between different pore morphologies or account for 

effects of microporosity, (iv) do not account for the fact that there are preferential sites 
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for a molecule to be located in a micropore based on energy minimization, and (v) do not 

treat the concept of micropore filling beginning with a monolayer followed by successive 

layer formation [44].  

 

The first applications of DFT for pore-size distribution analysis were by Seaton et al. 

using N2 adsorption on porous carbons, but they had to assume the shape of the pore-size 

distribution, which was inconvenient [47]. Eventually, works by Olivier et al. and 

Lastoskie et al. demonstrated how the non-local density functional theory (NLDFT) 

based on the non-local density approximation could be used to generate theoretical pore 

isotherms for individual pores and then fit a select set of these independent pores to 

match the experimental isotherm [48-50]. A pore-size distribution could thus be 

extracted. Follow-up experiments by Olivier and Conklin [51] demonstrated the power of 

NLDFT and its computational efficiency. It has since grown rapidly to accommodate 

various adsorbates (N2 at 77 K, Ar at 77 K and 87 K, CO2 at 273 K) and pore geometries. 

 

The application of NLDFT approaches to amorphous polymer samples is a relatively new 

concept (< 10 years) that should be handled cautiously, given that the models were 

originally developed for carbonaceous materials. Some of its weaknesses in studying 

amorphous polymer samples include (i) the fact that the pore geometry has to be chosen, 

although it is both unknown and much more complicated (i.e., hypothesized multi-throat-

cavity) than the highly idealized geometries available and (ii) the dependence on a set of 

intermolecular interaction parameters that were validated for carbon adsorbents [44]. It 

also has a well-known flaw involving steps that appear in its fits to experimental N2 and 
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Ar sorption isotherms near 10-4 p/po and 10-3 p/po, respectively, due to layering transitions 

related to formation of a monolayer, 2nd layer, etc. The result is an artificial gap in the 

pore-size distribution at the corresponding pore size [44, 52]. The reason for this, being 

that it assumes smooth and homogenous surfaces free of realistic heterogeneity and 

roughness, has been accounted for in more advanced QSDFT (quenched-state DFT)  

models which are not available in Micromeritics software used in this work. Finally, the 

manner in which it fits sorption behavior from independent pore sizes to the experimental 

isotherm does not account for the effects of interconnected microporosity proposed for 

PIMs. 
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Fig. 2.10 Comparison of pore-size distributions derived by a) HK and b) NLDFT 

analyses of N2 (77 K) adsorption isotherms in PIM-1 and PTMSP assuming slit-pore 

geometry. 

 

Only recently has its potential to describe amorphous polymer structures been 

investigated. Just one study has correlated gas permeation properties with pore-size 

a) 

b) 
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distribution analyses using PIMs [53]. It rationalized the reductions in gas permeability 

observed with increasing degrees of hydrolysis (i.e., more COOH groups present) by the 

development of narrower pores probably due to intermolecular hydrogen bonding. 

Furthermore, Fig. 2.10 compares the PSDs (shown as dV/dw vs pore width, w) 

determined by HK and NLDFT analysis of adsorption isotherms (Fig. 2.9) in PIM-1 and 

PTMSP. Qualitatively, they are consistent in predicting a shift towards smaller porosities 

in PIM-1 (less permeable and more selective than PTMSP). However, the NLDFT PSD 

exhibits two main features in the range shown: (i) A peak concentration at smaller pores 

that both grows and shifts to narrower porosities for PIM-1 and (ii) a smaller contribution 

of larger pores to the microstructure of PIM-1. Both observations are again consistent 

with gas transport properties. 

 

2.4.2.4.BET model 

The Brunauer-Emmet-Teller (BET) method is the most widely used standard procedure 

for determination of surface areas of porous materials from their sorption isotherms [38]. 

It was first reported in 1938, and postulates an equation for a sorption isotherm of the 

form 

p
na (p0 ! p)

= 1
nm
aC

+ (C !1)
nm
aC

p
p0

       (19) 

where na is the amount of gas adsorbed at the relative pressure p/po, po is the saturation 

pressure of the gas, nm
a is the monolayer capacity and C is a constant which depends on 

the isotherm shape and is sometimes considered a qualitative measure of the heat of 

adsorption. A linear relation exists in a plot of the left-hand side against p/po, from which 

nm
a can be easily found. Typically this linearity occurs in the range of 0.01<p/po<0.35, 
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but for microporous materials it is often 0.01<p/po<0.10 [45]. If the cross sectional area 

of the probe gas molecule is known, then the “BET area” is calculated from 

A(BET ) = nm
a !L !am          (20) 

where L is the Avogadro constant.  

 

BET theory is based on a simplified extension of the Langmuir mechanism to multilayer 

adsorption. That is, Langmuir argued that the rate of gas evaporation from and rate of gas 

condensation onto a bare surface are proportional to the fractions of occupied and 

unoccupied area, respectively [54]. He stated that these processes were both equal at 

equilibrium and that a surface can only accommodate a monolayer, thus resulting in a 

curve that eventually becomes asymptotic to the abscissa. Instead, physical adsorption 

commonly results in an isotherm exhibiting a sharp rise into a knee followed by a slow 

rise [38]. BET theory modeled this behavior by assuming the rise was due to multilayer 

adsorption. It applied Langmuir’s theory to each layer, assumed that different sites on the 

surface could adsorb different amounts of layers, and that the heat of adsorption was the 

same between all layers and equal to the heat of condensation (except for with the 

surface, which could be different). No interactions were considered between layers, it 

offers no treatment of micropore filling, and moreover, the cross-sectional surface area of 

the adsorbent (i.e., N2 0.162 nm2) can vary by 20% and can be very different than that 

used for a close-packed monolayer on the basis of density of the liquid adsorptive [38, 

54].  

 

2.4.2.5.Isosteric heat of adsorption 
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The isosteric heat of adsorption (QST), or differential enthalpy of adsorption, of a gas with 

a solid surface can be calculated from the slope of an isostere (ln(p) vs 1/T at constant gas 

loading, n) obtained from adsorption isotherms collected at various temperatures. 

Rearranging the Clausius-Clapeyron equation yields  

! ln p
! 1T( )
"

#

$
$

%

&

'
'
n

= QST

R
         (21) 

The magnitude of QST and its variation with loading are indications of the affinity 

(interaction energies) of the polymer matrix (e.g., particular functionalities) to the gas. 

Interaction energies between 5 and 30 kJ/mol are often regarded as physical in nature, 

whereas those beyond 80 kJ/mol are considered due to chemical adsorption [54]. 

 

2.5. Other useful techniques 

2.5.1. Macromolecular modeling 

Modeling software (Materials Studio) offered by Accelrys can be utilized to investigate 

torsions about a bond and to determine the energetically minimized conformation of a 

structure. The COMPASS (Condensed-phase Optimized Molecular Potentials for 

Atomistic Simulation Studies) is a forcefield designed for the most common organics, 

inorganic small molecules, some metal ions, metals, metal oxides and polymers. It is the 

first ab initio (from first principles) forcefield that enables accurate, simultaneous 

prediction of gas-phase and condensed-phase properties for these materials. 

 

In the geometry optimizations, the Forcite module is employed, which uses an iterative 

process in which the atomic coordinates are varied until the total energy of the structure 
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is minimized. It functions by reducing the magnitude of calculated forces (i.e., from 

COMPASS). Likewise, in the Conformer module, intra-molecular torsions can be 

incrementally varied and restrained while the remainder of the structure is minimized. 

The corresponding total structural energies can then be determined to identify rotational 

energy barriers about bonds.  

  

2.5.2. Fluorescence spectroscopy 

Fluorescence spectroscopy can indicate the formation of charge transfer complexes 

(CTCs) caused by delocalization and conjugation of π electrons along (intra-chain) and 

between (inter-chain) backbones. Specifically in polyimides, positive (i.e., dianhydride) 

and negative regions (i.e., diamine) develop across the N-phenyl imide bonds and can 

give rise to such CTCs (Fig. 2.11). If the chains aggregate closely (i.e., short range order), 

these regions can engage in a higher density of inter-molecular CTCs and will emit more 

intensely upon excitation in a fluorescence experiment [55, 56]. In addition, red-shifts in 

peak maxima (i.e., to longer wavelengths) indicate increased conjugation of the electrons. 

Therefore, changes in the shape and location of spectral maxima can offer qualitative 

descriptions of changes to the polymer microstructures (e.g. packing, interactions) upon 

systematic changes to the backbones. In addition, it is believed that darkening in the color 

of a polyimide film (e.g., due to sub-Tg thermal treatment, in the absence of degradation) 

often results from enhanced inter-molecular CTCs [55, 57]. 
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Fig. 2.11 Presumed short-range, staggered packing revealing inter-chain CTC formation 

in Matrimid®. 

 

2.6. Non-ideal phenomena in mixed-gas transport 

2.6.1. Competitive sorption 

When two (or more) gases are simultaneously present in a mixture, each gas competes for 

available sorption sites in the membrane and reduces the apparent solubility coefficient of 

the other. The more condensable gas affects the less condensable gas more, reducing its 

solubility relative to its pure-gas value and improving the mixed-gas solubility selectivity 

for the more condensable gas. Some of the earliest examples of competitive sorption were 

given by Ash et al. who observed 40 – 70% reductions in N2 permeability through 

microporous carbon membranes in the presence of CO2 [22, 23].  

 

Similar effects have been observed with the more recently emerging PIM materials. In 

PTMSP and PIM-1, the mixed-gas CO2/CH4 solubility selectivity was up to 10 times 

higher than in pure-gas testing at 15 bar CO2 partial pressure (1:1 feed) [58, 59]. The 

extent of competitive sorption depends on the temperature, relative amounts of sorbed 

gas, feed composition (i.e., when 10% feed, the CO2 solubility is slightly depressed by 
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CH4 in PIM-1) and pressure. Vapor/gas mixtures, including n-C4H10/CH4, exhibit this 

effect more dramatically because of the large disparity in condensabilities of the gases. 

For example, the CH4 mixed-gas solubility is reduced relative to pure-gas values by 

~35% and ~70% when the n-C4H10 pressure is increased from 0.05 to 0.40 atm [58, 60]. 

In fact, competitive sorption is believed to be the basis of a well-known “reverse-

selective” mixed-gas permeation behavior (i.e., solubility-dominated selectivity for 

bigger vapor over smaller gas, which is atypical of conventional glassy polymers) of 

PTMSP and PIM-1 when exposed to vapor/gas mixtures including n-C4H10/CH4 and n-

C4H10/H2 [20, 61-63].  

 

2.6.2. Plasticization1 

2.6.2.1.Phenomena and mechanism 

Plasticization is a phenomenon to which many symptoms in permeation behavior are 

attributed, but for which no precise definition or fundamental understanding has been 

established. However, paramount to addressing plasticization intrinsically through 

material design is the elucidation of its mechanism. Compelling evidence exists in the 

macroscopic changes in the bulk physical properties of glassy polymers (e.g., 

polyphenylene oxide, polysulfone, polyetherimide, polycarbonate, cellulose acetate, 

poly(methyl methacrylate), polyimides) upon exposure to high CO2 pressures. They 

__________________________ 

1 Portions of this sections were adopted from Swaidan, R.; Ghanem, B.; Al-Saeedi, M; Litwiller, 
E.; Pinnau, I. Macromolecules 2014 DOI: 10.1021/ma501798v. Swaidan performed gas 
permeation, sorption and fluorescence experiments, modeling and wrote the manuscript. Ghanem 
and Al-Saeedi synthesized and characterized the polymers. Litwiller directed design and 
construction of permeation apparatus. Pinnau guided and supervised the work and edited the 
manuscript. 
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include (i) strong depressions (>100 oC) in the glass transition temperature (Tg) [64], (ii) 

increases in ductility and softness [65], (iii) increases in the average intersegmental d-

spacing indicated by WAXD measurements [66] and (iv) direct observations of volume 

dilation with increasing partial molar volume of CO2 via in situ spectroscopic 

ellipsometry [67-70]. Complementary evidence also exists in the gas transport properties 

[71-75] of these glassy polymers beyond a certain “plasticization pressure” including (i) 

pressure-dependent increases in pure CO2 permeability, increases in mixed-gas CH4 

permeability and reduction in mixed-gas CO2/CH4 selectivity; (ii) time-dependent 

increases in CO2 permeability at a given pressure; (iii) concentration-dependent 

activation energy for diffusion and (iv) time-dependent sorption. These observations are 

all consistent with a chain mobilization culminating in a new organizational state over 

time [71, 72, 76].  

 

There have been specific noteworthy observations that provide deep insight into the 

potential mechanisms of plasticization. Sanders observed different CO2 permeation 

behavior for polyethersulfone (PES) relative to cellulose acetate (CA) and polymethyl 

methacrylate (PMMA) despite similar changes in mechanical properties and depressions 

in Tg upon CO2 exposure [74]. He hypothesized that the differences in their behaviors 

was due to the presence of pendant groups on the main chains of PMMA and CA. He 

noted that it may be small-scale motions of these groups, as opposed to the large-scale 

motions pertaining to macroscopic mechanical properties or Tg phenomena, that cause 

changes in chain packing and facilitate transport of the permeating molecules. This was 

supported by the presence of sub-Tg transitions believed to be related to the motions of 
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the ester and acetate pendants. Moreover, Sanders observed that although PMMA sorbed 

high amounts of both C2H4 and CO2, the C2H4 permeability isotherm exhibited dual-

mode behavior, not upturning with pressure [75]. Based on FTIR studies [77], he 

concluded that the sorbed quadrupolar CO2 molecule – unlike C2H4 – was disrupting 

(pendant) inter-molecular ester-ester dipole interactions, albeit weak, permitting the 

chains to move apart and the structure to dilate. Indeed, Puleo et al. observed that a 

higher the degree of substitution in CA (i.e., replacement of OH groups in cellulose with 

acetate groups) increased the extent of CO2-induced plasticization [78]. Again, it was 

traced to a disruption of intermolecular forces between pendant groups by adsorbed CO2; 

namely, it was easier to disrupt acetyl-acetyl interactions then stronger OH-OH 

interactions in less substituted CA (Fig. 2.12) [79].  

 

 

Fig. 2.12 Weakening inter-molecular interactions increase extent of plasticization in CA 

with higher degree of substitution (i.e., replacement of OH with acetate).  

 

O

H O
H

C O

O

H3C

O
H

C O

O

H3C

C

O

O

CH3

Increasing  
OH 

content 

“Tighter polymer 
structure” 



 116 

Accordingly, successful strategies [80, 81] that suppress CO2-induced plasticization are 

primarily those that restrict chain mobility. They include strong covalent connections 

between the chains resulting from chemical-crosslinking [82-84] or high-temperature-

based cross-linking via polybenzoxazole formation [85, 86] and pyrolysis [87-89]. They 

also include increasing inter-chain interactions via the formation of charge transfer 

complexes (CTCs) in polyimides and polyamide-imides [90-95] and the integration of 

polar moieties that engage in strong hydrogen bonding increasing the cohesive energy 

density (CED) of the microstructure [94-99]. There has been interesting and insightful 

discussion with regards to the introduction of polar moieties. Puleo et al. argued that 

higher degrees of acetylation in CA result in easier disruption of chain-chain interactions 

by CO2, permitting swelling of the microstructure [78]. This was rationalized by the 

replacement of strong hydroxyl-hydroxyl interactions with weaker hydroxyl-acetyl and 

acetyl-acetyl interactions due to the dipolar nature of the carbonyl group [79]. Sanders et 

al. observed that highly sorbing CO2 plasticized PMMA but that C2H4 – which also 

sorbed significantly – did not [75]. This demonstrated that the magnitude of gas sorption 

alone could not explain plasticization of permeation properties. As in the case of CA, it 

was again rationalized through the disruption of weak dipole-dipole interactions between 

carbonyl groups by the quadrupolar CO2 molecule, independently confirmed by high 

pressure FT-IR studies [77].  

 

Ultimately, the separation of gas/gas feeds (i.e., CO2/CH4) by glassy polymers relies on a 

sieving mechanism, such that dilation of the polymer induced by plasticization 

compromises its size and shape discriminating ability and thus selectivity. The effects are 
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not indefinite, and some new configurational state of the chains is eventually reached as 

discussed above. Furthermore, plasticization is not a hindrance to commercialization: In 

fact, state-of-the-art commercial cellulose acetate membranes plasticize during industrial 

use, resulting in selectivities that are effectively 10-15 [100]. However, in this specific 

application, it is a major challenge for material designers to overcome in a new 

generation of advanced materials particularly given the importance of selectivity to cost 

minimization in natural gas treatment. 

 

2.6.2.2.Potential for PIMs 

On the other hand, researchers [80, 81, 101] have speculated about the plasticization 

resistance of an emerging class of solution-processable materials known as polymers of 

intrinsic microporosity (PIMs) given their highly restricted intra-chain mobility [102-

105]. As discussed in Chapter 1, PIMs comprise fused-ring and contorted backbones that 

pack inefficiently in the solid state to trap microporosity. Consequently, they often show 

no Tg below their decomposition temperatures and tend to exhibit lower mechanical 

flexibility. Aside from publications arising from the work performed during the 

preparation of this dissertation (some not included here), no other publications have 

emerged regarding detailed treatments of the pure- and mixed-gas CO2/CH4 separation 

properties of PIMs. Just one study on a tetrazole-functionalized PIM-1 indicated that 

mixed-gas CO2/N2 selectivities were notably higher than pure-gas CO2/N2 selectivities 

compared to PIM-1 [106]. This was attributed to enhanced interactions between the basic 

tetrazole moiety and CO2, but without any particular proof (e.g., heat of adsorption). 
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Instead, the rationale is most likely consistent with the above discussions regarding inter-

molecular interactions that limit CO2-induced dilation of the membrane. 

 

2.7. Opportunities for new PIMs 

2.7.1. Tuning the PIM-PI platform 

The previously reported PIM-PI platform has key structural features that can be varied, as 

indicated in Fig. 2.13 [107]. This is facilitated by the modular nature of polyimide 

synthesis, involving a polycondensation reaction between a diamine and a dianhydride, 

the structures of each separately tunable by organic chemistry. They include the 

contortion site serving as the kink in the structure (i.e., spirobisindane), the distance 

between kinks, the planarity of the ladder arm, and the flexibility around the single bonds 

to the N of the five-membered rings. All these factors can significantly affect the extent 

of contortion and intra-chain rigidity, and consequently impact the chain packing and 

chain mobility which are crucial to gas transport across polymer membranes. 

 

Fig. 2.13 Key, tunable structural features in PIM-PI platform. 
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2.7.2. Triptycene building block 

A nascent strategy for introducing free volume and rigidity into a polymer matrix is the 

incorporation of iptycenes into the polymer chain. Iptycenes are a unique class of [2,2,2]-

ring systems in which the bridges are aromatic rings [108, 109]. The simplest member of 

this class is triptycene, first synthesized in 1942, in which three benzene rings are bridged 

together about a [2,2,2] tricyclic ring system (Fig. 2.14) [110, 111]. Free volume and 

rigidity are added on two fronts. Firstly, a rigid three-dimensional geometry with a high 

energy barrier to molecular deformation creates void spaces between the aromatic bridges 

and internal to the triptycene moiety, coined by Swager’s group as “internal free volume” 

[109]. Secondly, the bulky nature of the moiety prevents efficient packing of both 

discrete molecules and polymer chains, which is fundamental to the PIM motif [112].  

 

 

Fig. 2.14 a) Triptycene moiety and b) triptycene moiety substituted with isopropyl chains 

at the 9,10-bridgehead positions. 

  

Most reports of triptycene-containing polymers do not investigate and evidence intrinsic 

microporosity (e.g., by gas sorption), except those of insoluble network polymers [113-

115] and several solution-processable polymers [116, 117]. In particular, the Swager 

a. b. 
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group was successful in synthesizing amorphous, highly soluble 2,6-linked-triptycene 

polyimides showing no apparent Tg and with surface areas ranging from 39 to 430 m2 g-1
, 

suggesting that in certain cases microporosity was present [116]. One of these polyimides 

(6FDA-DATRI), formed between 2,6-diaminotriptycene and 4,4-

(hexafluoroisopropylidene) diphtalic dianhydride was shown to have promising gas 

transport properties, including a CO2/CH4 mixed-gas selectivity that dropped little with 

pressure [117]. In addition, Ghanem et al. demonstrated that the gas adsorption properties 

of ladder-type polymeric networks containing triptycene in a wholly fused-ring backbone 

were tuned by the 9,10-bridgehead substituent groups [118]. This is a different approach 

than a previous attempt to grow polymeric backbones from the 9,10-triptycene 

bridgehead carbons [119], which resulted in high crystallinity, brittleness and low gas 

separation performance. In the networks, uptakes of N2 and H2 were maximum when an 

isopropyl group was substituted at both positions (Fig. 2.15). 13C NMR experiments 

indicated that rigidity imparted to the bridgehead substituents by the triptycene enhanced 

the overall bulkiness and rigidity of the moiety, causing more inefficient chain packing 

and thus larger porosity (Fig. 2.15). 
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Fig. 2.15 Triptycene-based polymers including a) an insoluble network and its H2 

adsorption capacity as a function of bridgehead substituent (R) and b) 6FDA-DATRI 

polyimide structure and pure- and mixed-gas transport properties for CO2/CH4 

separation. 
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Chapter 3. Materials and Methods 

This dissertation is based on an original data set collected for nearly 20 polymers – 14 

polyimides and 4 ladder polymers – and its comparison to data for materials previously 

reported in the literature. The chemical structures are presented for the ladder polymers as 

well as the dianhydrides and diamines used in the polyimides investigated. The 

experimental procedures used in the measurements of the gas sorption and pure- and 

mixed-gas transport properties are detailed along with schematics of the relevant 

apparatus. The employment of a 9,10-dialkyl-triptycene structural motif is demonstrated 

in different polymeric contexts (i.e., ladder PIMs and PIM-PIs) for the generation of 

advanced materials for various membrane-based gas separation applications. 

 

3.1. Materials and nomenclature 

3.1.1. Polyimides 

3.1.1.1. Typical synthetic approach 

Polyimides are typically synthesized by polycondensation of a dianhydride and diamine 

in a two step sequence demonstrated in Fig. 3.1 for the first commercialized polyimide, 

Kapton® [1]. The polyimides in this work were synthesized in high molecular weight 

using an efficient one-pot procedure without the need to cast the polyamic acid and 

thermally imidize in a separate step [1-3]. Briefly, equimolar amounts of the dianhydride 

and diamine monomers were stirred in freshly distilled m-cresol (7 mL) under a nitrogen 

atmosphere for 5 minutes to obtain a clear solution. To this mixture 0.1 mL of 

isoquinoline were added and the reaction temperature was raised gradually to 200 °C. 

The temperature was held for 4 h under steady nitrogen flow. Water formed during the 
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reaction was removed by addition of toluene. After cooling to 80 oC, the polyimide 

solution was precipitated dropwise in methanol (200 mL). The crude polymer was 

filtered and dried in an oven at 120 oC. Purification and removal of entrained synthesis 

solvent was facilitated by two additional reprecipitations from a suitable solvent (i.e., 

commonly chloroform and tetrahydrofuran) into methanol. 

 

 

Fig. 3.1 Typical synthesis of a polyimide shown for Kapton®. 

 

3.1.1.2. Dianhydrides 

Table 1 summarizes the structures and naming schemes for the dianhydrides used to 

synthesize the polyimides. Full details of their synthesis and characterizations (including 
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13C-NMR, 1H-NMR, infrared spectroscopy, and mass spectrometry) are provided in the 

literature [2, 4]. As mentioned in Chapters 1 and 2, a cornerstone in PIM-design 

methodology has been the maximization of intra-molecular rigidity. Accordingly, the 

spirobisindane of the earliest PIM-PI platform examined in membrane-based gas 

separation was substituted with a shape-persistent, three-dimensional bridged-bicyclic to 

which excellent sorption capacities have been attributed in insoluble network polymers – 

9,10-dialkyl-triptycene [5]. Comparisons are made between the gas transport and physical 

properties of polyimides derived from the traditional 6FDA (4,4’-

(hexafluoroisopropylidene)diphthalic anhydride) dianhydride and emerging PIM-type 

dianhydrides including the early spirobisindane-based dianhydride (SPDA) and the 9,10-

dialkyl-triptycene-based dianhydride (TPDA).  

 

Table 3.1 Nomenclature and chemical structures of PIM-type triptycene-based (TPDA) 

and spirobisindane-based (SPDA) dianhydrides used in polyimides. R-TPDA indicates 

the alkyl chain, R, substituted at the 9,10-bridgeheads of the triptycene moiety. 

Nomenclature Structure 

i-C3 TPDA 

 

n-C3 TPDA 

 

O
OO

O
O

O

O
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O

O
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OO
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C2 TPDA 

 

SPDA 

 

6FDA 

 
 

3.1.1.3. Diamines 

A series of commercial diamines were used with various structural features and are 

summarized, along with their naming schemes, in Table 2. All were used as received 

(>97% purity) except 2,4,6-trimethyl-1,3-phenylene diamine (TrMPD) and 3,3′-dimethyl-

naphthidine (DMN), which were purified by sublimation under vacuum. The diamines 

represent a range of torsional flexibilities at the imide bond (i.e., N-phenyl bond in the 

corresponding polyimide) as well as different bulkiness and polarity (e.g., hydroxyl). 

 

Table 3.2 Nomenclature and chemical structures of commercially available diamines 

used in polyimides. 

Nomenclature Name Structure 

TMPD 2,3,5,6-tetramethyl-1,4-phenylene diamine 
 

TMBZ 3,3′,5,5′-tetramethylbenzidine 
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TrMPD 2,4,6-trimethyl-1,3-phenylene diamine 
 

DMN 3,3′-dimethyl-naphthidine 

 

p,p’-ODA 4,4′-oxidianiline  

6FpDA 4,4′-(hexafluoroisopropylidene) dianiline 
 

ATAF 
5,5′-(hexafluoroisopropylidene)-di-o-

toluidine  

APAF 
2,2-bis(3-amino-4-hydroxyphenyl)-

hexafluoropropane  
 

3.1.2. Ladder polymers 

To further explore the effects of “rigidity” on intrinsic microporosity and gas separation 

performance, the pure- and mixed-gas transport properties of ladder polymers devoid of 

any single bonds in the backbone were also investigated. 

 

3.1.2.1. PIM-1 

The parent PIM-1 polymer (Fig. 3.2) was synthesized according to a high-temperature, 

high-concentration method [6] reported by Du et al. A flask was charged with 3.0 g (15 

mmol) of 1,4-dicyanotetrafluorobenzene (DCTB), 5.1 g (15 mmol) of 5,5’,6,6’-

tetrahydroxy-3,3,3’,3’-tetramethyl-1,1’-spirobisindane (TTSBI), 6.2 g (45 mmol) of 

K2CO3, 25 mL dimethylacetamide (DMAc) and vigorously stirred for 6 minutes under 

argon flow at a temperature of 155 oC. The polymer was precipitated as a bright yellow 

powder from a methanol/chloroform mixture and then dried under vacuum at 120 oC. 
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Fig. 3.2 Chemical structure of ladder polymer of intrinsic microporosity, PIM-1. 

 

3.1.2.2. Amidoxime-functionalized PIM-1 (AO-PIM-1) 

Additionally, amidoxime-functionalized PIM-1, AO-PIM-1, (Fig. 3.3) was synthesized as 

previously reported [7] by dissolving 0.6 g PIM-1 (Fig. 3.2) in 40 mL tetrahydrofuran 

(THF) under N2 flow and heating to 65 oC. 6.0 mL of hydroxyl amine were added 

dropwise and the mixture was refluxed at 69 oC for 20 h. The polymer was precipitated as 

an off-white powder with ethanol, filtered and washed thoroughly with ethanol, and dried 

at 110 oC for 3 h. Complete conversion of the nitriles to amidoxime groups was 

demonstrated previously for AO-PIM-1 prepared by this procedure [7]. 

 

 

Fig. 3.3 Chemical structure of amidoxime-functionalized PIM-1, AO-PIM-1. 

 

3.1.2.3. Triptycene-based ladder polymers of intrinsic microporosity (TPIMs) 

The synthesis and self-polymerization of a novel fully fused-ring 9,10-dibutyl-triptycene 

A-B monomer were previously reported but without gas transport properties [8]. The 
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synthetic procedure described provided for a facile and versatile integration of the 9,10-

dialkyl-triptycene moiety into fully fused-ring triptycene-based ladder structures 

(TPIMs). Accordingly, the gas transport properties of TPIMs derived from 9,10-dipropyl- 

and 9,10-diisopropyl-triptycene-containing A-B monomers were investigated. The details 

of the synthesis and structural characterizations have been reported [9]. They are 

particularly interesting given the progression from a polyimide backbone containing 

relatively flexible single N-phenyl imide bonds to a fully-fused ring structure. This is 

consistent with further increasing the intra-chain rigidity central to PIM design (e.g., 

PTMSP, PIM-1, PIM-PIs). Two variants based on 9,10-diisopropyl-triptycene (TPIM-1, 

Fig. 3.4) and 9,10-dipropyl-triptycene (TPIM-2, Fig. 3.5) were studied. 

 

Fig. 3.4 Chemical structure of 9,10-diisopropyl-triptycene-based TPIM-1. 

 

Fig. 3.5 Chemical structure of 9,10-dipropyl-triptycene-base TPIM-2. 

 

3.1.3. Notable ladder polymers and PIM-PIs in the literature 

During the study of the polymers shown above, several notable structures of ladder PIMs 

and PIM-PIs emerged along with their pure-gas transport properties. The earliest were 
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modifications of the PIM-1 platform including PIM-7 [10], spirobifluorene-PIM-1 (SBF-

PIM-1) [11] and tetrazole-functionalized PIM-1 (TZ-PIM-1) [12] (Fig. 3.6). Recent 

polymers (i.e., since 2013) integrated novel moieties including ethanoanthracene (EA) 

and Tröger’s base (TB) that more closely resembled triptycene than spirobisindane in 

geometry. They include PIM-EA-TB and PIM-TRIP-TB (Fig. 3.6). PIM-PIs integrating 

EA [13] – PIM-PI-EA – as well as a non-extended spirobisindane dianhydride [14] were 

also reported (Fig. 3.7). They are summarized below and referred to in the discussions of 

subsequent chapters.  

 

 

Fig. 3.6 Notable ladder PIMs reported in the literature integrating spirobisindane-related 

(TZ-PIM-1, SBF-PIM-1, PIM-7, COOH-PIM-1, THIO-PIM-1) contortion sites as well as 
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ethanoanthracene (PIM-EA-TB), triptycene (PIM-TRIP-TB) and Tröger’s base (PIM-

EA-TB, PIM-SBI-TB and PIM-TRIP-TB) moieties. 

 

 

Fig. 3.7 Notable PIM-PIs reported in the literature integrating non-extended 

spirobisindane dianhydrides (PIM-PI-9, 10 and 11) and the ethanoanthracene moiety 

(PIM-PI-EA). 

 

3.2. Film casting and preparation 

Dried polymer powders were dissolved in an appropriate solvent at 3-5% by weight and 

stirred until a homogenous, clear solution was obtained. The solutions were filtered from 

particulates through a 0.45 µm teflon filter secured to a syringe and cast in flat dishes on 

leveled glass plates. The dishes along with several vials containing the casting solvent 

were immediately covered with an upside-down dish. The latter step ensured an 

atmosphere above the polymer solution that was saturated with the casting solvent and 

that thus induced slow solvent evaporation (often 2-3 days). A typical drying procedure 

n
NN

O

O

O

O

N
N O

O
O

O

n

N
N O

O
O

O

n

N
N O

O
O

O

n

PIM-PI-EA PIM-PI-10 

PIM-PI-11 PIM-PI-9 



 142 

for the resulting membranes was as follows: (i) Drying 120 °C for 12 h in a vacuum 

oven, (ii) immersion in methanol for 24 h, (iii) air-drying for 30 min, (iv) drying at 120 

°C for 24 h under high vacuum. This procedure ensured removal of residual casting 

solvents (and synthesis solvents), as confirmed by TGA.  

 

3.3. Permeation 

3.3.1. Customized apparatus design 

A customized permeation apparatus was designed and constructed in-house for the 

measurement of both pure- and mixed-gas permeation properties. Generally, a constant-

volume/variable-pressure measurement principle was employed in which the feed gas 

was pressurized (upstream) and the permeate side (downstream) was under high vacuum. 

Some features of the apparatus were inspired by a design previously reported in the 

literature [15]. However, the system was designed for analysis of a mixed-gas low-

pressure (e.g., <10 torr) permeate in the absence of a vacuum-compatible gas 

chromatograph (i.e., one that allows a vacuum to be pulled across the sample loop and 

injector). A simplified schematic is shown in Fig. 3.8.  
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Fig. 3.8 Customized pure- and mixed-gas permeation apparatus including: (1) Double-

walled (polycarbonate) box for insulation, (2) temperature controller, in-line probe and 

heating fan, (3) high-pressure permeation cell, (4) vacuum pump, (5) an accessory port 

for “helium dilution” and (6) a gas chromatograph. Dashed lines indicate electronic 

signals; dotted lines indicate vacuum lines. P represents a pressure transducer and M 

represents a mass flow meter. 

  

The system was enclosed in a double-walled box constructed from polycarbonate (6 mm 

thickness). The temperature was regulated at 35 oC by a temperature controller 

(OMEGA) connected with an in-line RTD thermocouple directly measuring the feed gas 

temperature and a fan that both heated and circulated the air in the box. Drafts into and 
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out of the box were minimized by lining the door with felt, covering any holes in the 

walls for valves/lines admittance and positioning all valve handles outside the box to 

avoid opening and closing the door during operation. All the plumbing was welded when 

possible using 316 stainless-steel (SS) tubing (1/4” outer diameter, 0.025” wall 

thickness). Downstream, all fittings were 316 SS VCR® tightened with a SS gasket 

because they generally minimized leaks relative to Swagelok® fittings and could be 

reused if the gasket was changed.  

 

Gas was fed to the box from a cylinder through a pressure regulator, A (KPR series, SS, 

Swagelok®), with a range of 1000 psia. Valves A through H, Q and R are bellows sealed 

valves (SS-4UW-V51) with long stems such that they were adjusted from outside the 

box. Valve O is a shut-off valve, permitting pure-gas experiments (no retentate flow) and 

upstream degassing to be performed. Valve P is a needle valve with fine low-flow control 

(SS-SS2-D) used to regulate the retentate flow and stage-cut as measured by mass flow 

meter M (Agilent, ADM3000). Valves J, K, L and M are shorter bellows sealed valves 

(35-4H-V13) located on the outside of the box. The upstream pressure was measured 

with a Baratron® 750C capacitance manometer having an absolute range of 1000 psi 

referenced to a high vacuum. The downstream pressure was measured with a 100 torr 

MKS 121AA transducer. The signal conditioner for the downstream transducer was 

located outside the box to avoid temperature effects. The voltages outputted by the 

transducers and thermocouple were read by a data acquisition board (DAQ, NI) and 

communicated by USB to LabView 7® for recording and plotting. For evacuation of the 
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system, one 3-stage mechanical pump (RV3, Edwards) equipped with an in-line alumina 

trap to prevent back-diffusion of pump oil was used. 

 

A permeation cell (Millipore) rated for 10,000 psi was modified to include an exit port 

such that feed gas could flow across the surface of the membrane and exit (Fig. 3.9). To 

facilitate the flow distribution along the membrane surface, an 1/8” tube was inserted 

within the cell and bent to route the gas in the direction opposite the exit port (Fig. 3.9). 

 

Fig. 3.9 Cell schematic and loading of a masked film: (1) Upstream half of cell; (2) 

downstream half of cell; (3) bolts; (4) viton O-rings; (5) polymer film sandwiched 

between two pieces of adhesive-backed aluminum tape donuts; (6) and (7), adhesive-

backed aluminum tape donuts; (8) epoxy at film/tape interface and (9) porous filter paper.  

 

The volumes of different downstream compartments (i.e., V1, V2, neither, or a 

combination of either) were carefully calibrated via expansion of nitrogen from a known 
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volume (i.e., via water weight) at room temperature (~22 oC) over a range of pressures. 

All fittings upstream were checked for leaks by pressurizing with helium to 30 bar and 

monitoring the pressure over 24 hours. Leaks were normally detected using soap solution 

(Snoop®). Downstream leaks were identified by pulling a vacuum for over 24 hours to 

remove any adsorbed volatilities from the tubing, isolating the system from the vacuum 

and monitoring any pressure-rise over time. A “leak rate” for any downstream 

compartment was determined after covering the downstream half of the cell with 

impermeable aluminum tape. Such “leak rates” were less than 5x10-7 torr/s and 

subtracted from the measured pressure-rises in the calculation of permeabilities. 

 

The gas chromatograph (GC) was a compact Agilent Micro GC 3000A equipped with 

four different columns, each having a thermal conductivity detector (TCD). High purity 

helium (99.999% - 99.9999%) was used as the carrier gas since the primary analytes were 

CO2 and hydrocarbons including CH4 and n-C4H10. The columns permit a wide-range of 

gas mixtures to be separated for analysis, and the temperature and pressure conditions 

used are summarized in Table 3.3 as determined for sufficient separation of relevant 

analyte peaks.  

 

Table 3.3 Summary of columns and column conditions in gas chromatography analysis 

(Agilent Micro GC 3000A) of mixed-gas permeate composition. 

Column type Injector Target 

Analyte 

Temperature 

(oC) 

Pressure 

(psi) 

Molecular Sieve Backflush CH4 65 24 
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PLOT-U Backflush CO2 80 30 

Alumina Fixed n-C4H10 120 30 

 

 

3.3.2. Membrane masking and loading 

A polymer coupon of known diameter was punched from a dried film. Likewise, two 

pieces of impermeable adhesive-backed aluminum tape were punched with a smaller 

inner area than that of the film. The film was sandwiched by the pieces of tape as shown 

in Fig. 3.9. The mask was then centered atop a porous filter paper (structural support for 

the film) on the sintered porous plate of the downstream half of the permeation cell and 

stuck in place by an aluminum tape donut with the same inner diameter but larger outer 

diameter (1 7/8”). A final piece was applied (same inner diameter, 2” outer diameter) to 

extend over the inner ridge of the lower part of the cell and under the O-ring of the upper 

half of the cell. Potting epoxy (GC Electronics) was applied carefully to the film-tape 

interface while a strong vacuum drew the epoxy into any small gaps. The cell was left 

open for several hours until the epoxy set and was then closed. However, vacuum was not 

applied directly to the upstream surface. Instead, it was created slowly by the permeation 

of gas into the downstream as the epoxy dried. After 12-15 hours, both sides of the 

membrane were actively degassed for 24 hours or until the minimum downstream 

pressure for the box was achieved. 

 

After a permeation experiment was complete, the film was removed from the box by 

carefully cutting around the circular sintered metal support. The effective membrane area 

available to permeation (i.e., after epoxy application) was determined with a calibrated 
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scanner and software (ImageJ) and the thickness was determined by the average of ~20 

measurements taken using a precision micrometer (Mitutoyo).  

 

3.3.3. Pure-gas permeation 

3.3.3.1. Measurement principle 

As discussed in Chapter 2, the permeability coefficient (P) is a pressure (p) and thickness 

(l) normalized flux that can be expressed as 

P = 1
A
dn
dt

!
"#

$
%&
l
'p

         [1] 

where the first term in brackets is the flux. In a constant-volume/variable-pressure 

apparatus, the permeability is measured from a pressure-rise in a fixed downstream 

volume. Considering ideal gas behavior (low pressure permeate), i.e. 

dn/dt=(Vd/RT)(dp/dt), and a negligible downstream pressure relative to the upstream 

pressure then equation 1 can be written as 

P =1010 dp
dt

Vdl
pupART

= DS         [2] 

where P is the gas permeability (Barrer) (1 Barrer = 10-10 cm3 (STP) cm cm-2 s-1 cmHg-1), 

pup is the upstream pressure (cmHg), dp/dt is the steady-state permeate side pressure 

increase (cmHg s-1), Vd is the calibrated permeate volume (cm3), l is the membrane 

thickness (cm), A is the effective membrane area (cm2), T is the operating temperature 

(K), and R is the gas constant (0.278 cm3 cmHg cm-3 (STP) K-1). The apparent gas 

diffusion coefficients, D (cm2 s-1), were calculated from D = l2/6θ where θ (s) is the time 

lag of gas permeation. A typical plot of downstream pressure with time is shown in Fig. 
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3.10, where p0 and t0 represent the downstream pressure and time at which feed gas 

contacts the membrane upstream. 

 

 

Fig. 3.10 Typical downstream pressure-rise in a constant-volume/variable-pressure 

permeation apparatus demonstrating time-lag behavior. 

 

By finding the point of intersection of a tangent to the steady-state region (constant slope) 

with the baseline pressure at the start of the experiment (Fig. 3.10) the time-lag, θ, is 

written as 

! = p0 ! p*
m

"
#$

%
&' ! t0  

where m=(dp/dt) at steady state. Steady-state conditions were taken within 7−10 time 

lags. The solubility coefficient, S (cm3 (STP) cm-3 cmHg-1), was then derived from 

solution-diffusion theory via S = P/D. The selectivity for gas A over gas B may then be 

given by 
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! (A / B) = PA
PB

          [3] 

Uncertainties in the permeability are predominantly based on errors in measured area and 

thickness. A standard deviation of ± 2% (relative error) in thickness measurements and ± 

5% in area measurements was calculated such that permeability values were known to ± 

5-6%. Accordingly, the standard deviation in pure-gas selectivity values was ± 7%. 

 

3.3.3.2. Standard operating procedure 

Once the epoxy cured on the loaded masked film, the helium gas permeability was 

measured at three pressures (i.e., 1, 2 and 4 bar) to confirm the integrity of the mask and 

the film. Helium permeability should change negligibly with pressure for a glassy 

polymer unless defects or leaks exist. Following a short degas after helium testing, the 

nitrogen and oxygen permeabilities were measured at 35 oC and 2 bar. The membranes 

were then degassed in the permeation apparatus on both sides under high vacuum at 35 

oC. The O2 and N2 permeabilities were regularly measured (i.e., daily basis) until they 

varied negligibly with time. This was observed to be particularly important for the 

relaxation of excess free volume induced by methanol conditioning, which would result 

in superficially inflated permeabilities and reduced selectivities. Once minimal change 

(e.g., <1% per day) in O2 and N2 permeabilities was confirmed on the experimental time 

scale, the pure-gas permeabilities of He, H2, N2, O2, CH4 and CO2 (in the order of 

increasing condensability) were measured and reported at 2 bar and 35 oC. For high-flux 

membranes, larger volumes (e.g., V2, V1 or V1 and V2, Fig. 3.8) could be used 

downstream to permit complete time-lag behavior within the 100 torr range of the 

transducer. 
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3.3.4. Mixed-gas permeation 

3.3.4.1. Measurement principle 

The mixed-gas permeability of component i was calculated via a modification of equation 

2 accounting for the composition of the permeate such that 

Pi =10
10 yiVdl
xi pupART

dp
dt

        [4] 

where y and x are the mole fractions in the permeate and feed, respectively, and pup is the 

upstream pressure. Because the downstream pressure was negligible relative to the 

upstream pressure, the mixed-gas selectivity of component i/j was obtained from 

! (i / j) =

yi
yj

xi
x j

         [5] 

Based on a standard deviation of ± 2% (relative error) in thickness measurements, ± 5% 

in area measurements, and ± 3% in the compositions determined by the gas 

chromatograph, ± 7% uncertainty exists in the mixed-gas permeability values and ± 8% 

in the mixed-gas selectivity values.  

 

3.3.4.2. Standard operating procedure 

The mixed-gas permeation properties of masked films were measured at 35 oC with 50:50 

CO2/CH4 binary mixtures (AHG) after the pure-gas permeabilities were observed to 

change negligibly with time. This ensured consistency of the data on the experimental 

time-scale. In addition, the cylinder composition was verified using an in-house 
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calibration described in the next section. The feed pressures were chosen such that the 

mixed-gas CO2 partial pressures were equal to those used in the pure-gas CO2 permeation 

experiments. Accordingly, the pure- and mixed-gas data were directly compared to 

identify non-idealities including plasticization and competitive sorption in the mixtures. 

A stage-cut – ratio of permeate to feed flow rates – less than 0.01 was used to ensure that 

the residue composition was equal to that of the feed gas. CO2 and CH4 concentrations 

were measured with a calibrated gas chromatograph (Agilent 3000A Micro GC). 

 

In a typical experiment, the permeate gas was permitted to either collect in a “waste” 

volume (i.e., Fig. 3.8, V1) until 7-10 pure-gas time-lags of the slower gas elapsed or pass 

into the vacuum. Meanwhile, volume V2 was isolated under vacuum (i.e., valves F, G 

and H closed). When composition analysis was required, V1 was isolated (i.e., valve E 

closed) and gas was collected in V2 (i.e., valves G and H closed) until a pre-determined 

pressure (i.e., based on calibration of the GC, next section) was reached. For CO2/CH4, 

this pressure (and the time requirement for collection) was minimized at 7 torr. The 

permeate gas was isolated in V2 (i.e., valves F, G and H closed) while the permeating gas 

was directed to a vacuumed V1 (i.e., via valve R) for continuous collection while the V2 

gas was sampled. Once sampling was complete, V2 could be degassed through valves K 

and G or H and J, isolated from the vacuum, and then filled with gas expanded from V1 

for a more continuous sampling process. 

 

A unique procedure was developed to sample and measure the composition of gas from a 

low-pressure source (i.e., 7 torr) using a GC with a sample loop across which strong 
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vacuum could not be established. That is, vacuum could not be used to draw in the 7 torr 

permeate mixture collected in V2. A helium cylinder was connected to the helium 

dilution port (Fig. 3.8, valve L) by a line of sufficient pressure tolerance (i.e., >400 psig 

for a 1 meter ¼” hose) and all lines between V2 and the helium cylinder were degassed 

using the vacuum from valve K. During this process, no other compartments were 

interrupted. Next, 380 psig of helium were filled into the lines between valves K, L and 

G, isolated from the cylinder, and then expanded into V2 to pressurize the permeate gas 

to ~600 torr for delivery to the GC. (Helium was used because it is “invisible” to the 

Wheatstone bridge circuit of a thermal conductivity detector using a helium carrier gas.) 

Moreover, the helium pressure could be reduced by increasing the volume of the lines 

between valves K, L and G. However, the dilution factor of ~85 (from 7 to 600 torr) was 

found to be convenient because (i) the sample pump within the GC could easily draw 

vacuum below 600 torr and intake the sample and (ii) further dilution compromised the 

reproducibility in peak area over 3-5 injections.  

 

Once the permeate gas was pressurized, all lines between valves H, J and the sample loop 

of the GC were degassed through valve J, again without disturbing any other 

compartment of the system. The vacuum was then isolated, valve M was closed, and the 

permeate gas was expanded into and equilibrated in the line between valves H, J and M 

(1 or 2 meters, 1/8” OD). The GC sample pump was scheduled for a 15 s pull behind 

valve M, allowing enough vacuum to take in the permeate mixture at ~600 torr when M 

was opened after 10-12 s. The remaining 3-5 seconds of the GC vacuum pull were 

allotted for a purge of the sample loop with the analysis gas. Once injection was 
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complete, the lines behind valve M were degassed and the process was repeated again. 

For every permeate collection, five injections were made to ensure reliable composition 

analysis. The mixed-gas permeabilities and selectivities (compositions) were monitored 

until negligible change occurred with time. 

 

3.3.4.3. GC calibration 

Calibration of the gas chromatograph was rigorously performed under identical 

conditions to those encountered in a typical experiment. Mass flow controllers (MFCs) 

(ALICAT) with appropriate flow ranges and gas conversion factors (i.e., 100 standard 

cubic centimeters per minute (sccm) for CO2 and 10 sccm for CH4) were first verified 

independently for various pressure differentials (i.e., cylinder gauge pressure) using 

bubble flow meters and mass flow meters. Any deviations were accounted for. The MFCs 

were connected to high purity gas cylinders (grade 5 and 6) at the same pressures (~20 

psig) and used to make mixtures spanning a range of CO2 concentrations expected in the 

permeate (e.g., 90 – 99% at 2% increments). The mixtures were continuously purged 

through a specially designed “calibration volume” (i.e., 50-100 times the volume was 

purged in several minutes) into a short column of water to minimize any air 

contamination and also allow a steady gas composition to develop (i.e., similar to an 

airlock) (Fig. 3.11).  
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Fig. 3.11 Setup used to reproducibly prepare uniform binary gas mixtures at atmospheric 

pressure for GC calibration. An “airlock” was created with a short column of water to 

ensure no air contamination of the mixture and to achieve the same collection pressure 

each time. 

 

The calibration volume was fitted with one-way ball valves at the entrance and exit, such 

that upon closing the entrance valve and isolating the flow controllers, any excess gas 

pressure bubbled out into the water. The exit valve was closed to secure the same 

pressure (i.e., atmospheric) in each mixing event. Moreover, the volume was chosen so as 

to yield a certain equilibrium pressure (i.e., 7 torr, verified with separate pressure 

transducer) upon expansion of the atmospheric pressure mixture into an evacuated V2 

using the “helium dilution port” (valves L and G). With this technique, the low-pressure 

gas simulated the permeate collected from the membrane under vacuum in a typical 

experimental run. Moreover, the mixture was sampled as done in a typical experiment for 

appropriate calibration. It is important that a balance between the amount of permeate 

(i.e., 7 torr in ~480 cm3 (V2)) and the number of injections exists to grant 4-5 
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reproducible injections. That is, with each injection process (previous section) some 

permeate gas is lost and the supply pressure drops. Considering that dilution is at least 

required to ~600 torr with the Micro GC 3000A, enough permeate must exist to ensure 

measurable peaks.  

 

The calibration factors were calculated in a manner previously suggested by O’Brien et 

al. [15] via 

cCO2
cCH4
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$

%&
          [6] 

where ci is the “real” concentration of component i, Ai is the area of component i as 

measured by the GC and β is the calibration factor for the conditions used (e.g., 7 torr 

total permeate pressure, dilution factor of ~85, and range of compositions investigated). 

For CO2/CH4, calculated β values agreed with those reported in the literature [15, 16]. 

 

3.4. Sorption 

3.4.1. High-pressure sorption 

3.4.1.1. Apparatus 

A simplified schematic is shown in Fig. 3.12 identifying the main components of the 

Hiden IGA (Intelligent Gravimetric Analyzer) (Hiden Isochema, UK) used to collect high 

pressure sorption isotherms on polymer samples. The measurement was done 

gravimetrically (weighing resolution of 0.2 µg). The apparatus could sustain pressures 

from vacuum (<10-9 mbar L/s leak rate) up to 20 bar and temperatures from cryogenic up 

to 1000 oC (if a furnace is used). 
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Fig. 3.12 Simplified schematic of Hiden IGA used to measure high-pressure sorption 

isotherms: (1) SS vessel enclosing a temperature probe, a sample holder hung from a gold 

chain/tungsten wire (F), and a gas dosing line (E); (2) a dewar; (3) a circulating bath to 

regulate the temperature in the sorption cell, and vacuum pumps (turbo). Dashed lines 

indicate electronic signals, dotted lines indicate vacuum lines, and P and T indicate 

pressure transducers and temperature probes, respectively. 

 

3.4.1.2. Standard operating procedure 

The balance was first tared with the SS vessel (Fig. 3.12, (1)) installed to minimize 

instabilities due to drafts in the room. Because the sample holder was porous, films were 
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cast, conditioned and dried as discussed in Section 2. They were cut into small 

rectangular pieces using a blade and stacked into the sample holder. Because the 

materials possessed high free volume and sorbed appreciable amounts of gas, 50-100 mg 

samples were sufficient. The holder was placed back on its hook, the SS vessel was 

installed, and the initial sample weight was recorded. A new copper gasket was used with 

every opening and closing of the SS vessel to create vacuum tight seals in the sorption 

chamber. The heating/cooling jacket (2) was supported on a jack, slid up as far as 

possible over the SS vessel and then backed down about 1 cm to permit even circulation 

of the working fluid around the SS vessel. The circulating chiller was set to 35 oC from 

the software provided by Hiden. Assuring all user-operated valves (i.e., valves B and G) 

were closed, a degas protocol was initiated in the software. 

 

For the high free volume materials studied, 24 hours were typically sufficient for 

degassing as evidenced by a minimum pressure achieved by the vacuum. A typical 

experiment with CH4 or CO2 involved eight pressure points (0.2, 0.5, 1.0, 2.0, 5.0, 10, 15 

and 20 bar). Equilibrium criteria were set using the “RTP” (function of real time 

processor) feature in the software. That is, the RTP protocol continuously analyzed the 

sorption-time curve for an asymptote at equilibrium. Only upon reaching 99% of that 

asymptotic value was the pressure automatically advanced. In addition, CH4 was always 

tested before CO2 to avoid effects of potential matrix plasticization due to CO2 sorption. 

Moreover, between gases, the sample was degassed until minimum weight was achieved 

(at least 24 hours).  
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3.4.2. Low-pressure sorption 

3.4.2.1. Apparatus 

A simplified schematic of the Micromeritics ASAP 2020 modified with a “micropore” 

upgrade (i.e., 0.1 torr transducer and turbo pump added to base model) is shown in Fig. 

3.13.  

 

Fig. 3.13 Simplified schematic of Micromeritics ASAP 2020 apparatus modified with a 

0.1 torr transducer and turbo pump. Main components include (1) degas port, (2) analysis 

port, (3) a circulating bath for temperature regulation or a dewar for cryogenic 

applications (e.g., liquid Ar or liquid N2) and (4) vacuum pumps including a turbo pump. 
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The maximum pressure that could be used in the apparatus was 1 bar, limited by the 

sample tubes. A sample of Zeolite Y provided with the apparatus was regularly used to 

verify appropriate operation and calibrations of the transducers and volumes.  

  

3.4.2.2. Standard operating procedure 

A typical experiment involved quickly degassing a sample tube at one of the two degas 

ports, backfilling with nitrogen gas to 1 bar and loading with 50-100 mg of sample (often 

powder). A seal frit with an O-ring was installed, and the sample was degassed under 

high vacuum and 120 oC using the heating mantle for 15-20 hours. Typically, the sample 

tube was then backfilled with nitrogen and weighed to determine the weight of the 

degassed sample. The sample tube was then connected at the sample port and a vacuum 

was applied for 2 to 3 hours. 

 

For nitrogen sorption, the sample tube was fitted with an isothermal teflon jacket and the 

supplied dewar was filled with liquid nitrogen (77 K). The jacket is patented technology 

that creates a siphon of liquid nitrogen up the sample tube driven by evaporation at the 

top, maintaining a layer of liquid nitrogen along the tube even if its level fell to the 

bottom of the jacket. Warm and cold free spaces were measured with helium. Relative 

pressures (p/po) from 10-7 to saturation (po=1 bar) were collected using 5-10 cm3(STP) g-1 

dosing up to p/po=0.001 and then larger increments thereafter. Desorption isotherms were 

also collected. Equilibration times of 10 s between pressure readings were used and 

isotherms typically lasted 48 hours.  
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After nitrogen testing, the sample was degassed at 120 oC to remove any adsorbed N2. A 

dewar containing an appropriate mixture of ethanol in water and a heat-exchange coil 

(1/2” SS tube) connected to a circulating bath at 273 K was prepared. The ethanol/water 

mixture depressed the freezing point of water 5-10 degrees below the target working 

temperature and prevented freezing near the cooling coils in the chiller. Free space was 

again measured with helium and adsorption and desorption isotherms were collected up 

to p/po=0.03 (1 bar, 273 K) with equilibration intervals of 10 s. Experiments were often 

completed within 12 hours. Isotherms were collected at 273 K, 283 K and 293 K for 

calculation of the isosteric heat of adsorption. The only adjustment that was made was in 

the pressure table to accommodate the reduction in the maximum relative pressure 

measurable as the temperature increased. 

 

3.5. Thermal and physical characterizations 

3.5.1. Differential scanning calorimetry (DSC) 

Dried film samples around 5 mg in weight were stacked in a T-Zero® pan (TA) and 

covered with a lid. Endothermic and exothermic heat flows were measured by a 

differential scanning calorimeter (TA, Q2000). Temperature was typically scanned from -

80 oC to 350 oC at 15 oC/min. The first scan was used to eliminate the thermal history of 

the sample and subsequent scans were inspected for endothermic steps representing a 

glass transition temperature. The temperature readings were regularly calibrated using 

indium metal. 

 

3.5.2. Thermogravimetric analysis (TGA) 
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The thermal stability of the samples (film or powder) was measured in a nitrogen 

atmosphere using thermogravimetric analysis (TA, Q-5000). Approximately 5 mg of 

sample were loaded onto an HT-platinum pan (maximum temperature 900 oC), dried at 

110 oC for 30 min and ramped to 800 oC at 3 oC/min. 

 

3.5.3. Dynamic mechanical analysis (DMA) 

Stress-strain curves were measured with a dynamic mechanical analyzer (DMA) (TA 

Q800) in air at room temperature for dog-bone specimens in accordance with ASTM 

recommendations (ASTM, D4440–08). The specimens were cut from dried polymer 

films using a laser cutter (Epilog®) interfaced with CoralDraw® that permitted precise 

cutting (Fig. 3.14). The averages of results from three to five runs was used. The 

technique was verified using standard commercial materials with reported tensile 

strength, elongation properties and Young’s moduli (e.g., Matrimid®) 

 

Fig. 3.14 Standard laser-cut dog-bone specimen used to measure stress-strain properties 

of the polymer films with a dynamic mechanical analyzer. 
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3.5.4. Fluorescence spectroscopy 

Fluorescence excitation and emission spectra were collected against wavelength for the 

polymer films (~50 µm) on a Perkin Elmer LS45 set up in a 90o arrangement with fixed 

10 nm slits. 

 

3.6. Macromolecular modeling 

Materials Studio 7.0 (Accelrys) was used to construct repeat units for polymers. To form 

the polymer, the backbone was defined by identifying head and tail atoms in the “Repeat 

Unit” dialog box in the “Build” menu. An isotactic homopolymer was built with 10-20 

repeat units using random torsions between the repeat units. Finally, the polymer chain 

was geometrically optimized using the Forcite module and COMPASS forcefield. The 

Smart algorithm was employed with a convergence tolerance set at 1x10-4 kcal mol-1 Å-1 

for the derivative of overall energy with successive molecular motions (i.e., “fine” 

quality). A maximum number of 50,000 iterations were permitted for the calculation and 

were sufficient for a “normal” termination status in all cases. For determination of the 

torsional energy barriers around specific bonds, the relevant torsion was identified using 

the torsion selector tool. In the Conformer module, the torsion was varied from -180o to 

+180o at increments of 3o (120 conformers) and constrained at each increment while the 

geometry of the remainder of the structure was optimized using the Forcite module (fine 

quality) as described above. The conformer with minimum energy was identified and the 

energy barrier to a torsion required to generate a new conformer i was calculated as 

ΔE=Ei – Emin. Thus a first approximation was made of the degrees of torsional freedom 
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available at the transport testing temperature, T, given that the available thermal energy is 

loosely approximated by 3RT based on the equipartition theorem.  
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Chapter 4. Rational Design of Intrinsically Ultra-Microporous 

Polyimides Containing Bridgehead-Substituted Triptycene for 

Highly Selective and Permeable Gas Separation Membranes1 

 

4.1. Abstract 

Highly ultra-microporous, solution-processable polyimides bearing 9,10-diisopropyl-

substituted triptycene demonstrated the highest BET surface area reported for polyimides 

(840 m2 g-1) and outstanding new highs in gas selectivity and permeability for hydrogen 

(1630-3980 Barrers, H2/CH4~38) and air (230-630 Barrers, O2/N2=5.5-5.9) separations. 

Two analogous dianhydrides bearing 9,10-diethyl- and 9,10-dipropyl-triptycenes 

indicated that the ultra-microporosity was optimized for fast polymeric sieving with the 

use of short, bulky isopropyl bridgeheads and methyl-substituted diamines (TrMPD, 

TMPD, TMBZ) that increase intra-chain rigidity. Mechanically, the triptycene-based 

analog of a spirobisindane-based polyimide exhibited 50% increases in both tensile 

strength at break (94 MPa) and elastic modulus (2460 MPa) with corresponding 90% 

lower elongations at break (6%) likely due to the ability of highly entangled spiro-based 

chains to unwind. To guide future polyimide design, structure/property relationships are 

suggested between the geometry of the contortion center, the diamine and bridgehead 

substituent, and the mechanical, microstructural and gas transport properties. 

__________________________ 

1 Portions of this chapter were adopted from Swaidan, R.; Al-Saeedi, M; Ghanem, B.; Litwiller, 
E.; Pinnau, I. Macromolecules 2014 47 (15) 5104-5114. Swaidan performed gas permeation, 
sorption and mechanical experiments, modeling and wrote the manuscript. Ghanem and Al-
Saeedi synthesized and characterized the polymers. Litwiller directed construction of permeation 
apparatus and edited the manuscript. Pinnau supervised the work and edited the manuscript. 
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4.2. Introduction 

To date, as illustrated in Chapter 2, a spiro-center – i.e. single tetrahedral carbon atom 

shared by two rings – has facilitated the design and synthesis of solution-processable 

ladder-type PIMs [1-3] and PIM-polyimides (PIM-PIs) [4-7] that were cast into self-

standing membranes with surface areas exceeding 800 m2 g-1 and significantly higher gas 

permeabilities than conventional, low-free-volume polymers including commercial 

materials like Matrimid and cellulose acetate. Here, the microstructural and gas 

permeation properties of seven novel PIM-PIs based on a dianhydride containing a 9,10-

diisopropyl-triptycene previously used in highly sorbing networks (Chapter 2) and a vast 

set of commercially available diamines were studied to establish structure-property 

relationships that elucidate the effect of the triptycene moiety on tuning the gas transport 

and mechanical properties of PIM-PIs. In addition, the effect of the 9,10-bridgehead 

substituents (branched or linear alkyl chains) was investigated using analogous PIM-PIs 

based on dianhydrides bearing 9,10-diethyl- and 9,10-dipropyl-substituted triptycenes. 

Data from the literature are extensively analyzed in conjunction with that determined in 

this work to suggest a general set of recommendations guiding the design of more 

permeable and selective and mechanically robust PIM-PIs. 
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Fig. 4.1 Triptycene-based PIM-PIs prepared with various alkyl bridgehead-substituents 

(R=i-C3, n-C3 and C2) and commercially available diamines. 
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4.3. Polymer design, physical and mechanical properties 

The chemistry previously reported for the synthesis of a ladder-type spirobisindane-

bearing dianhydride [5] (Fig. 4.2) was recently modified by our group to replace the spiro 

centers with 9,10-diisopropyl-substituted triptycene moieties [8]. The approach is also 

unique and versatile relative to other syntheses of triptycene-bearing polyimides [9-11] in 

that (i) it permits infusion of the triptycene into a fully fused-ring dianhydride, which 

allows the geometry of the triptycene to influence the macromolecular dynamics (e.g. 

intramolecular rigidity, chain propagation in space) and (ii) it permits integration of 

different bridgehead substituents (i.e., ethyl, propyl) simply based on the starting 

materials. This is apparently critical to the development of microporous polymer 

frameworks that are amorphous and thus retain good mechanical properties key to the 

membrane formation [12, 13]. 

 

 

Fig. 4.2 Structure of PIM-PI-1 based on analogous spirobisindane-based dianhydride. 
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Table 4.1 Molecular weights, thermal stability and BET (N2) surface areas of triptycene-

based (R=i-C3, n-C3, C2) PIM-PIs 

Polymer Mw 
(103 g mol-1) 

Mw/Mn Td (oC)a 
SBET (N2) 
(m2 g-1) 

KAUST-PI-1 158 2.0 400 750 

KAUST-PI-1’ 72 1.5 415 610 

KAUST-PI-2 120 1.8 402 740 

KAUST-PI-3 82 1.9 405 760 

KAUST-PI-4 73 2.1 430 420 

KAUST-PI-5 83 2.0 420 650 

KAUST-PI-5’ 39 1.5 405 430 

KAUST-PI-5” 61 4.1 410 430 

KAUST-PI-6 135 1.6 410 500 

KAUST-PI-7 140 1.7 430 840 

a Approximate temperature at onset of decomposition. 

 

Generally, the multi-step synthesis begins with the preparation of the 2,3,6,7-

tetramethoxy-9,10-dialkyl-anthracene, which then undergoes Diels-Alder addition with 

an in-situ-formed benzyne to form the corresponding 9,10-dialkyl-triptycene in relatively 

high yields. Demethylation of the methoxy groups, aromatic nucleophilic substitution 

with 4,5-dichlorophthalonitrile, and alkaline hydrolysis yields the tetracarboxylic acid in 

high yield. The corresponding dianhydride is reacted with commercial diamines via a 

one-step, high-temperature method in m-cresol with catalytic amounts of isoquinoline to 

yield the KAUST-PI polymers in Fig. 4.1. All the polymers in this work were of high 

molecular weight (Table 1) and readily soluble in chloroform. 
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As expected for polyimides the KAUST-PI materials demonstrated high thermal stability, 

with decomposition temperatures exceeding 400 oC (Table 1). No glass transition 

temperatures were observed before the decomposition temperature (Td) as reported for 

spiro-based [5] and triptycene-based [9] polyimides, indicating the high intramolecular 

rigidity characteristic of PIM-type materials. KAUST-PI-7, prepared by reaction of DMN 

with the i-C3 TPDA (Fig. 4.1) dianhydride displayed the highest BET (N2) surface area 

(840 m2 g-1) reported to date for polyimides as measured by nitrogen adsorption at 77 K 

(Table 1). Upon replacing the spiro center of structurally analogous PIM-PIs [5] (Fig. 

4.2) with the 9,10-diisopropyl-triptycene moiety, surface areas generally increased 

regardless of the diamine – e.g. DMN (680 to 840 m2 g-1); TMPD (680 to 750 m2 g-1); 

6FpDA (470 to 650 m2 g-1). For the ATAF-based polyimides, the change in surface area 

was negligible. Furthermore, with bulky and rigid diamines that are substituted to restrict 

rotation at the imide bond (e.g. TMPD, TrMPD and DMN) the gas uptake and surface 

areas approached those of ladder-type PIMs including PIM-1 (770 m2 g-1) and extremely 

permeable substituted polyacetylenes like poly[1-(trimethylsilyl)-1-propyne] (PTMSP) 

(950 m2 g-1) (Fig. 4.3). Together with previous work on ethanoanthracene and Tröger’s 

base moieties [14], this suggests that the infusion of three-dimensional and shape-

persistent bridged bicyclics into fully fused-ring backbones is more favorable for 

disrupting chain packing and developing amorphous, microporous polymeric structures. 

Similarly, Long and Swager provided the earliest report of rotation-restricting multiple-

point attachments of bulky triptycene moieties to polymer backbones as an efficient 

means to low-K dielectric materials [15]. When triptycene is instead incorporated into 
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polyimides as a freely rotating diamine, the surface areas – and hence, microporosity – 

decrease considerably and range from 39 - 121 m2 g-1 [9, 10].  

 

 

Fig. 4.3 (a) Nitrogen adsorption isotherms (T=77 K, po=1 bar) and (b) NLDFT-derived 

pore-size distributions (carbon slit-pore geometry) for PIM-1, PTMSP, KAUST-PI-1 and 

KAUST-PI-1’ elucidating the effect of 9,10-bridgehead-substitution on the 

microstructures. Inset zoomed to p/po=1x10-5. 

a) 

b) 
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Interestingly, large reductions in BET (N2) surface area were observed when a linear 

alkyl chain was used at the bridgehead in place of the branched isopropyl chain. For 

example, the surface area for the 6FpDA-based KAUST-PI-5 (R=i-C3) and KAUST-PI-5’ 

(R=n-C3) dropped ~30 % from 650 (i-C3) to 430 (n-C3) m2 g-1. Similarly for the TMPD-

based KAUST-PI-1 (R=i-C3) and KAUST-PI-1’ (R=n-C3), a ~20 % drop from 750 (i-C3) 

to 610 (n-C3) m2 g-1 was measured (Table 4.1). Furthermore, Fig. 4.3 qualitatively 

elucidates the differences in the microstructures resulting from linear (KAUST-PI-1’) and 

branched (KAUST-PI-1) bridgehead substituents [16]. The inset of Fig. 4.3a reveals a 

steeper increase in gas sorption and larger uptakes for the i-C3-substituted polymer at 

very low pressures (p/po < 10-5) where sorption in micropores preferentially occurs. The 

NLDFT-derived pore-size distributions of Fig. 4.3b show a bimodal distribution in 

microporosity, which is typical of PIMs, detailing a significant increase in the fraction of 

smaller, molecularly dimensioned pores in the i-C3-substituted polymer concomitant with 

a slight increase in the fraction of larger pores. Hypothesizing that the larger pores are 

interconnected through the smaller pores, this auspicious introduction of finer ultra-

microporosity (<7 Å) along with some larger pores induced by the short and bulky 

branched substituent should enhance diffusion-based gas transport. 

 

The mechanical properties of polymers designed for gas separation are critical to their 

fabrication into industrially relevant thin-films that are densely packed into spiral-wound 

or hollow-fiber modules. Table 4.2 summarizes the tensile behavior in the elastic region 

(low strains, Young’s modulus) and at break for relevant spiro- and triptycene-based 
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polyimides as well as traditional PIMs including PIM-1 and PTMSP and more recent 

Tröger’s base PIMs. Substitution of the spiro-center in PIM-PI-1 with the more shape-

persistent 9,10-diisopropyl-triptycene in KAUST-PI-1 results in a 150% increase in 

Young’s modulus to 2460 MPa and a 50% increase in tensile strength at break to 94 

MPa. The spiro-based PIM-PI-1, on the other hand, can endure significantly higher 

strains (reaching 69%) probably due to unwinding of the chains from a highly entangled 

state spurred by the geometry of the spiro moiety (flexible 90o kink). This mechanical 

flexibility has been also observed for polybenzoxazoles obtained from thermal 

rearrangement of ortho-hydroxyl polyimides containing spirobisindane [17]. Elongation 

is slightly compromised in PIM-1 probably due to its ladder-type backbone. Despite the 

reductions in maximum elongation of KAUST-PI-1, films (70-100 µm) are easily 

handled and can be “creased” without breaking [8]. Interestingly, slightly higher 

elongations and significantly greater tensile strengths are observed for KAUST-PI-1 

relative to 6FDA-DATRI [10], indicating that the integration of triptycene into the rigid 

fused-ring dianhydride instead of as a loosely connected diamine also leads to more 

mechanically robust polymers. Particularly, the mechanical strengths and elasticities of 

PIM-PIs and PIMs designed with triptycene-based contortion centers approach those of 

Matrimid, which is employed industrially in membrane-based gas separations. 
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Table 4.2 Mechanical properties of PIMs in the elastic region and at break. 

  At Breaka 

Polymer 
Young’s Modulus 

(MPa) 

Elongation 

(%) 

Tensile Strength 

(MPa) 

KAUST-PI-1 2460 5.9 94 

PIM-PI-1 1620 69 61 

6FDA-DATRIb - 4.5 62 

PIM-EA-TBc
 ~1000 - - 

PIM-TRIP-TBd 1206 -e 45 

PIM-1f 868g 10 48 

PTMSPh 630 73 40 

Matrimidi 2896 49 85 

a Average of three measurements; b Adopted from [10]; c Adopted from [14]; d Adopted from [18]; 

e Large deviations were observed in elongation; f Adopted from [19]; g Young’s Modulus 

measured elsewhere [8]; h Adopted from [20]; i Available from the supplier (www.lindberg-

lund.com). 

 

4.4. Geometric modeling 

The differences in macroscopic mechanical properties of the polymer membranes are 

closely related to the molecular structures of their constituent backbones. The degrees of 

torsional freedom – i.e., span of accessible angles – at the transport testing temperature 

(35 oC) for select dihedral angles in different contortion sites are presented in Fig. 4.4. 

The bridged bicyclics including triptycene (TRIP), ethanoanthracene (EA) and Tröger’s 

base (TB) have up to ~50 % less torsional freedom than the spiro center used in the 

previous PIM-PIs and early ladder PIMs PIM-1 and PIM-7. The EA is slightly more 

torsion-resistant than TB, as also reported from equilibrated packing simulations [21] but 
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only slightly more flexible than the triptycene moiety which has an additional vertical 

aromatic ring. The increased rigidity of bridged bicyclic contortion sites support the 

improved mechanical strength and Young’s modulus observed for triptycene-based 

KAUST-PI-1 relative to its spiro-based analog, PIM-PI-1 (Table 2). They also support 

the increases in accessible surface areas corresponding to enhanced development of 

microporosity (Table 1). That is, the development of microporosity depends largely on 

the ability of a contortion center to resist molecular deformation and maintain the 

intramolecular rigidity that disrupts chain packing [12, 13]. 

 

 

Fig. 4.4 Molecular simulation of dihedral angle distributions for bridged-bicyclic and 

spiro-based sites of contortion. The range of accessible angles is reported for each 

assuming an available thermal energy of 3RT. 

 

Moreover, the three-dimensionality and bulkiness of the backbone in KAUST-PI-1 as 

well as its propagation through space may be visualized via geometrically optimized 
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structures constructed in Materials Studio (Fig. 4.5). The fused-ring manner in which the 

triptycene moiety is integrated into the dianhydride forces the backbone to conform to the 

geometry of the triptycene moiety and to propagate in a planar ribbon-like fashion that is 

in stark contrast to that of the spirobisindane moiety – an abrupt perpendicular kink. 

 

Fig. 4.5 Geometrically optimized structure of KAUST-PI-1 illustrating contorted ribbon-

like growth and three-dimensionality offered by the 9,10-diisopropyl-triptycene moiety. 

 

4.5. Gas transport properties 

4.5.1. 9,10-diisopropyl-triptycene-based KAUST-PIs 

The pure-gas transport properties of all polyimides derived from 9,10-diisopropyl-

substituted triptycene are reported at 2 bar and 35 oC in Table 3 and 4. For all polymers 

except KAUST-PI-7, the order of the permeabilities follows H2>CO2>He>O2>N2~CH4. 

This order is opposite to that observed for prototypical PIM-1 and PTMSP [22] where 

solubility contributes strongly to gas transport and appreciably higher permeabilities are 

Bridgehead 
substitutents 
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measured for CO2 than H2 and likewise for CH4 than N2. As a result, both PIM-1 and 

PTMSP demonstrate unique solubility-driven “reverse-selective” transport with 

preferential permeation of large hydrocarbons over smaller gases [23-26]. On the 

contrary, and as supported by comparative nitrogen sorption experiments on PIM-1, 

PTMSP and KAUST-PI-1, (Fig. 4.3) locking the 9,10-diisopropyl-triptycene moiety in a 

fused ring dianhydride results in a pore-size distribution comprising both smaller and 

larger porosities, where the presence of the smaller pores elicits enhancements in 

molecular sieving. The resulting polymers demonstrate combinations of permeabilities 

and selectivities significantly surpassing state-of-the-art polymers for key gas separations 

(Fig. 4.6). Outstanding air (O2/N2) (Fig. 4.6a) and hydrogen (H2/N2, H2/CH4) (Fig. 4.6b, 

4.6c) separation performance is observed particularly for the KAUST-PIs derived from 

rotation-restricted TMPD (1), TMBZ (2) and TrMPD (3) diamines. Polymers derived 

from ODA (4) and ATAF (6) maintain reasonably high selectivities but show appreciable 

losses in permeability. This may be due to an improved chain packing incurred by their 

inherent flexibilities. In addition, both the TrMPD (3) and ODA (4) polymers have higher 

selectivities, and in the case of the ODA, far higher permeabilities than predicted for their 

spiro-based counterparts [5]. The anomalous behavior by KAUST-PI-7, which displayed 

the highest BET surface area (837 m2 g-1), highest gas permeabilities – except for He and 

H2 – and lowest gas selectivities of the series, may be attributed to an excessive 

“opening” of the microstructure due to the very bulky architecture of the DMN diamine. 

This compromises diffusivity selectivity to reduce overall permselectivity. Interestingly, 

the same behavior has also been reported for DMN-based polyimides derived from 6FDA 

[27] and the recent PIM-type spiro- and ethanoanthracene-based dianhydrides [28] (Table 
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4.5). Compared to commercial Matrimid membranes (P(O2)=2.1 Barrer, α(O2/N2)=6.6) 

[29], KAUST-PIs of sufficient intramolecular rigidity can exhibit up to 300-fold higher 

O2 permeabilities with only 10% lower O2/N2 selectivities. Based on Fig. 4.6, they 

possess some of the most promising combinations of permeabilities and selectivities 

among reported PIMs for air and hydrogen separations accounting for more than 75% of 

the membrane-based gas separation market. 

 

 

Fig. 4.6 Gas separation performance of KAUST-PIs containing 9,10-bridgehead-

substituted triptycene for (a) oxygen enrichment, hydrogen recovery from (b) ammonia 

purge gases and (c) petrochemical refinery streams as well as (d) natural gas sweetening. 
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Polymers are enumerated as indicated in Fig. 4.1. “1A” refers to KAUST-PI-1 O2/N2 

performance after 150 days. The solid lines represent 2008 permeability/selectivity trade-

offs [30]. 

 

Table 4.3 Gas permeabilities and permselectivities for 9,10-diisopropyl-triptycene-based 

KAUST-PI membranes at 35 oC and 2 bar. 

 Permeability (Barrers)a  Permselectivity 

Polymer He H2 N2 O2 CH4 CO2  O2/N2 H2/N2 H2/CH4 CO2/N2 CO2/CH4 

KAUST-PI-1 1771 3983 107 627 105 2389  5.9 37 38 23 23 

KAUST-PI-2 1026 2368 98 490 101 2071  5.0 24 23 21 21 

KAUST-PI-3 862 1625 43 238 43 916  5.5 38 38 21 21 

KAUST-PI-4 176 302 10.6 48 10.7 286  4.5 29 28 27 27 

KAUST-PI-5 816 1558 87 356 77 1552  4.1 18 20 18 20 

KAUST-PI-6 278 409 14.4 64.8 11 322  4.5 28 37 22 29 

KAUST-PI-7 1371 3198 225 842 354 4391  3.7 14 9 20 12 

Matrimidb - 18 0.32 2.1 0.28 10  6.6 56 64 31 36 

a 1 Barrer = 10-10 cm3(STP) cm cm-2 s-1 cmHg-1; b Adopted from [29]. 
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Table 4.4  Gas diffusivities, solubilities and selectivities for 9,10-diisopropyl-triptycene-

based KAUST-PI membranes at 35 oC and 2 bar. 

 
D 

(10-8 cm2 s-1) 
 

S 

(10-2 cm3 cm-3 cmHg-1) 
 Ο2 /Ν2   CO2/CH4 

Polymer N2 O2 CH4 CO2  N2 O2 CH4 CO2  αD αS  αD αS 

KAUST-PI-1 31.2 158 9.51 45.6  3.43 3.98 11.2 53.3  5.06 1.16  4.79 4.76 

KAUST-PI-2 28.9 138 8.00 49.3  3.39 3.56 12.6 42.0  4.78 1.05  6.16 3.33 

KAUST-PI-3 14.6 70.7 4.20 22.5  2.97 3.36 10.2 40.6  4.84 1.13  5.36 3.98 

KAUST-PI-4 3.18 13.1 0.871 6.81  3.35 3.62 12.3 42.1  4.12 1.08  7.82 3.42 

KAUST-PI-5 22.7 86.2 5.82 34.7  3.83 4.13 13.3 44.8  3.80 1.08  5.96 3.37 

KAUST-PI-6 6.43 25.8 1.38 10.9  2.23 2.51 7.98 29.7  4.01 1.13  7.90 3.72 

KAUST-PI-7 48.9 177 19.1 85.3  4.60 4.75 18.5 47.9  3.62 1.03  4.47 2.59 

 

Considering the avid research targeting more permeable and selective polyimide gas 

separation membranes, Table 4.5 and 4.6 summarize key gas transport properties for 

polyimides containing various contortion-center-bearing dianhydrides and different 

aromatic diamines to identify insightful structure/property relationships that can serve as 

design guides. The dianhydrides include the (i) established 6FDA [31, 32] common to 

some of the best performing low-free-volume polyimides, (ii) extended spirobisindane-

based dianhydride (Spiro (Ext)) [5] serving as the platform for the earliest PIM-PIs, (iii) 

non-extended analog (Spiro (Non-Ext)) [7], and (iv) emerging bridged-bicyclic-based 

dianhydrides employing ethanoanthracene (EA) [28] and 9,10-diisopropyl-substituted 

triptycene (i-C3 TPDA) [8]. 
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Table 4.5 Effect of the dianhydride (site of contortion) and diamine on the development 

of permeability and selectivity upon transitioning from conventional low-free-volume 

polyimides to high-free-volume PIM-polyimides. 

Polyimide Permeability (Barrer)  Permselectivity 

Diamine Dianhydride H2 N2 O2 CH4 CO2  H2/CH4 O2/N2 CO2/CH4 

TMPD i-C3 TPDA 3983 107 627 105 2389  37.9 5.9 22.8 

 Spiro (Ext)a  530 47 150 77 1100  6.9 3.2 14.3 

 Spiro (Non-Ext)b  2990 420 1150 610 5700  4.9 2.7 9.3 

 6FDAc  549 35.6 122 28.2 440  19.5 3.4 15.6 

6FpDA i-C3 TPDA 1558 87 356 77 1552  20.2 4.1 20.2 

 Spiro (Ext)a 360 23 85 27 520  13.3 3.7 19.3 

 6FDAd  108 3.11 14.2 1.34 51.2  80.6 4.6 38.2 

DMN i-C3 TPDA 3198 225 842 354 4391  9.0 3.7 12.4 

 EAe  4230 369 1380 457 7340  9.3 3.7 16 

 Spiro (Ext)a  1600 160 545 260 3700  6.2 3.4 14.2 

 Spiro (Non-Ext)e  2560 340 1010 550 5910  4.7 3.0 10.7 

 6FDAf 812 61.4 213 71.8 1357  11.3 3.5 18.9 

p,p’-ODA i-C3 TPDA 302 10.6 48 10.7 286  28.2 4.5 26.7 

 6FDAd  40.7 0.73 3.88 0.34 16.7  120 5.3 49 

TrMPD i-C3 TPDA 4563 161 814 161 3140  28.4 5.1 19.5 

 6FDAc 516 31.6 109 26 431  19.8 3.5 16.6 
a Testing conditions, 30 oC, 200-300 mbar [6]; b 25 oC, 1bar [7]; c 35 oC, 10 bar [33]; d 35 oC, 2 

bar [34]; e 25 oC, 1 bar [28]; f Adopted from [27]. 
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Table 4.6 Effect of the dianhydride (site of contortion) and diamine on the development 

of permeability and selectivity upon transitioning from conventional low-free-volume 

polyimides to high-free-volume PIM-polyimides. All superscripts refer to Table 4.5. 

Polyimide O2/N2 CO2/CH4 

Diamine Dianhydride αD αS αD αS 

TMPD i-C3 TPDA 5.1 1.2 4.8 4.8 

 Spiro (Ext)a 2.8 1.2 2.4 5.6 

 Spiro (Non-Ext)b 2.7 1.0 2.7 3.5 

 6FDAc 2.9 1.3 5.0 3.2 

6FpDA i-C3 TPDA 3.8 1.1 6.0 3.4 

 Spiro (Ext)a 3.2 1.1 4.0 4.7 

 6FDAd 3.6 1.4 12.3 3.2 

DMN i-C3 TPDA 3.6 1.0 4.5 2.6 

 EAe 3.2 1.2 4.0 4.1 

 Spiro (Ext)a 3.2 1.1 3.2 4.5 

 Spiro (Non-Ext)e 2.8 1.1 3.3 3.0 

 6FDAf 2.6 1.3 4.3 4.4 

p,p’-ODA i-C3 TPDA 4.1 1.1 7.8 3.4 

 6FDAd 4.0 1.3 14.1 3.4 

TrMPD i-C3 TPDA 4.4 1.2 6.0 3.3 

 6FDAc 2.7 1.2 5.5 3.1 

 

Table 4.6 demonstrates that for diamines highly substituted to restrict rotation about the 

imide bond (e.g., TMPD, TrMPD and DMN) and thus increase intrachain rigidity, 

permeability gains are concurrent with selectivity losses upon transitioning from low-

free-volume 6FDA-based polyimides to high-free-volume spirobisindane-based PIM-PIs 
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(extended and non-extended). However, selectivity can be recovered and significantly 

increased (TrMPD, TMPD) when the 9,10-diisopropyl-triptycene-based dianhydride is 

used. For example, going from 6FDA  Spiro(Ext)  Spiro(Non-Ext)  i-C3 TPDA 

with TMPD as a diamine, the O2 permeability proceeds from 122  150  1150  627 

Barrers while the O2/N2 selectivity proceeds from 3.4  3.2  2.7  5.9 (Fig. 4.7). 

Ultimately, a ~5-fold increase in permeability concomitant with a 70% increase in 

selectivity is observed by replacing 6FDA with i-C3 TPDA.  

 

 

Fig. 4.7 Trends in O2 permeability and O2/N2 selectivity upon progression from 

conventional 6FDA dianhydride to PIM-type spirobisindane- and triptycene-containing 

dianhydrides. The diamine is fixed as TMPD for comparison over a rotation-restricted N-

phenyl imide bond. 
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A similar trend is observed with the DMN diamine (Fig. 4.8), where the EA dianhydride 

yields improved selectivities and permeabilities over the spiro dianhydrides, further 

promoting the use of rigid and fused-ring bridged bicyclics over flexible spiro contortion 

centers. There, however, the selectivities of the low-free-volume polyimides are not 

matched in the PIM-PIs. The increase in free volume gained by a severe disruption of 

chain packing caused by the bulky structure of DMN outweighs the intrachain rigidity 

gained. The enhancements in the selectivity and permeability for gas transport through 

PIM-PIs based on bridged-bicyclics upon use of methyl-substituted diamines is opposite 

to what was previously observed for 6FDA-polyimides, where large reductions in 

permselectivities were concurrent with large increases in permeability upon methyl-

substitution of the diamines [33]. The PIM-PIs demonstrate improved performance for 

the O2/N2 gas pair as a result of improved diffusivity and diffusivity selectivities (Table 

4.6). Noted are the different considerations that must be made in designing PIM-PI 

structures with pore-size distributions tailored for molecular sieving [31]. 

 



 186 

 

Fig. 4.8 Trends in O2 permeability and O2/N2 selectivity upon progression from 

conventional 6FDA dianhydride to PIM-type spirobisindane-, triptycene- and 

ethanoanthracene-containing dianhydrides. The diamine is fixed as DMN for comparison. 

 

Furthermore, by replacing the 6FpdA diamine with the TMPD diamine, gas transport 

properties respond differently depending on the contortion center and the gas pair. The O2 

permeabilities improve (75%) for the structurally analogous Spiro (Ext) and i-C3 TPDA 

dianhydrides, but O2/N2 selectivity improves 45% (4.1 to 5.9) for the i-C3 TPDA while it 

drops 14% (3.7 to 3.2) for the Spiro (Ext) (Fig. 4.9). Similarly, for the H2/CH4 gas pair, i-

C3 TPDA elicits a more exaggerated 90% increase in selectivity (20 to 38) along with a 

250% increase in H2 permeability (1558 to 3983 Barrers), while the Spiro (Ext) moiety 

causes a 150% increase in H2 permeability (360 to 530 Barrers) but a severe 50% (13.3 to 

6.9) drop in selectivity. The behavior for the CO2/CH4 gas pair is qualitatively similar, but 
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the improvement in performance for the i-C3 TPDA is primarily permeability-based. That 

is, Fig. 4.6d illustrates that although the bridged-bicyclic-based PIM-PIs (i-C3 TPDA and 

EA) surpass the spiro-based PIM-PIs, the strides in performance apparent for the O2 and 

H2 gas pairs are not as evident for the CO2/CH4 gas pair, where a trade-off relationship is 

generally obeyed. Unlike for the O2 and H2 gas pairs, Table 4.3 and 4.4 demonstrate that 

the least permeable and, hence, most densely packed ODA- (KAUST-PI-4) and ATAF-

based (KAUST-PI-6) polyimides exhibit the highest CO2/CH4 permselectivities owing to 

the highest diffusivity selectivities (e.g., 60% higher αD(CO2/CH4) than KAUST-PI-1). In 

addition, other PIM-PIs in the literature that do not integrate contortion centers in a rigid 

fashion and are more densely packed (e.g., spiro-based PIM-6FDA-OH [4] and 

triptycene-based 6FDA-DATRI [9, 10]) also show more selective (diffusivity-based) 

CO2/CH4 separation. Generally, pure-gas results for gas pairs involving condensable 

gases can mask non-ideal effects like plasticization and competitive sorption, and thus the 

mixed-gas CO2/CH4 transport properties of these polyimides are currently under 

investigation. 
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Fig. 4.9 Trends in O2 permeability and O2/N2 selectivity upon progression from 

conventional 6FDA dianhydride to PIM-type spirobisindane- and triptycene-containing 

dianhydrides. The diamine is fixed as 6FpDA for comparison. 

 

Interestingly, the non-extended spirobisindane-based structures exhibit up to 10-fold 

higher gas permeabilities but almost consistently 50% lower gas selectivities than 

analogous extended-spirobisindane structures for key gas pairs including H2/CH4, O2/N2 

and CO2/CH4 (Table 4.5). The non-extended form contains a higher concentration of the 

spirobisindane moiety per unit volume. On the contrary, analogous non-extended 

structures based on the bridged bicyclic ethanoanthracene (e.g., EA-DMN) demonstrate 

much higher permeabilities and 50% higher selectivities near those reported for 

triptycene-based polyimides. Given the similarity of the backbones, these transport 

properties indicate that the geometries of the bridged bicyclics and the manner in which 
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they influence chain growth is important. That is, both ethanoanthracene and triptycene 

constrain the growth of the macromolecule in a planar and ribbon-like fashion [8]. Spiro-

centers, on the other hand, spur an erratic growth that leads to a more highly coiled 

macromolecule that sacrifices some of the finer microporosity responsible for sieving. 

 

A similar analysis concluded in 1988 that any change to the structure of a polyimide 

should strike a balance between gains and losses in both the intersegmental spacing and 

the intrasegmental mobility [32]. That is, a change that disrupts packing while 

simultaneously increasing the resistance to motion about mobile joints in the chains was 

observed to improve the gas permeability while either maintaining or even boosting the 

gas selectivity. This remains consistent with the trends observed here for PIM-PIs. 

 

4.5.2. Effect of bridgehead substituent (R=C2, n-C3, i-C3) 

As indicated by the pore-size distributions derived from nitrogen sorption isotherms (Fig. 

4.3) for KAUST-PI-1 and KAUST-PI-1’, the bridgehead substituent has a notable impact 

on the polymer microstructure. To further investigate this, transport properties (P, D and 

S) and BET (N2) surface areas for KAUST-PI-1 and KAUST-PI-1’ as well as KAUST-

PI-5 (R=i-C3), 5’ (R=n-C3) and 5” (R=C2) were measured. Table 4.7 shows that for both 

diamines, the permeabilities and surface areas are largest when the bridgehead is the 

branched isopropyl chain. Moreover, as observed above, the effect on gas permeability 

upon replacing propyl with isopropyl also depends on the diamine: (i) He and H2 

permeabilities increase 6-7-fold with TMPD, ~3-fold with 6FpDA; (ii) N2 permeabilities 

increase ~3-fold with TMPD, ~5-fold for 6FpDA; (iii) O2 permeabilities increase ~5-fold 
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with TMPD, 4-fold with 6FpDA; (iv) CH4 permeabilities increase 3-fold with TMPD, 

~4-fold with 6FpDA; and (v) CO2 permeabilities respond with a ~4-fold increase for both 

diamines. TMPD permits larger increases in the permeabilities of the smaller gases He 

(kinetic diameter kD=2.6 Å), H2 (kD=2.9 Å) and O2 (kD=3.3 Å) than the larger N2 

(kD=3.64 Å) and CH4 (kD=3.80 Å) gases, supporting the hypothesis that the 

microstructure adopts more pronounced ultra-microporosity. This is further corroborated 

by an improved diffusivity selectivity (3.8 to 5.1) for O2/N2 observed for the TMPD 

polymers but not those containing the more freely rotating 6FpDA (Table 4.8). The 

trends are illustrated in Fig. 4.10. 

 

Table 4.7 Effect of bridgehead-substituent on BET (N2) surface areas and gas 

permeabilities of triptycene-based KAUST-PIs. 

   SBET(N2) Permeability (Barrer) 

Polymer Diamine R (m2 g-1) He H2 N2 O2 CH4 CO2 

KAUST-PI-5” 6FpDA C2 430 454 712 32 126 30 679 

KAUST-PI-5’  n-C3 430 292 546 18 90 20 406 

KAUST-PI-5  i-C3 650 816 1558 87 356 77 1552 

          

KAUST-PI-1’ TMPD n-C3 610 314 560 32 123 33 645 

KAUST-PI-1  i-C3 750 1771 3983 107 627 105 2389 

 

The effect of the bridgehead substituent on the solubility coefficients is consistent (Table 

4.8) with results from gas sorption in network polymers containing bridgehead-

substituted triptycene [35]. Fixing 6FpDA as the diamine, using a shorter C2-bridgehead 

substituent (KAUST-PI-5”) results in a general permeability increase of 50% due to large 
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improvements in the solubility coefficients. However, while the absolute value of the 

solubility is improved the solubility selectivity remains constant as expected for polymers 

of a given class [36] (Table 4.8). In the n-C3-substituted KAUST-PI-5’, even though 

permeability coefficients are lower, diffusivity coefficients are higher than in the C2-

substituted KAUST-PI-5”, which may be due to an improved mobility of the more 

flexible, longer n-C3 side chains [37]. 13C-NMR studies have indicated the triptycene 

cannot efficiently restrict reorientation of the CH3 groups that are more distant [35]. 

Concisely, the balance between inter-segmental spacing and intrasegmental mobility is 

optimized in this study with the combination of short, bulky isopropyl substituents and 

rigid torsion-resistant diamines. This was also reported for isopropyl side-chains on 

substituted polyacetylenes [38]. 

 

Table 4.8 Effect of 9,10-bridgehead-substitution on the diffusivity and solubility in 

triptycene-bearing KAUST-PIs. 

Polymer 
Diffusivity 

(10-8 cm2 s-1) 
 

Solubility 

(10-2 cm3 cm-3 cmHg-1) 
 Ο2 /Ν2   

 
N2 O2 CH4 CO2  N2 O2 CH4 CO2  αD αS  

KAUST-PI-5 22.7 86.2 5.82 34.7  3.83 4.13 13.3 44.8  3.8 1.1  

KAUST-PI-5’ 10.0 35.0 3.30 11.1  1.78 2.56 5.99 40.9  3.5 1.4  

KAUST-PI-5” 7.29 27.6 1.84 8.59  4.41 4.59 16.1 79.0  3.8 1.0  

KAUST-PI-1 31.2 158 9.51 45.6  3.43 3.98 11.2 53.3  5.1 1.2  

KAUST-PI-1’ 14.1 54.1 4.07 21.1  2.25 2.28 7.99 30.5  3.8 1.0  
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Fig. 4.10 Trends in O2 permeability and O2/N2 selectivity upon progression from 

conventional 6FDA dianhydride to PIM-type spirobisindane- and triptycene-containing 

dianhydrides. The diamine is fixed as 6FpDA for comparison. 

 

4.5.3. Significance of an “Aging-Knee” in PIMs 

The gas transport properties of intrinsically microporous materials are time-dependent 

owing to an aging phenomenon by which the structure compacts into a more tightly 

packed equilibrium state [39]. This behavior is pronounced post film conditioning, in 

which a non-solvent like methanol swells the polymer to facilitate the removal of casting 

solvent trapped in the micropores. Therefore, a simple protocol was established in this 

study to identify an “aging knee” at which quasi-steady-state, and hence, more practical 

and representative, transport properties could be reported. The permeability, diffusivity 

and solubility coefficients for KAUST-PI-1 were monitored over a 150 day period after 
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methanol conditioning and are presented in Fig. 4.11. In the first 10-15 days, rapid drops 

in O2 and N2 permeabilities are governed by an equivalent drop in diffusivity as non-

equilibrium excess free volume dissipates. This drop is more significant for the larger N2 

gas, and thus rapid rises in O2/N2 diffusivity-selectivities and overall permselectivities are 

observed. After 15 days (P(O2)=627, α(O2/N2)=5.9), further changes are modest even up 

to 150 days (P(O2)=542, α(O2/N2)=6.2). Point “1A” measured at 150 days is plotted in 

Fig. 4.6a for comparison with data for PIM-EA-TB (A), PIM-PI-EA (A) and PIM-TRIP-

TB (A), which were aged over a range of 100-300 days. Interestingly, the general time 

frame of 10-15 days observed for an “aging knee” in KAUST-PI-1 – and the other 

polymers of this study – was also reported for ladder-type PIM-1 [40]. All data in this 

manuscript were reported in this fashion, and the authors generally recommend that the 

transport properties of PIMs be so presented to permit better fundamental and practical 

evaluations of the rapidly emerging data in this growing area of research. 



 194 

 

Fig. 4.11 Identification of an “aging knee” where time-dependence of gas transport 

properties in methanol-conditioned KAUST-PI-1 is mitigated and a quasi steady-state is 

reached. Units: P [Barrers] (10-10 cm3(STP) cm cm-2 s-1 cmHg-1); D (cm2 s-1); S 

(cm3(STP) cm-3 cmHg-1). 

 

4.6. Design principles 

In this article, an extensive study (including the synthesis of two new triptycene-based 

dianhydrides and eight new polyimides) exploring the effects of various structural 

features (e.g., contortion center geometry, diamine bulkiness and methyl-substitution, 

bridgehead substituent on triptycene) on the microstructural, mechanical and gas 
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transport properties of PIM-type polyimides elucidated valuable structure/property 

relationships. In conjunction with data available in the literature, specific design 

principles are deduced that target a balance between intersegmental spacing and 

intrasegmental mobility and achieve ultra-microporous polymers suitable for molecular 

sieving. Upon progressing from low-free-volume conventional polyimides to high-free-

volume PIM-PIs, the trade-offs in permeability and selectivity embodied by the upper 

bounds to polymeric gas separation performance may be overcome and redefined for 

sieving-based air and hydrogen separations if: 

i. Contortion sites are chosen as shape-persistent bridged-bicyclics that are 

integrated rigidly into the backbone such that their unique geometries (kink angle, 

rigidity) can strongly influence growth and packing of the macromolecule. 

Polyimides incorporating ethanoanthracene and 9,10-dialkyl-triptycene (both ~ 

120o kink) into fully-fused ring dianhydrides have demonstrated gains in 

permeability and selectivity over conventional low-free-volume 6FDA-based 

polyimides. 

ii. Short diamines are used that restrict rotation about the imide bond to restrict 

intra-chain flexibility, further exaggerating the effects of the contortion site on 

chain dynamics. Contrary to previous reports with 6FDA-based polyimides, the 

present work on triptycene-based polyimides indicates that methyl-substituted 

diamines (TrMPD, TMPD, TMBZ) can simultaneously boost permeability and 

selectivity. However, the gains in intersegmental spacing caused by DMN 

outweigh the gains in intra-chain inflexibility and significantly increase 

permeability at the expense of selectivity. 
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iii. The bridgehead on the 9,10-dialkyl-triptycene moiety is preferably chosen as a 

short, bulky isopropyl chain. Permeability and selectivity are compromised when 

ethyl and propyl chains are used at the bridgehead. 

iv. The bridged bicyclic contortion centers (e.g., ethanoanthracene) are concentrated 

in the repeat unit. 

Moreover, the spirobisindane moiety imparts excellent elongation properties to the 

polyimides that are compromised for large gains in tensile strengths with the use of more 

rigid bridged bicyclics. Finally, the outstanding strides in gas separation performance 

over low-free-volume polyimides for air and hydrogen separations are not achieved for 

the increasingly important CO2/CH4 separation. Identification of the relevant structural 

features is treated in Chapters 5, 6 and 7. 
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Chapter 5. On the Role of Intra-Chain Rigidity in the Plasticization of 

Intrinsically Microporous Triptycene-based Polyimide Membranes 

in Mixed-gas CO2/CH4 Separations1 

 

5.1. Abstract 

Based on high-pressure pure- and mixed-gas (50:50) CO2/CH4 separation properties of 

two intrinsically microporous triptycene-based polyimides (TPDA-TMPD (KAUST-PI-1) 

and TPDA-6FpDA (KAUST-PI-5)), the intra-chain rigidity central to “conventional 

PIM” design principles is not a singular solution to intrinsic plasticization resistance. 

Despite the significant intra-chain rigidity in TPDA-TMPD, a 300% increase in 

PMIX(CH4), 50% decrease in α(CO2/CH4) from 24 to 12, and continuous increase in 

PMIX(CO2) occurred from 4 bar to 30 bar. On the other hand, the more flexible and 

densely packed TPDA-6FpDA exhibited a slight up-turn in PMIX(CO2) at 20 bar similar to 

a dense cellulose acetate (CA) film, also examined here, despite a fourfold higher CO2 

sorption capacity. Microstructural investigations suggest that the interconnected O2- and 

H2-sieving ultra-microporosity of TPDA-TMPD is more sensitive to slight CO2-induced 

dilations and is the physical basis for a more extensive and accelerated plasticization. 

Inter-chain rigidity, potentially by inter-chain interactions, is emphasized and may be 

facilitated by intra-chain mobility. 

__________________________ 

1 Portions of this chapter were adopted from Swaidan, R.; Ghanem, B.; Al-Saeedi, M; Litwiller, 
E.; Pinnau, I. Macromolecules 2014 DOI: 10.1021/ma501798v. Swaidan performed gas 
permeation, sorption and fluorescence experiments, modeling and wrote the manuscript. Ghanem 
and Al-Saeedi synthesized and characterized the polymers. Litwiller directed construction of 
permeation apparatus. Pinnau guided and supervised the work and edited the manuscript. 
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5.2. Introduction 

In Chapter 2, a general speculation on the ability of PIMs to resist CO2-induced 

plasticization was introduced based on upon a notion of intrinsically higher “rigidities.” 

Chapter 4 detailed significant enhancements in the intra-chain rigidities of PIM-PIs 

accomplished via a fused-ring integration of bridged-bicyclic contortion centers such as 

ethanoanthracene, Tröger’s base and triptycene [1-6]. The resulting materials, which also 

include ladder polymers [1, 5, 6] and PIM-type polyimides (PIM-PIs) [2, 3, 7] have been 

cast into dense membranes exhibiting remarkable combinations of high permeabilities 

and high selectivities significantly transcending the latest 2008 upper bounds [8] for O2 

and H2 separations. However, their rational design disregards inter-chain rigidity, which 

appears important for plasticization resistance as discussed in Chapter 2 for glassy 

materials including CA and PMMA. Additionally, their high microporosities result in 

high sorption capacities that have been cautioned against in the selection of membranes 

for feeds containing condensable components like CO2 [9]. In summary, these results 

suggest that inter-chain rigidity is paramount to the intra-chain rigidity in maintaining 

selective performance under aggressive CO2/CH4 mixed-gas feeds. In previous work, we 

demonstrated that these “second-component effects” can even occur for carbon 

membranes (600 – 800 oC) derived from pyrolysis of a PIM-PI precursor PIM-6FDA-OH 

[10, 11], which had been previously thought to be very stable against plasticization owing 

to pyrolysis-induced crosslinking. 

 

Accordingly, this chapter documents the first investigation into the mixed-gas CO2/CH4 

transport properties of PIM-PIs – namely, those with exceptionally high rigidity. Two are 
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selected from Chapter 4 based on the fused-ring and intra-molecularly rigid 9,10-

diisopropyl-triptycene dianhydride (TPDA). One contains a highly ortho-substituted and 

rotation-restricted N-phenyl imide bond – KAUST-PI-1 (TPDA-TMPD) – and the other 

has a relatively flexible diamine and N-phenyl imide bond – KAUST-PI-5 (TPDA-

6FpDA) [2, 3]. Results of physical microstructural investigations are analyzed together 

with those of high-pressure pure- and mixed-gas CO2/CH4 transport properties for thick 

films of the polyimides and the commercial standard, cellulose acetate, for reference. The 

objective was to provide representative comparisons that address, on a physical basis, 

whether the intra-chain rigidity central to the design of PIMs for highly permeable and 

selective O2 and H2 separations can support intrinsic plasticization resistance in the 

presence of aggressive CO2-based mixtures. 

 

5.3. Polymers and simulated structures 

The geometrically optimized molecular structures of the chains and repeat units of 

KAUST-PI-1 and KAUST-PI-5 are illustrated in Fig. 5.1. Characteristic dihedral angles  

representing key differences in backbone rigidity between the polymers are highlighted 

and will be subsequently discussed. Both KAUST-PI-1 and KAUST-PI-5 were 

synthesized in high molecular weight as determined by gel permeation chromatography 

(Malvern HT-350) with polystyrene as an external standard (Table 5.1). No Tg was 

observed from -80 oC to 350 oC in differential scanning calorimetry measurements for 

either polymer, even shortly after exposure to 20 bar of CO2 for 72 h. This probably 

reflects limitations on large macromolecular motions (i.e., necessary to enter a rubbery 
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state) in glassy PIM-PIs based on the fused-ring triptycene-containing dianhydride 

TPDA.  

 

 

Fig. 5.1 Energy-minimized structures (Forcite module, Materials Studio 7.0, Accelrys) 

detailing conformational differences in the repeat units and polymer chains of (a) 

KAUST-PI-1 (TPDA-TMPD) and (b) KAUST-PI-5 (TPDA-6FpDA). Dihedral angle 

distributions were simulated over the highlighted bonds. 

 

Table 5.1 Physical properties of KAUST-PI-1 and KAUST-PI-5. 

Polymer 
Mw  

(g mol-1) 
Mw/Mn 

BET (N2) Surface Area 

(m2 g-1) 
Tg (oC) 

KAUST-PI-1 158000 2.0 750 >350 

KAUST-PI-5 83000 2.0 500 >350 

TPDA-TMPD

O

O
N

O

O n

O

O
N

O

O

O

O
N

O

O

O

O
N

O

O
CF3

CF3 n
TPDA-6FpDA

TPDA-TMPD

O

O
N

O

O n

O

O
N

O

O

O

O
N

O

O

O

O
N

O

O
CF3

CF3 n
TPDA-6FpDA

KAUST-PI-1 KAUST-PI-5 b) a) 



 205 

 

 

5.4. Classifications of “rigidity” 

Since rigidity is central to the discussions in this work, an important subtlety is 

emphasized and illustrated in Fig. 5.2. Briefly, polymer “rigidity” can be intra-chain or 

inter-chain in nature. For example, intra-chain rigidity can result from restricted 

backbone torsions within a chain. On the other hand, high inter-chain rigidity can result 

from physical interactions or covalent bonds between chains that may restrict 

macromolecular motion and limit dilation. 

 

Fig. 5.2 Classification of polymer “rigidity” into intra-chain and inter-chain rigidity. The 

blue ribbon in the illustration represents a polymer chain. 

 

5.5. Dihedral angle simulations 
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Fig. 5.3 demonstrates some characteristic dihedral angle distributions about bonds 

highlighted in Fig. 5.1. This analysis is a first approximation of the differences in intra-

chain rigidity between the two polyimides because repeat units, and not densely packed 

chains, were used in the simulations. KAUST-PI-1 shows significantly higher intra-chain 

rigidity than KAUST-PI-5 due to steric interference between the methyl groups of the 

TMPD diamine and the carbonyl groups of the imide ring, restricting rotation about the 

N-phenyl imide bond. The 6FpDA diamine in KAUST-PI-5 adds considerable intra-

chain flexibility at two locations in the backbone: (i) The N-phenyl imide bond, which is 

not substituted and (ii) at the bonds between the phenyl rings. This flexibility in 6FpDA 

facilitates coplanarization of the backbones and improves chain stacking. It is a key 

reason behind the success of 6FpDA in improving the plasticization resistances of 

promising polyimides [12] and polyamide-imides [13, 14].  

 

Fig. 5.3 Distributions in the dihedral angles highlighted in the repeat unit structures of 

Fig. 5.1 (Conformers module, Materials Studio 7.0, Accelrys). “TRIP” refers to the 
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triptycene contortion site in the dianhydride monomer. TMPD and 6FpDA are the 

diamines in KAUST-PI-1 and KAUST-PI-5, respectively. 

 

5.6. Microstructural characterizations 

5.6.1. Fluorescence spectroscopy 

Indeed, fluorescence excitation spectra are red-shifted for a thick film of KAUST-PI-5 

relative to KAUST-PI-1, probably due to the formation of inter-molecular charge transfer 

complexes in the flexible and more densely packed KAUST-PI-5 (Fig. 5.4) [15, 16]. This 

is consistent with results for 6FDA-DAM (rigid N-phenyl bond) and 6FDA-6FpDA 

(flexible N-phenyl bond) reported by Vaughn and Koros [13]. Accordingly, this bodes 

well for the plasticization resistance of the more flexible KAUST-PI-5. 

 

 
Fig. 5.4 Fluorescence excitation spectra for KAUST-PI-1 and KAUST-PI-5. (Excitation 

wavelength: 320 nm). 
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5.6.2. Low-pressure sorption: N2 (77 K) and CO2 (273 K) 

Low-pressure physisorption is a useful technique for qualitatively exploring the effects of 

the diamine (TMPD, 6FpdA) on the amount and distribution of porosity in the PIM-PI 

microstructures [17-21]. The conclusions in this section provide the physical basis for 

later discussion of pure- and mixed-gas transport properties. Sorption isotherms of N2 (-

196 oC) and CO2 (0 oC) are shown in Fig. 5.5 for KAUST-PI-1 and KAUST-PI-5 in 

comparison to microporous PIM-1 and PTMSP. All isotherms are similarly shaped and 

indicative of microporous materials (IUPAC, pore diameter <20 Å) possessing 

interconnected porosity. KAUST-PI-1 demonstrates roughly twofold higher N2 and CO2 

uptakes than KAUST-PI-5 particularly in the low-pressure ranges where adsorption 

preferentially occurs in micropores. A higher BET surface area was also calculated for 

KAUST-PI-1 (750 m2 g-1) relative to KAUST-PI-5 (500 m2g-1). Concisely, the greater 

microporosity evident in KAUST-PI-1 is attributed to the higher intra-chain rigidity 

imparted by the short and bulky TMPD diamine, which is known to disrupt chain packing 

and trap microporosity [22-24]. On the other hand, KAUST-PI-5 (ρ=1.34 g cm-3) packs 

more densely than KAUST-PI-1 (ρ=1.09 g cm-3) owing to the intra-chain flexibility in 

the 6FpDA diamine (Fig. 5.3). 

 



 209 

 

Fig. 5.5 Sorption isotherms for a) N2 (-196 oC, po=1 bar) and b) CO2 (0 oC, po=33 bar) 

collected up to 1 bar for KAUST-PI-1, KAUST-PI-5, PIM-1 and PTMSP. 

 

NLDFT-based pore-size distributions (PSDs) were calculated from the N2 and CO2 

isotherms of Fig. 5.5 and shown in Fig. 5.6 as distributions in cumulative pore-volume 

over pore width. Two important features appear. Firstly, KAUST-PI-1 has a larger 

a)               

b)               
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fraction of narrower micropores than KAUST-PI-5, PIM-1 and PTMSP. This is 

consistent with its higher diffusion-selectivities due to greater molecular sieving 

properties [2, 3]. Importantly, it indicates a higher degree of “order” in the microstructure 

of KAUST-PI-1 that should be more susceptible to small dilations caused, for example, 

by CO2-induced plasticization. Secondly, both polyimides appear to have similar 

fractions of larger pores; however, the amount of either (large and small pores) is greater 

in KAUST-PI-1 than KAUST-PI-5 given its larger surface area (Table 5.1). Relative to 

microporous PIM-1 (770 m2 g-1, 0.66 cm3 g-1) and PTMSP (950 m2 g-1, 0.71 cm3 g-1), 

KAUST-PI-1 shows (i) lower pore volume, (ii) larger fractions of small pores and (iii) 

smaller fractions of large pores. PIM-1 and PTMSP form “reverse-selective” membranes 

with the highest n-C4H10/CH4 mixed-gas selectivities and n-C4H10 permeabilities 

exceeding those of smaller molecules [25, 26]. This is consistent with the greater 

presence of larger free-volume elements accessible enough to accommodate the n-C4H10 

vapor.  
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Fig. 5.6 Pore-size distributions (PSDs) represented as the distribution of cumulative pore 

volume against pore width. PSDs were derived from NLDFT analysis of a) N2 and b) 

CO2 sorption isotherms in Fig. 5.5 assuming carbon slit pores. 

 

a)               

b)               
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Additionally, the isosteric heat of adsorption was calculated using three independently 

collected CO2 sorption isotherms (0 oC, 10 oC and 20 oC) for KAUST-PI-1 and CA and 

shown in Fig. 5.7. The heat of adsorption is nearly independent of loading, indicating a 

dominant effect of adsorption (and not energetics) on the isotherms and pore-size 

distributions above. It also represents weak physisorption (~25-30 kJ/mol) as the 

mechanism of CO2 sorption in the polymers. 

 

 

Fig. 5.7 Dependence of isosteric heat of adsorption (QST) on CO2 loading in the polymer 

microstructure for KAUST-PI-1 and CA.  

 

5.6.3. High-pressure sorption: CO2 and CH4 

There have been several notable attempts to correlate a critical amount of CO2 (e.g., 

concentration, partial molar volume) sorbed in a polyimide matrix with the occurrence of 

a “plasticization pressure” at which an upturn appears in the pure-gas CO2 permeability 

isotherm [27-29]. Fig. 5.8a shows that the CO2 concentration in the PIM-PIs was at least 
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three times greater than in CA. At ~2 bar partial pressure (vs 10 bar for CA), both PIM-

PIs surpassed the critical CO2 concentration of 36±7 cm3(STP) cm-3 polymer proposed by 

Bos et al. [27] to trigger a “plasticization pressure.” Additionally, KAUST-PI-1 sorbed 

~50% more CO2 and CH4 (Fig. 5.8b) than KAUST-PI-5 across the 20 bar pressure range. 

This is related to its more microporous structure as discussed above in Section 5.6.2 and 

evidenced by higher CH’ and kD parameters calculated from dual-mode model fits to the 

concentration isotherms (Table 5.2). Based on these observations, early plasticization is 

expected for both polyimides. 

 

 

Fig. 5.8 High-pressure equilibrium a) CO2 sorption and b) CH4 sorption isotherms for 

KAUST-PI-1, KAUST-PI-5 and CA. The data for CA (DS=2.84) were taken from Puleo 

et al.[30] 

 

a)               b)               
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Table 5.2 Dual-mode sorption parameters determined from fits to the pure-gas 

concentration isotherms. Units: CH’ [=] cm3(STP) cm-3; kD [=] cm3(STP) cm-3
 bar-1; b [=] 

bar-1. 

 CO2  CH4 

Polymer CH’ kD b  CH’ kD b 

KAUST-PI-1 75.2 3.72 0.69  53.1 1.12 0.20 

KAUST-PI-5 60.1 2.50 0.65  34.2 0.81 0.23 

 

The pressure-dependence of the CO2 and CH4 solubility coefficients of the polymers are 

shown in Fig. 5.9. The steep reductions at low pressures are typical for glassy polymers 

and reflect dual-mode-type filling of Langmuir microvoids in the polymers and are more 

pronounced for the PIM-PIs than CA because of higher intrinsic microporosity. The steep 

declines are followed by more gradual declines due to sorption in Henry’s domains. 

However, despite the disparity in sorption capacities of the PIM-PIs, there were 

negligible differences between their CO2/CH4 solubility selectivities (Fig. 5.10). They 

were only slightly lower for KAUST-PI-1 probably due to easier access of the CH4 

molecule into its more open porosity, as recently noted for PIM-type materials [31].  
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Fig. 5.9 Solubility coefficient isotherms for a) CO2 and b) CH4 for KAUST-PI-1, 

KAUST-PI-5 and CA. The data for CA (DS=2.84) were taken from Puleo et al. [30] 

 

 

Fig. 5.10 CO2/CH4 pure-gas solubility selectivities for KAUST-PI-1, KAUST-PI-5 and 

CA. The data for CA (DS=2.84) were taken from Puleo et al. [30] 

 

Moreover, the solubility selectivities of both PIM-PIs (ranging from 2 to 4 across the 20 

bar pressure range) are comparable to those of conventional low-free-volume polyimides 

a)               b)               
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(ranging from 3-4) [32]. CA has been shown to exhibit anomalously high solubility 

selectivities up to four times those of polyimides but, without speculating on the reasons 

for this behavior, we found that only weak physisorption (heat of adsorption ~25-30 kJ 

mol-1) occurs in both CA and KAUST-PI-1 (Fig. 5.7). It thus seems that the sorption and, 

subsequently, permeation behaviors in polymers are dominated by physical factors (e.g. 

amount and distribution in porosity) and not any special interactions with CO2. 

 

5.7. Pure- and mixed-gas permeation 

5.7.1. Aging knee 

Before measurement of all permeation data, the freshly methanol-conditioned and heat-

dried (120 oC) PIM-PI films were kept under vacuum in the permeation testing apparatus 

as their O2/N2 transport properties were monitored with time. Two general stages of time-

dependent permeation were observed: (i) ~10-15 days of rapid permeability loss and 

selectivity increase consistent with a relaxation of the excess free volume induced by 

methanol conditioning and (ii) ~15-150 days that demonstrated negligible time-

dependence on the experimental time-scale. The trends have been shown to be diffusion-

dominated, supporting some physical rearrangement and densification of the 

microstructure [3]. Moreover, we recently proposed measuring gas transport properties of 

PIMs at the onset of the second stage – so-called “aging knee” [3] – to promote 

reproducibility and consistency of their dense-film data across the literature. That is, the 

kinetics in thin films (~200 nm) can be very different [33]. Fig. 5.11 demonstrates similar 

relaxation behaviors of methanol-conditioned KAUST-PI-1 and KAUST-PI-5 with time, 
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which resemble that of microporous PIM-1 [34]. Therefore, all data reported in this work 

were taken at (and shortly after) the aging knee highlighted in Fig. 5.11. 

 

 

Fig. 5.11 Identification of an “aging knee” (highlighted region, 10-15 days) where the 

time-dependence of gas transport properties in methanol-conditioned KAUST-PI-1 and 

KAUST-PI-5 reached a quasi-steady-state. This provides for more consistent and 

reproducible data. 

 

5.7.2. CO2/CH4 separation 

The pressure-dependence of the pure- and mixed-gas permeability isotherms for dense 

films (~70 µm) of KAUST-PI-1, KAUST-PI-5 and CA is shown in Fig. 5.12 and 5.13. 

Unexpectedly, KAUST-PI-1 underwent significant plasticization evidenced by immediate 

rises in its pure- and mixed-gas CO2 permeabilities with pressure. This behavior is 

reminiscent of thin-film mixed-gas behavior (e.g. CA), which is unusual given that thin 

films typically exhibit more extensive and accelerated plasticization responses than thick 

films [35]. Sanders et al. proposed that this cannot be explained purely by sorption 
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capacity [36]. Indeed, although PIM-1 [37] and KAUST-PI-1 sorb nearly the same 

amount of CO2 (140 cm3(STP) g-1 at 20 bar CO2), their permeation behaviors are 

different in that (i) mixed-gas CO2 permeability exhibits a dual-mode-type decrease with 

pressure in PIM-1 but immediate pressure-dependent increases in KAUST-PI-1 and (ii) 

the extent of mixed-gas CH4 permeability increase (an unambiguous indication of 

plasticization) is five times more in KAUST-PI-1 (~300%) than in PIM-1 (60%) at 

comparable CO2 partial pressures (10-15 bar) [38]. 

  

 

Fig. 5.12 Pressure-dependence of pure- and mixed-gas CO2 permeability isotherms 

(T=35 oC, 50:50 CO2:CH4 mixture) for KAUST-PI-1, KAUST-PI-5 and CA (DS~2.9). 

Open points: Pure-gas feed. Closed points: Mixed-gas feed (1:1 CO2/CH4). 
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Fig. 5.13 Pressure-dependence of pure- and mixed-gas CH4 permeability isotherms 

(T=35 oC, 50:50 CO2:CH4 mixture) for KAUST-PI-1, KAUST-PI-5 and CA (DS~2.9). 

Open points: Pure-gas feed. Closed points: Mixed-gas feed (1:1 CO2/CH4). 

 

Fig. 5.14 Pressure-dependence of pure- and mixed-gas CO2/CH4 selectivity isotherms 

(T=35 oC, 50:50 CO2:CH4 mixture) for KAUST-PI-1, KAUST-PI-5 and CA (DS~2.9). 

Open points: Pure-gas feed. Closed points: Mixed-gas feed (1:1 CO2/CH4). 
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On the other hand, the more flexible (Fig. 5.3) KAUST-PI-5 is considerably more 

plasticization resistant than KAUST-PI-1 (Fig. 5.13). The permeability isotherms initially 

decreased with pressure as the Langmuir sites saturated (Fig. 5.9), consistent with the 

dual-mode model. A slight upturn in the pure-gas CO2 permeability isotherm then 

appeared at 10 bar CO2 partial pressure (Fig. 5.12), as for CA. It did not correspond to the 

critical CO2 concentration suggested by Bos et al., [27] which occurred at 2 bar (Fig. 

5.8a). In fact, KAUST-PI-5 required four times more CO2 than CA to achieve a similar 

plasticization response (i.e., at the same CO2 partial pressure of 10 bar). Although it did 

not sorb much less than KAUST-PI-1, the pure-gas DCO2 in KAUST-PI-1 increased two 

times more with CO2 pressure (concentration) than in KAUST-PI-5 for an absolute 

fourfold increase between 2 and 20 bar (Fig. 5.15). The permeation trends are therefore 

diffusion-dominated, and again (as discussed for KAUST-PI-1 above) not purely related 

to sorption capacity. Moreover, the CH4 permeability (Fig. 5.13) was relatively flat in the 

mixed-gas and close to that in the pure-gas experiments. It increased slightly around 10 

bar CO2 partial pressure in agreement with the up-turn in the pure-gas CO2 isotherm and 

reflects enhanced CH4 diffusion as a result of slight CO2-induced microstructural 

dilations. This behavior is qualitatively similar to that seen for CA. Competitive sorption 

slightly reduces CO2 permeabilities in the mixed-gas relative to the pure-gas for all 

polymers, but the effect is small relative to that of plasticization. 
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Fig. 5.15 Diffusion coefficient isotherms for a) CO2 and b) CH4 for KAUST-PI-1, 

KAUST-PI-5 and CA. The data for CA (DS=2.84) were taken from Puleo et al. [30] 

 

Accordingly, two intriguing points emerge for discussion considering the above 

observations and the high intra-chain rigidity of KAUST-PI-1: (i) Why is the 

effect/extent of CO2-induced plasticization greater in KAUST-PI-1 than in KAUST-PI-5, 

PIM-1 and CA (all thick films)? (ii) Why is plasticization accelerated in KAUST-PI-1 

(i.e., immediate rises in pure- and mixed-gas CO2 permeability isotherms and mixed-gas 

CH4 permeability isotherm from 2 bar)? Both questions may be answered on a physical 

basis inspired by the microstructural investigation in Section 5.6.2. Regarding the first 

question, we hypothesize that the more extensive plasticization of KAUST-PI-1 can be 

traced to the higher “order” of its microstructure – i.e., the larger presence of tighter 

molecular sieving pores [39]. That is, the pore-size distributions in Fig. 5.6 showed a 

higher proportion of smaller ultra-micropores in KAUST-PI-1 than in PIM-1 and 

KAUST-PI-5. Given the combination of high O2 permeability (~600 Barrers) with high 

O2/N2 selectivities (~6.0) in KAUST-PI-1 [2, 3], these pores contribute significantly to 

a)               b)               
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transport and likely comprise a considerable fraction dimensioned around O2 and N2 at 3-

4 Å. Their dilation would influence the transport of CO2 because its molecular diameter 

is also in that range, between that of O2 and N2 as indicated by the ranking of diffusion 

coefficients (DN2<DCO2<DO2). This is consistent with the rises in CO2 permeability 

isotherms in KAUST-PI-1 and supported by an additional experimental observation: 

Twofold increase in N2 permeability concurrent with a drop in O2/N2 selectivity to 3-4, as 

measured after the 30 bar mixed-gas point (plasticized microstructure). For similar 

reasons, the bigger CH4 (kD=3.8 Å) gas is usually affected to a greater extent than CO2 

(Fig. 5.12b). Furthermore, although dilations also occur in PIM-1 as indicated by the 60% 

increase in mixed-gas CH4 permeabilities over pure-gas values, its CO2 permeability 

decreases with pressure (in sharp contrast to the rise in that of KAUST-PI-1). As far as 

the pure-gas permeability isotherm indicates, the smaller CO2 molecule is relatively 

unaffected in PIM-1 given the larger contribution (and presence) of bigger, easily 

accessible pores to its transport properties. This physical difference is the basis for a 

nearly twofold higher CO2 diffusion coefficient in PIM-1 (83 x 10-8 cm2 s-1) at 2 bar than 

in KAUST-PI-1 (46 x 10-8 cm2 s-1) as well as generally threefold higher gas 

permeabilities in PIM-1 [2, 38]. Interestingly, the distribution of porosity in KAUST-PI-5 

is similar to that in PIM-1 in that it lacks the narrow ultra-microporosity characteristic of 

KAUST-PI-1 (Fig. 5.6). We therefore believe that the greater effect of plasticization on 

KAUST-PI-1 (i.e., sharp rises in CO2 and CH4 permeability isotherms) relative to 

KAUST-PI-5 is based on these fundamental physical differences, whereby its more 

highly sieving ultra-microporosity is more sensitive to CO2-induced dilations. 
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The second question is posed regarding the “earlier,” accelerated plasticization of 

KAUST-PI-1 despite its high intra-chain rigidity. Previously, it was concluded that a 

structural change to a conventional low-free-volume polyimide could simultaneously 

boost permeability and selectivity if gains and losses in intra-chain mobility and inter-

chain packing were balanced [40]. It was observed, moreover, that the most significant 

improvements were achieved when both were inhibited. As a slight modification to that 

conclusion, we hypothesize that a structural change to a PIM-type polyimide could 

increase intrinsic plasticization resistance in mixed-gas CO2/CH4 feeds if gains and losses 

in inter-chain spacing and inter-chain interactions are balanced. Increasing inter-chain 

interactions is emphasized. This can be facilitated by bringing chains closer together 

(reducing inter-chain spacing) and coplanarizing the polyimide backbone, both of which 

can be promoted by an increased intra-chain mobility (Fig. 5.2) as previous work has 

shown [13]. Here, the balance is discussed in terms of substituting the 6FpDA diamine 

(KAUST-PI-5) with TMPD (KAUST-PI-1). The bulky CF3 groups of 6FpDA increase 

inter-chain spacing, which reduces the prospect of inter-chain interaction. However, the 

intrinsic flexibility of the 6FpDA diamine (Fig. 5.3) appears to dominate in promoting 

denser chain packing, backbone coplanarization and consequently better inter-chain 

interactions (e.g. CTCs). This was suggested by the red-shift in its fluorescence excitation 

spectra relative to KAUST-PI-1 (Fig. 5.4). Such inter-chain interactions can mitigate the 

chain mobility that ultimately loosens the microstructure and facilitates diffusion in 

plasticization. With TMPD, the four methyl groups serve to increase inter-chain spacing 

in two ways: (i) By virtue of their bulkiness and (ii) by “locking” up the N-phenyl imide 

bond, preventing the local segmental motions necessary for denser packing. Accordingly, 
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inter-chain interactions are compromised in two interdependent ways: (i) Large free 

volume increases throughout the microstructure relative to KAUST-PI-5 (e.g. 50% 

increase in BET surface area, ~2- to 3-fold increase in CO2 permeability) and (ii) 

restriction on the ability of the diamine to coplanarize with the dianhydride. Briefly, 

KAUST-PI-1 is more susceptible to matrix dilation because its highly disrupted packing 

compromises inter-chain rigidity. 

 

Previous work offers several hints that these observations regarding the consequences of 

intra-chain rigidity have a broader applicability to other classes of polymeric materials. 

For example, restriction of backbone flexibility in a bisphenol A polycarbonate via 

tetramethyl substitution (increasing Tg [41] from 150 oC to 200 oC) results in far earlier 

plasticization (a decrease in its pure-gas plasticization pressure from 31 to 13 bar) [27]. 

Additionally, if the TPDA dianhydride in KAUST-PI-1 is replaced with a more flexible 

6FDA dianhydride (i.e., 6FDA-durene) a typical dual-mode type CO2 permeability 

isotherm appears with a clear up-turn at 10 bar CO2 [42]. Relative to KAUST-PI-1, this 

represents greatly improved plasticization resistance. Similarly, CA also demonstrates 

higher plasticization resistance than KAUST-PI-1 in pure- and mixed-gas experiments 

(Fig. 5.13) although it has a flexible backbone comprising ether-linked rings. The 

presence of inter-chain acetyl-acetyl and acetyl-hydroxyl interactions in CA 

(strengthened in a relatively dense packing promoted by looser chain backbones) 

contribute inter-chain rigidity. Ultimately, this work demonstrates that the intra-chain 

rigidity central to PIM-design principles is not a singular solution to intrinsic 
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plasticization suppression in PIM-type polyimides. Instead, it appears that a departure 

from this design principle is required and will be reported on in another publication.  

 

Fig. 5.16 Time-dependence in KAUST-PI-1 of mixed-gas CO2/CH4 permeation 

properties at 20 bar (50:50 CO2:CH4, 35 oC) Microstructural reorganization kinetics 

during CO2-induced plasticization are indicated.  

 

Finally, indirect evidence of chain motion in KAUST-PI-1 is clear in the time-

dependence of the permeation properties during CO2-induced plasticization. Fig. 5.16 

provides a representative example of the reorganizational kinetics of the KAUST-PI-1 

matrix during CO2-induced plasticization in the 20 bar mixed-gas experiment (10 bar 

CO2 partial pressure). Both CO2 and CH4 permeabilities increase and CO2/CH4 selectivity 

decreases until stabilizing at ~3000 min. Chain motions are occurring, albeit relatively 

slowly given that the diffusion time-lag of CO2 at 2 bar is less than 30 seconds. This 

reflects the fact that intra-segmental rotations are sterically hindered in KAUST-PI-1.  

 

5.7.3. Permeability/selectivity trade-off map 
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For reference, the permeability/selectivity trade-off map for pure- and mixed-gas 

CO2/CH4 separations is shown with the latest upper bound [8, 26] in Fig. 5.17. Because 

the upper bound is derived from pure-gas data, it cannot suitably gauge the performance 

of polymers in CO2/CH4 separation. Fig. 5.17 illustrates the large changes in 

permeabilities and, particularly, selectivities that can occur between pure-gas data (open 

points) and mixed-gas data (closed points) due to non-ideal effects (e.g., competitive 

sorption, plasticization). The advances in PIM-type materials for the CO2/CH4 separation 

generally remain permeability-driven towards the lower right corner of Fig. 5.17, 

although selectivity is paramount to the economic viability of a membrane process under 

the high pressure ratios involved in CO2/CH4 separations. Therefore, research efforts 

need to be directed towards increasing selectivity in sour mixed-gas feeds to at least that 

offered by the commercial standard, CA. The goal of this work was to offer guidance 

towards that end. 
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Fig. 5.17 Permeability/selectivity trade-off map for CO2/CH4 separation. Conditions for 

CO2/CH4 data: T=35 oC; open points, 2 bar, pure-gas feeds; closed points, 20 bar, 50:50 

CO2/CH4 feed. Solid line is the latest 2008 upper bound. 

 

5.8. Conclusions 

High-pressure pure- and mixed-gas CO2/CH4 permeation and sorption-based 

microstructural characterizations were conducted for two ultra-microporous PIM-type 

polyimides. They were analyzed for general structure-property relationships that can 

guide the rational design of a polymer intrinsically resistant to CO2-induced plasticization 

in mixed-gas feeds. Specifically, the role of intra-chain rigidity – central to the design of 

rapidly emerging PIMs – was investigated in a comparison of KAUST-PI-1 – possessing 

a highly rotation-restricted backbone comprising a fused-ring bridged-bicyclic-based 

dianhydride (TPDA) and rotation-restricted N-phenyl imide bond – with KAUST-PI-5, in 

which the TMPD diamine of KAUST-PI-1 was substituted with the more flexible 6FpDA 

diamine. Preliminary conclusions obtained in the context of pure- and mixed-gas CO2 
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separation appear to favor a departure from the torsion-resistant backbones normally 

targeted in “conventional PIMs” for high permeability and high selectivity in O2 and H2 

separations. Specifically: 

a. The intra-chain rigidity central to PIM-design is not a singular solution to 

intrinsic plasticization mitigation. Instead, a balance between inter-chain rigidity 

(e.g. via dipole-dipole interactions, hydrogen-bonding, charge-transfer-

complexes) and inter-chain spacing is emphasized in the design and composition 

of the repeat unit. 

b. The amount and distribution of interconnected microporosity in PIMs are critical, 

as opposed to purely sorption capacity. A more highly sieving microstructure in 

which narrower ultra-micropores (e.g. KAUST-PI-1) contribute significantly to 

transport is notably more sensitive to plasticization. Such a microstructure is 

promoted by intra-chain rigidity and suggests that these design considerations 

need to be made in the development of highly selective and intrinsically 

plasticization resistant PIMs. 

c. Unexpectedly, some intra-chain flexibility permitting local segmental motion 

seems to mitigate such plasticization. That is, relatively flexible backbones (e.g. 

KAUST-PI-5) are more likely to coplanarize, assume a denser packing 

configuration and engage in inter-chain interactions that restrict chain mobility 

and plasticization. 

d. Solubility selectivities ranged from 3-4 for the PIM-PIs, comparable to those in 

conventional low-free-volume polyimides. Additionally, only weak physisorption 
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was observed for CO2 in KAUST-PI-1 and CA as evidenced by heats of 

adsorption (~30 kJ mol-1). Plasticization was thus observed to be diffusion-

dominated, as the pure-gas-based DCO2 rose with pressure faster than SCO2 

dropped with pressure. 
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Chapter 6. Effects of Hydroxyl-Functionalization and Sub-Tg Thermal 

Annealing on High Pressure Pure- and Mixed-gas CO2/CH4 

Separation by Polyimide Membranes based on 6FDA and 

Triptycene-containing Dianhydrides1 

 

6.1. Abstract 

A sub-Tg thermally-annealed (250 oC, 24 h) ultra-microporous PIM-polyimide bearing a 

9,10-diisopropyl-triptycene contortion center and hydroxyl-functionalized diamine (2,2-

bis(3-amino-4-hydroxyphenyl)-hexafluoropropane, APAF) exhibited plasticization 

resistance up to 50 bar for a 1:1 CO2/CH4 feed mixture, with a 9-fold higher CO2 

permeability (30 Barrer) and 2-fold increase in CO2/CH4 permselectivity (~50) over 

conventional dense cellulose acetate membranes at 10 bar CO2 partial pressure. 

Interestingly, mixed-gas CO2/CH4 permselectivities were 10-20% higher than those 

evaluated under pure-gas conditions due to reduction of mixed-gas CH4 permeability by 

co-permeation of CO2. Gas transport, physisorption and fluorescence studies indicated a 

sieving pore-structure engaged in inter-molecular charge transfer complexes (CTCs), 

similar to that of low-free-volume 6FDA-APAF polyimide. The isosteric heat of 

adsorption of CO2 as well as CO2/CH4 solubility selectivities varied negligibly upon 

replacement of OH with CH3 but CTC formation was hindered, CO2 sorption increased,  

__________________________ 

1 Portions of this chapter were adopted from Swaidan, R.; Ghanem, B.; Litwiller, E.; Pinnau, I. J. 
Membr. Sci. 2014 DOI: 10.1016/j.memsci.2014.10.046. Swaidan performed gas permeation, 
sorption and fluorescence experiments, modeling and wrote the manuscript. Ghanem synthesized 
and characterized the polymers. Litwiller directed construction of permeation apparatus. Pinnau 
supervised the work and edited the manuscript. 
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CO2 permeability increased ~3-fold, CO2/CH4 permselectivity dropped to ~30 and CH4  

mixed-gas co-permeation increased. These results suggest that hydroxyl-functionalization 

did not cause preferential polymer-gas interactions but primarily elicited diffusion-

dominated changes owing to a tightened microstructure more resilient against CO2-

induced dilations. Solution-processable hydroxyl-functionalized triptycene-based PIM-

type polyimides provide a new platform of advanced materials that unites the high 

selectivities of low-free-volume polymers with the high permeabilities of PIM-type 

materials particularly for natural gas sweetening applications. 

 

6.2. Introduction 

The improvements in CO2/CH4 separation for PIM-PIs over conventional materials were 

shown to be only marginal in pure-gas experiments Chapter 4 compared to those in O2 

and H2 separations (e.g., O2/N2, H2/N2). However, the performance of the most promising 

polyimide, KAUST-PI-1, was severely compromised in mixed-gas feeds (Chapter 5), 

where it exhibited extensive plasticization. Accordingly, in Chapter 5 it was emphasized 

that conventional PIM design principles target intra-molecular rigidity and neglect the 

inter-molecular rigidity necessary for suppression of CO2-induced plasticization that 

often reduces selectivity in high-pressure mixed-gas CO2/CH4 separations [1]. This poses 

a specific challenge to the design of PIM-PIs since, as discussed in Chapter 1, membranes 

can only outcompete conventional absorber-stripper technology if they are selective 

enough to reduce costly CH4-loss to less than a few percent. The literature review in 

Chapter 2 emphasized the importance of inter-molecular interactions (e.g., π electron 

conjugation in charge-transfer-complexes, dipole-dipole interactions, covalent crosslinks 
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via pyrolysis or crosslinking additives) to the mitigation of plasticization in polymers 

including CA and polyimides. A recent example is a merger of annealing and 

functionalization approaches using polyamide-imides (PAIs), which benefit from both 

CTCs and hydrogen-bonding between amide linkages, produced stable selectivities of 30-

40 in binary CO2/CH4 feeds up to 60 bar with CO2 permeabilities of 10-20 Barrer [2, 3].  

 

Therefore, the objective of this work was to develop inter-molecularly rigid and, thus, 

plasticization-resistant PIM-PIs via a departure from the conventional PIM approach to 

intra-molecular rigidity. The effects of thermal annealing and hydroxyl-functionalization 

on the physical microstructures and high pressure pure- and mixed-gas (up to 50 bar, 1:1 

CO2:CH4) CO2/CH4 transport properties of new PIM-PIs bearing 9,10-diisopropyl-

triptycene contortion centers are investigated. A low-free-volume 6FDA-based analog 

was synthesized and examined for direct comparison. Fluorescence, gas sorption, and gas 

permeation measurements were analyzed to identify key structure/property relationships 

that can guide the rational design of highly selective and permeable PIM-PIs for natural 

gas sweetening.    

 

6.3. Film characterizations 

6.3.1. Physical, thermal and mechanical properties 

The 6FDA- and triptycene-based (TPDA) dianhydrides were polymerized with 

commercially available hydroxyl-functionalized APAF via a one-pot high-temperature 

method (Fig. 6.1a and 6.1b). Meta-linkages to APAF are expected to improve chain 

packing and therefore increase the hydrogen bonding between the hydroxyl groups, 
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ultimately facilitating the desired inter-molecular interactions to prevent plasticization-

induced matrix dilations. To elucidate the effect of the OH-moieties on the 

microstructures and gas transport properties of the polyimides, TPDA was reacted with 

commercially available ATAF containing CH3 groups in place of the OH groups of 

APAF (Fig. 6.1c). All of the polymers were obtained in high molecular weight and 

exhibited high thermal stability (Table 6.1).  

 

 

Fig. 6.1 Hydroxyl-functionalized (APAF diamine) polyimides containing a) conventional 

6FDA and b) PIM-type 9,10-diisopropyl-triptycene (TPDA) dianhydrides. c) The OH 

functionalities of b) were replaced with CH3 pendants (ATAF diamine). 
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Table 6.1 Physical and thermal properties for the thermally annealed polyimides. 

Polymer 
Mw 

(103 g mol-1) 
PDI Td (oC)a 

Casting 

Solvent 

6FDA-APAF 108 1.9 440 Acetone 

TPDA-APAF 109 3.6 400 THF 

TPDA-ATAF 135 1.6 420 CHCl3 

a Approximate temperature at onset of decomposition. 

 

Moreover, differential scanning calorimetry (DSC) indicated no glass transition 

temperatures (Tg) below 350 oC for TPDA-APAF and TPDA-ATAF (Fig. 6.2). However, 

a glass transition was observed for the 6FDA-APAF (Fig. 6.2) around 315 oC as 

previously reported [4]. Because of differences in polarity, the polymers were cast from 

the solvents indicated in Table 6.1 into self-standing and transparent isotropic films 40-60 

µm in thickness. FT-IR analysis indicated no changes in chemical structure for the 

polymers after thermal treatment at 250 oC (Fig. 6.3, 6.4 and 6.5). 
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Fig. 6.2 Differential scanning calorimetry (DSC) thermograms for TPDA-APAF, TPDA-

ATAF and 6FDA-APAF.  

 

 

Fig. 6.3 FT-IR spectra for TPDA-APAF after drying at 120 oC and thermal annealing at 

250 oC. 
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Fig. 6.4 FT-IR spectra for TPDA-ATAF after drying at 120 oC and thermal annealing at 

250 oC. 

 

Fig. 6.5 FT-IR spectra for 6FDA-APAF after drying at 120 oC and thermal annealing at 

250 oC. 

 

The mechanical properties of the annealed polyimides are presented in Table 6.2 and 

reflect the dominant effects of high inter-chain rigidities resulting from hydrogen bonding 
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and CTC formation. The hydroxyl-functionalized PIM-PIs of this work showed 

elongations at break of ~3%, which are lower than that for KAUST-PI-1 (TPDA-TMPD, 

~6%) (Chapter 4) [5] mainly due to the restrictions on dilation of the microstructure by 

the newly introduced inter-chain interactions. Despite the implications of rigidity in these 

mechanical data, the films were easily handled and tolerated 50 bar of feed gas pressure 

during the experiments conducted in this work. 

 

Table 6.2 Mechanical properties for the polyimides of this work in comparison to other 

PIMs and PIM-PIs. 

Polymer 
Young’s Modulus  

(MPa) 
 

Tensile Strength  

(MPa) 
 

Elongation  

(%) 

TPDA-APAF 1126  26  3.0 

TPDA-ATAF 1993  51  2.8 

TPDA-TMPDa 2460  94  5.9 

PIM-PI-1a 1620  61  69 

a Data presented in Chapter 4. 

 

6.3.2. Solid-state fluorescence spectroscopy 

Fluorescence excitation spectra were measured for ~60 µm films thermally treated at 250 

oC for 24 h (Fig. 6.6). Differences in the electronic structures and, consequently, 

microstructures of the membranes (e.g. chain packing, ordering) were qualitatively 

inferred from changes in the locations and shapes of spectral maxima. The maxima in the 

excitation spectra for OH-based membranes (6FDA-APAF and TPDA-APAF > 500 nm) 

are strongly red-shifted relative to the brightly colored CH3-based TPDA-ATAF films 
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and are consistent with their darker yellow colors. Such changes in polyimides are 

typically attributed to improved electron conjugation and the development of inter-

molecular charge transfer complexes (CTCs) between the nucleophilic five-member rings 

and electrophilic six-member rings [6-8]. A primary function of the hydroxyl moiety may 

be to actively draw chains closer together (e.g. via inter-chain hydrogen bonding) for a 

short-range order, increasing their propensity to engage in inter-molecular CTCs. This 

effect of microstructural constriction by OH moieties was previously evidenced by 

increased inter-segmental cohesive energy density (CED) in OH-functionalized 

polyimides [9].  

 

 

Fig. 6.6 Solid-state fluorescence excitation spectra (collected at 595 nm) showing the 

effects of hydroxyl-functionalization on CTC presence in thermally annealed polyimides. 

 

This effect was also evident through three-fold improvement in gas sieving capacity 

(diffusivity selectivity) by high-free-volume amidoxime-functionalized PIM-1 (contains 

ample hydrogen-bonding OH and NH2 groups) over the parent PIM-1 material (Chapter 
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7) [10]. Here, these effects may also be enhanced by the more efficient packing induced 

by the meta-linked APAF diamine which would position the OH groups closer together 

and facilitate their interactions. 

 

In TPDA-ATAF films, bulky CH3 pendant groups hinder the efficient chain packing 

characteristic of meta-connected diamines. In addition, their steric interference with the 

carbonyls of the nearby imide rings creates a larger rotational energy barrier that disrupts 

coplanarization across the N-phenyl bond. Coplanarization of the polyimide backbone is 

central to a “mixed-layer stacking” of the chains and the formation of strong CTCs. On 

the other hand, the smaller and less sterically hindered OH-moiety can rotate more easily 

and engage in hydrogen bonding with nearby carbonyl moieties. Molecular simulations 

indicate that the energy-minimized conformer of TPDA-APAF is ~25 degrees closer to 

being coplanar with the dianhydride than in TPDA-ATAF (Fig. 6.7).  

 

 

Fig. 6.7 Dihedral angle over N-phenyl imide bond (light blue dashed line) in 

geometrically optimized conformer of a) TPDA-APAF and b) TPDA-ATAF. Hydrogen 

bond was calculated between OH and carbonyl using H-bond monitor (Materials Studio 

7.0, Accelrys). Images indicate greater proximity to coplanarity over the N-phenyl imide 

bond in TPDA-APAF. 

! !

a) b) 
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In addition, complete coplanarization (180o) over the OH-substituted N-phenyl bond 

requires almost 50% of the energy (~30 kJ/mol) that a CH3-substituted bond needs. It can 

therefore be envisioned that thermal annealing supplied enough thermal energy (250 oC, 

24 h) to the OH-based TPDA-APAF chains to overcome rotational energy barriers at the 

N-phenyl bond and better coplanarize for enhanced inter-molecular CTC formation (Fig. 

6.8). These physical motions may occur although the annealing temperature is far below 

the glass transition temperature (Tg): That is, Tg refers to relatively large macromolecular 

motions sufficient for a transition between a glassy and rubbery state of the polymer [11]. 

 

  

Fig. 6.8 Hypothetical chain coplanarization, stacking and inter-molecular interactions in 

the microstructure of TPDA-APAF upon thermal annealing. Interactions may comprise 

H-bonding and CTCs. 
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Fig. 6.9 Solid-state fluorescence emission spectra (excitation at 395 nm) before (dotted 

lines) and after thermal annealing at 250 oC (solid, dashed and dash-dot lines). 

 

The emission spectra in Fig. 6.9 indicate a unique low-energy long-wavelength emission 

at 595 nm for the OH-based polyimides that appears upon substitution of CH3 groups 

(TPDA-ATAF) with OH groups in TPDA-APAF. Previous works have correlated such 

an increase in fluorescence intensity with an increase in the density of inter-molecular 

CTCs, which is consistent with the discussion above. Like 6FDA-APAF, the OH-based 

triptycene-bearing TPDA-APAF is able to adopt a more coplanar conformation that 

facilitates efficient chain-chain stacking, π-electron conjugation and increased inter-

molecular CTC formation. Ultimately, these inter-chain interactions have been identified 

as critical in the suppression of detrimental plasticization-induced matrix dilations of 

various polymer membranes (e.g. polyimides, polyamide-imides, CA) in natural gas 

sweetening [2, 6, 12-15]. 

 

6.4. Sorption measurements 
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6.4.1. Heats of adsorption: Preferential interactions of CO2 with OH? 

It is generally expected that the introduction of basic and polar groups into the polymer 

main chain in the form of heterocycles (basic N-containing rings) or side groups can 

create preferential Lewis acid-base interactions with CO2. However, the substitution of 

CH3 with OH resulted in lower CO2 sorption at 35 oC up to ~20 bar (Fig. 6.10). 

 

 

Fig. 6.10 Sorption isotherms of a) CO2 and b) CH4 in 6FDA-APAF, TPDA-APAF and 

TPDA-ATAF at 35 oC. 

 

Additionally, isosteric heats of adsorption (QST) were measured for CH3-based TPDA-

ATAF and analogous OH-based TPDA-APAF with increasing CO2 loading to identify 

and quantify any preferential interactions with CO2 upon OH-functionalization. Because 

of their otherwise identical repeat unit structures, the concentrations of CH3 and OH are 

the same in both matrices. The same analysis was done for 6FDA-APAF for comparison. 

As indicated in Fig. 6.11, the QST is similar for the polymers and varies negligibly with 

loading (measured up to 1 bar) (~25-30 kJ mol-1). Fig. 6.11 indicates relatively weak 

physisorption and no notable improvements in interactions with CO2 due to hydroxyl 

! !

a) b) 
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functionalization. It was recently reported that the presence of a Tröger’s base unit, which 

is a nitrogen-containing kinked heterocycle, also had no significant influence on the 

enthalpy of adsorption [16]. Instead the effect of the geometry of the contortion site on 

the PSD of the microstructure was considered the main contribution to the gas uptake. 

Likewise, the primary effect of functionalizing PIM-1 with the strongly polar and 

hydrogen-bonding amidoxime functionality (Chapter 7) was tightening of the 

microstructure, with no significant change in CO2/CH4 solubility selectivity or QST (28 kJ 

mol-1 to 30 kJ mol-1) [10, 17]. 

 

 

Fig. 6.11 Isosteric heats of adsorption (QST) for analogous CH3-based TPDA-ATAF and 

OH-based TPDA-APAF as well as 6FDA-APAF. 

 

6.4.2. Pore-size distribution analysis 

The gas transport properties of glassy polymers are governed by diffusion and thus 

strongly dependent on their pore-size distributions (PSDs) [18]. However, because 
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polymer microstructures are amorphous, their PSDs cannot be inferred by standard 

techniques developed for ordered crystalline materials. Instead, gas sorption can provide 

a platform for qualitatively probing changes to the PSDs [19, 20]. Researchers have 

applied cryogenic sorption measurements (-195 oC) to calculate accessible surface areas 

and PSDs, but the physical state of the microstructure and the macromolecular dynamics 

at the very low temperatures used are significantly different than those relevant to 

permeation processes (e.g. 35 oC). An emerging approach is the derivation of pore-size 

distributions from CO2 sorption isotherms at 0 oC using computationally efficient Non-

Local Density Functional Theory (NLDFT). CO2 (kD=3.3 Å) is smaller than N2 (kD=3.64 

Å) and can better probe the ultra-microporosity (< 7 Å) critical to gas sieving. Fig. 6.12 

shows the fractions of cumulative pore volume (up to 7 Å) distributed over various pore 

sizes. 
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Fig. 6.12 CO2-based pore-size distributions analyzed with NLDFT (0 oC) assuming 

carbon slit-pore geometry for 6FDA-APAF, TPDA-APAF, TPDA-ATAF and PTMSP.  

 

Because there were no preferential interactions with CO2 in the OH-based TPDA-APAF 

compared to its CH3-based analog TPDA-ATAF (Fig. 6.11), the PSD analysis is assumed 

to be primarily influenced by pore geometry. The numbers in Fig. 6.12 are not intended 

to reflect actual pore sizes in the polymer but only provide for a qualitative discussion 

based on trends in a series of similarly structured polymers. Included for validation is 

PTMSP, a substituted polyacetylene with among the highest gas permeabilities reported 

to date for polymers but coupled with the lowest gas selectivities for various gas/gas 

separations [21]. The analysis appropriately indicates its pore structure is concentrated in 

larger pores, which is consistent with its excellent vapor/gas reverse-selectivity [22]. On 

the other hand, smaller pores primarily constitute the PSDs of the polyimides noted in 

Fig. 6.1 and more selective gas separation is thus expected. Transitioning from the 
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conventional 6FDA to the PIM-type triptycene-based dianhydride (TPDA) decreases the 

fraction of smaller pores and increases that of larger pores (Fig. 6.12). Replacing the OH-

moieties of TPDA-APAF with CH3-moieties in TPDA-ATAF results in a prominent shift 

towards larger porosity attributed to both an increase in chain spacing due to the more 

bulky CH3 pendant and a loss of active inter-chain hydrogen bonding that constricts the 

microstructure.  

 

6.5. Gas separation: Effects of structure, hydroxyl-functionalization and thermal 

annealing 

The goal of this work is to establish structure/property relationships that guide the 

rational design of PIM-PIs uniting high CO2 permeabilities typical of high-free-volume 

PIMs with high CO2/CH4 selectivities characteristic of low-free-volume polymers for 

more economical natural gas sweetening. That is, high selectivity (not limited by 

pressure-ratio in typical high-pressure natural gas sweetening) minimizes operating costs 

due to CH4-loss. High flux reduces membrane area (capital cost, system size, weight), 

which is especially important for offshore natural gas processing. To date, high CO2 

permeability has primarily driven the performance of PIMs and PIM-PIs over the pure-

gas CO2/CH4 permeability/selectivity trade-off curves. However, their low-to-moderate 

pure-gas selectivities severely limit their commercial potential. Furthermore, their real 

performance must be evaluated in mixed-gas environment where selectivity may decrease 

even more due to CO2-induced plasticization. 

 

6.5.1. Pure-gas transport properties 
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The effects of thermal annealing, dianhydride structure (e.g., contortion site) and 

hydroxyl-functionalization on the pure-gas transport properties (e.g. P, D and S) of the 

polyimides are presented in Table 6.3 and 6.4. Physical aging was negligible on the 

experimental time-scale. Previous work has shown that thermal annealing of polyimides 

results in reduced gas permeability and increased selectivity, which is typical of a simple 

physical-aging based densification. Although this trend is observed in Table 6.3 and 6.4 

for all the polyimides after treatment at 250 oC for 24 h, there is a noteworthy subtlety 

regarding the presence of OH moieties.  

 

Firstly, the data is consistent with the conclusion of the microstructural analysis that 

hydroxyl-functionalized triptycene-based TPDA-APAF can adopt efficient chain packing 

upon thermal treatment better than TPDA-ATAF. Comparing TPDA-APAF versus 

TPDA-ATAF, thermal annealing causes (i) a similar relative reduction in CH4 

permeability (67% vs 65%), (ii) a ~55% increase in CO2/CH4 diffusivity selectivity from 

9.3 to 14.5 (vs 7%, from 7.9 to 8.4) and (iii) a significant increase in CO2/CH4 

permselectivity from 38 to 53 (vs 30 to 33) at 2 bar. These diffusion-dominated 

differences support the discussion in Section 6.3 and 6.4 that replacement of the OH 

groups with CH3 groups results in a microstructure that cannot pack well even after 

thermal 
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Table 6.3 Effect of thermal annealing, dianhydride structure and hydroxyl-

functionalization on permeabilities of CO2 and CH4 and CO2/CH4 selectivity at 35 oC. 

   
Permeability 

(Barrer) 
  CO2/CH4 

Polymer Ta (oC)  CH4 CO2   αP 

6FDA-APAF 250  0.071 6.8   96 

 120  0.13 9.0   69 

TPDA-APAF 250  0.87 46   53 

 120  2.6 99   38 

TPDA-ATAF 250  3.8 125   33 

 120b  11.0 325   30 

Matrimidc   0.28 10.1   36 

CAc   0.15 4.8   32 

a Treatment temperature, isothermal for 24 h; b Previously reported as KAUST-PI-6, (Chapter 1) 

[5]; c Previously reported [23] 

 

annealing. In fact, the trends for TPDA-ATAF upon annealing are consistent with the 

literature. 6FDA-TMPD, in which two methyl groups are located ortho to each N-phenyl 

imide bond, shows a reduction in the size and number of free volume elements via 

Positron Annihilation Lifetime Spectroscopy (PALS) analysis and a notable red shift in 

the peak fluorescence emission upon thermal annealing at 250 oC for 24 h [6]. However, 

the calculated 50% drop in fractional free volume primarily caused a ~30% drop in CO2 

permeability to 500 Barrer with little change in selectivity from 13 to 16. Treating low-

free-volume Matrimid at 350 oC for 30 min resulted in a ~55% reduction in CO2 

permeability to 5 Barrer and a slight increase in CO2/CH4 selectivity from ~45 to ~50 at 5 

bar [12]. On the other hand, thermally annealing 6FDA-mDDS containing polar sulfone-
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linkages resulted in 3-fold increase in CO2/CH4 selectivity to ~120 (1 bar feed pressure) 

due to 3-fold increase in diffusivity selectivity [7]. Likewise, annealing 6FDA-based 

polyamide-imide 6F-PAI-1, which engaged in CTCs as well as hydrogen-bonding via 

amide linkages, resulted in an increase in CO2/CH4 selectivity from 31 to 41 at 4.3 bar 

also primarily due to increases in diffusivity selectivity [3]. In addition, amidoxime-

functionalized PIM-1 exhibited a ~3-fold increase in CO2/CH4 diffusivity selectivity over 

the parent PIM-1 attributed to constriction of the microstructure by OH-induced inter-

chain hydrogen-bonding [10]. These trends are all similar to those observed for OH-

functionalized 6FDA-APAF and TPDA-APAF. 

 

The permeation data is also consistent with the pore-size-distribution analysis (Fig. 6.12). 

Thermally annealing conventional 6FDA-APAF, the polyimide with the highest 

concentrations of smaller pores (Fig. 6.12), resulted in a 24% drop in CO2 permeability to 

6.8 Barrer coupled with a ~40% increase in CO2/CH4 selectivity from 69 to 96. Similar to 

TPDA-APAF, these were due to an increase in CO2/CH4 diffusivity selectivity from 13 to 

18 and a 50% reduction in CH4 permeability. The structure of 6FDA appears to facilitate 

chain packing and the development of a highly sieving microstructure upon thermal 

annealing as observed for TPDA-APAF. 
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Table 6.4 Effect of thermal annealing, dianhydride structure and hydroxyl-

functionalization on pure-gas diffusivities and solubilities of CO2 and CH4 as well as 

CO2/CH4 diffusivity and solubility selectivities at 35 oC. Superscripts refer to Table 6.3. 

    
Diffusivity 

(10-8 cm-2 s-1) 
 

Solubility 

(10-2 cm3(STP) 

cm-3 cmHg-1) 

 CO2/CH4 

Polymer Ta (oC)   CH4 CO2  CH4 CO2  αD αS 

6FDA-APAF 250   0.026 0.47  2.7 14.7  17.7 5.5 

 120   0.052 0.66  2.5 13.6  12.7 5.4 

TPDA-APAF 250   0.13 1.9  6.6 24.3  14.5 3.7 

 120   0.39 3.7  6.6 26.8  9.3 4.1 

TPDA-ATAF 250   0.59 5.0  6.4 25.0  8.4 3.9 

 120b   1.4 10.9  8.0 29.8  7.9 3.7 

Matrimidc    - -  - -  - - 

CAc    - -  - -  - - 

 

Previous reports have indicated that PIM-type polyimides integrating bridged-bicyclics 

(e.g. triptycene via TPDA [24] and ethanoanthracene [25]) in a fused-ring fashion 

showed significantly higher selectivities for the O2/N2 and H2/N2 gas pairs relative to 

their spiro-based analogs [26, 27]. Improvements in CO2/CH4 separation were primarily 

permeability based (selectivities less than 25). In accordance with the need for high 

selectivities in the natural gas sweetening application, the present work indicates that 

TPDA-based PIM-PIs can be tuned for the CO2/CH4 separation by incorporation of a 

meta-linked hydroxyl-functionalized diamine (APAF). Moreover, thermally annealed 

TPDA-APAF offers a balance between the critical, high CO2/CH4 selectivities of low-

free-volume polymers like 6FDA-APAF and the attractively high permeabilities typical 
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of PIMs. Relative to commercial CA membranes, TPDA-APAF offers a ~5-fold 

improvement in CO2 permeability coupled with a 50% increase in CO2/CH4 selectivity 

(Table 6.3). Relative to commercial polyimide membranes (Matrimid), ~10-fold 

improvements in CO2 permeability are coupled with ~65% increase in CO2/CH4 

selectivity (Table 6.3). Thermally annealed TPDA-APAF is a successful demonstration 

of the potential for PIM-type polymers to unite high pure-gas selectivities and high 

permeabilities. However, a more appropriate rigorous examination is required under the 

aggressive mixed-gas feeds where the effects of non-idealities encountered during 

practical operation are examined. 

 

6.5.2. Pressure-dependence of pure- and mixed-gas transport properties 

The wellhead pressure and CO2 content can vary significantly with site location, and thus 

it is necessary to examine the performance of a membrane over a range of CO2 partial 

pressures (typically 5-15 bar). Plasticization of polymer membranes at higher CO2 partial 

pressures can increase the CH4 diffusivity under mixed-gas conditions, increasing its 

mixed-gas permeability and reducing its mixed-gas selectivity relative to pure-gas 

testing. The only thorough, unambiguous indication of CO2-induced plasticization in a 

polymer membrane is what we refer to as “CH4-creep” in the mixed-gas test, in which the 

CH4 mixed-gas permeability undergoes an up-turn with pressure. That is, although no up-

turn in pure-gas CO2 permeabilities are observed, “CH4-creep” may still occur in the 

presence of CO2 in the mixed-gas and the pressure at which it occurs as well as its extent 

are critical for assessing the ability of a membrane to minimize CH4-loss under realistic 

conditions. 
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6.5.3. Effect of the dianhydride structure: Conventional PI vs PIM-PI type 

Fig. 6.13 and 6.14 demonstrate the effects of the dianhydride structure on the pressure-

dependence of CO2 and CH4 pure- and mixed-gas (1:1 CO2/CH4) permeabilities up to a 

CO2 partial pressure of 25 bar. Generally, permeability decreases with pressure for glassy 

polymers due to filling of Langmuir-type voids. It also tends to be lower in the mixed-gas 

relative to the pure-gas due to competition for available sorption sites. Both 6FDA-APAF 

and TPDA-APAF are strongly resistant to plasticization-induced matrix dilations as 

indicated by (i) typical dual-mode-sorption-based reductions in the pure- and mixed-gas 

CO2 permeabilities over the pressure range and (ii) practically constant mixed-gas CH4 

permeabilities (negligible “CH4-creep”). This is consistent with the improved inter-

molecular interactions attributed to the OH-moieties and the relatively planar geometries 

of the TPDA (afforded by the paddlewheel geometry of the triptycene and fused-ring 

connectivity of the dianhydride) and 6FDA dianhydrides. Interestingly, TPDA-APAF 

maintains a 10-20% higher CO2/CH4 selectivity in the mixed-gas than in pure-gas across 

the 50 bar total pressure range, which may indicate that its ultra-microporous structure is 

appropriate for rare “blocking” of CH4 transport by co-permeation of CO2 (Fig. 6.15). 

Reports of such interesting mixed-gas behavior have been primarily achieved with 

microporous materials, but rarely for CO2/CH4. For example, unexpected “reverse-

selectivity” in n-C4H10/H2 mixtures was observed for PTMSP and PIM-1, where the 

relatively looser microstructures of these high-free-volume PIMs permit access of large 

C4 molecules that “block” co-permeation of smaller gases [22]. Thermally-rearranged 

polymers derived from PIM-type precursors (PIM-6FDA-OH) also demonstrated 
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increased selectivities in the mixed-gas relative to the pure-gas due to depression of the 

mixed-gas CH4 permeability [28, 29]. Similar obstruction to gas-phase flow was reported 

for microporous carbons in the separation of streams containing highly adsorbing feed 

components (e.g. CO2, NH3, SO2), where 40% to 70% reductions in N2 permeability were 

measured [30]. Higher CO2/N2 selectivity was also observed in mixed-gas feeds relative 

to pure-gas feeds with tetrazole-functionalized PIM-1 (TZ-PIM-1) [31].  

 

 

Fig. 6.13 Effect of dianhydride structure (conventional 6FDA and PIM-type TPDA) on 

pressure-dependence (35 oC) of fugacity-based pure- and mixed-gas CO2 permeabilities 

for APAF-based polyimides treated at 250 oC for 24 h. Lines are drawn to guide the eye. 

Open points, pure-gas; closed points, mixed-gas (50:50 CO2/CH4 mixture). 
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Fig. 6.14 Effect of dianhydride structure (conventional 6FDA and PIM-type TPDA) on 

pressure-dependence (35 oC) of fugacity-based pure- and mixed-gas CH4 permeabilities 

for APAF-based polyimides treated at 250 oC for 24 h. Lines are drawn to guide the eye. 

Open points, pure-gas; closed points, mixed-gas (50:50 CO2/CH4 mixture). 

 

At a representative CO2 partial pressure of 10 bar, TPDA-APAF offers ~7-fold higher 

CO2 permeability (30 Barrer) than low-free-volume 6FDA-APAF with a high and stable 

CO2/CH4 mixed-gas selectivity of ~50. A 9-fold increase in permeability and ~2-fold 

increase in selectivity are observed over cellulose acetate thick films (CO2 permeability 

of 3.5 Barrer, CO2/CH4 selectivity of 26), which plasticized at 15 bar partial pressure (up-

turn in CH4 mixed-gas permeability) under similar mixed-gas testing conditions [15, 32]. 

In addition, while similar improvements in the stability of thermally annealed Matrimid 

membranes under mixed-gas feeds were reported, lower CO2/CH4 selectivities (~30) and 

CO2 permeabilities (4 Barrer) were reported at high partial pressures [12]. Therefore, 
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intra-molecular rigidity due to the fused-ring integration of shape-persistent bridged-

bicyclics combined with inter-molecular rigidity due to CTCs and hydrogen-bonding can 

produce intrinsically microporous PIM-PIs for highly permeable and highly selective 

natural gas sweetening. In light of the above discussion as well as earlier success with the 

TPDA-dianhydride in O2 and H2 separations, TPDA-APAF is a promising example for 

the potential of thermal annealing of hydroxyl-functionalized triptycene-based PIM-PIs 

to balance the high and stable selectivities of low-free-volume polymers with the high 

permeabilities of high-free-volume PIMs for more economical natural gas sweetening. 

 

 

Fig. 6.15 Effect of dianhydride structure (conventional 6FDA and PIM-type TPDA) on 

pressure-dependence (35 oC) of fugacity-based pure- and mixed-gas CO2/CH4 

selectivities for APAF-based polyimides treated at 250 oC for 24 h. Lines are drawn to 

guide the eye. Open points, pure-gas; closed points, mixed-gas (50:50 CO2/CH4 mixture). 
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6.5.4. Effect of hydroxyl functionalization and thermal annealing 

Previously, functionalizing the prototypical PIM-1 with a highly hydrogen-bonding 

amidoxime moiety resulted in a mixed-gas CO2 permeability of ~800 Barrer with a 

relatively stable CO2/CH4 selectivity of ~22 up to 20 bar owing to mitigation of 

plasticization-induced “CH4-creep” with pressure (vs > 60% in virgin PIM-1) [10]. Here, 

the beneficial effects of hydroxyl functionalization in suppressing plasticization of 

triptycene-based PIM-PIs are further elucidated by comparing OH-based TPDA-APAF 

and its CH3-based analog TPDA-ATAF under pure- and 50:50 CO2/CH4 mixed-gas feeds 

up to 25 bar CO2 partial pressure. Without thermal annealing at 250 oC, both polymers 

demonstrate up-turns in the pure- and mixed-gas CO2 and CH4 permeabilities at a low 

partial pressure of 5-10 bar (Fig. 6.16 and 6.17), indicating early “total” plasticization of 

the membranes. However, thermal annealing at 250 oC for 24 h strongly suppresses 

plasticization in both polymers. No up-turn in mixed-gas CH4 permeability occurred 

below 15 bar CO2 partial pressure for TPDA-ATAF and it was practically constant for 

TPDA-APAF. Accordingly, the selectivities (Fig. 6.18) increase and become stable with 

pressure in pure- and mixed-gas experiments. The two-pronged effect of functionalizing 

with polar hydroxyl functionalities observed earlier is evident in these data: (i) Permitting 

development of inter-molecular CTCs for more sieving ultra-microporosity and (ii) 

“immobilization” of the macromolecules in this tightly packed, sieving arrangement to 

suppress CO2-induced plasticization of the microstructure.  
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Fig. 6.16 Effect of hydroxyl functionality and thermal annealing (250 oC for 24 h) on 

pressure-dependence (35 oC) of fugacity-based pure- and mixed-gas CO2 permeabilities 

in TPDA-based PIM-PIs. Lines are drawn to guide the eye. Open points, pure-gas; closed 

points, mixed-gas (50:50 CO2/CH4 mixture). 

 



 262 

Fig. 6.17 Effect of hydroxyl functionality and thermal annealing (250 oC for 24 h) on 

pressure-dependence (35 oC) of fugacity-based pure- and mixed-gas CH4 permeabilities 

in TPDA-based PIM-PIs. Lines are drawn to guide the eye. Open points, pure-gas; closed 

points, mixed-gas (50:50 CO2/CH4 mixture). 

 

 

Fig. 6.18 Effect of hydroxyl functionality and thermal annealing (250 oC for 24 h) on 

pressure-dependence (35 oC) of fugacity-based pure- and mixed-gas CO2/CH4 

selectivities in TPDA-based PIM-PIs. Lines are drawn to guide the eye. Open points, 

pure-gas; closed points, mixed-gas (50:50 CO2/CH4 mixture). 

 

6.5.5. CO2/CH4 upper bound performance metric 

Fig. 6.19 illustrates the 2-bar pure-gas and 20-bar mixed-gas (50:50) CO2/CH4 separation 

performances of the polyimides studied in this work relative to the latest 2008 pure-gas 

upper bound [33]. When glassy polymers, condensable gases and high feed pressures are 
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involved, several factors often cause large differences between low-pressure pure-gas 

data mostly used in the construction of the upper bound and mixed-gas data including (i) 

reductions in CO2 permeability with pressure due to competitive sorption and (ii) 

detrimental mixed-gas “CH4-creep” due to matrix dilations in the presence of CO2. 

Consequently, the result is a severely compromised mixed-gas CO2/CH4 selectivity. 

Although a highly permeable membrane may exceed the lower right end of the upper 

bound, that region is correlated with low selectivities, which lead to costly CH4 losses 

particularly at relevant high feed pressures [19]. Moreover, polymers demonstrating high 

CO2 permeability tend to have high CO2 solubility, which is known to increase 

susceptibility to plasticization [34-36]. This is particularly evident for the highly 

permeable KAUST-PI-1 in the lower right corner of Fig. 6.19 [10].  

 

 

Fig. 6.19 Permeability/selectivity double logarithmic plot. Pure-gas data were at 35 oC, 2 

bar except for CA and Matrimid (10 bar) and 6F-PAI-1 (4.4 bar). Mixed-gas data were at 
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20 bar total pressure using 50:50 CO2/CH4 mixtures at 35 oC. All films were dense and 

homogenous. Solid line is 2008 Robeson pure-gas upper bound.  

 

In the context of natural gas sweetening and dense film testing, the performance of dense 

membranes from commercially successful CA and Matrimid polymers under similar test 

conditions (i.e., 50:50 CO2/CH4 at 35 oC, 20 bar)  – which falls far below the pure-gas 

upper bound – provides a more practical benchmark for the evaluation of new gas 

separation membrane materials for natural gas sweetening. The potential for thermally 

annealed and hydroxyl-functionalized triptycene-based PIM-PIs to offer an attractive 

merger between high permeability and high selectivity is indicated by the location of 

TPDA-APAF in the “middle region” of Fig. 6.19. Of course, in addition to mixed-gas 

performance, the ability to form defect-free asymmetric or thin-film composite 

membranes as well as thorough consideration of the process conditions (pressure ratio, 

energy requirements, material and module costs) are ultimately required to gauge 

commercial viability. 

 

6.6. Design principles for CO2/CH4 separation 

The effects of dianhydride structure, hydroxyl functionalization and thermal annealing on 

high pressure pure- and mixed-gas transport properties have been evaluated for a low-

free-volume 6FDA-based polyimide (6FDA-APAF) and high-free-volume 9,10-

diisopropyl-triptycene-based PIM-PIs (OH-based TPDA-APAF and its CH3-based analog 

TPDA-ATAF). Preliminary polymer design principles have been identified and 

elucidated to guide the development of plasticization-resistant PIM-PIs for highly 
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permeable and highly selective natural gas sweetening. Specifically, these principles 

target the infusion of inter-molecular rigidity into conventionally intra-molecularly rigid 

PIM-type microstructures, a departure from the conventional PIM design approach. 

Thermal annealing was found to play a significant role, but only upon the following: 

i. Integration of a rigid bridged-bicyclic contortion site like 9,10-diisopropyl-

triptycene into a fused-ring dianhydride. The paddlewheel geometry and in-

plane ~120o kink angle facilitate CTC formation by preserving planarity of the 

polyimide backbone. 

ii. Hydroxyl functionalization, in which hydrogen-bonding OH moieties can 

facilitate CTC formation by actively drawing the polyimide chains closer 

together and providing less steric hindrance to the achievement of 

coplanarization across the N-phenyl bond. In addition, the additional inter-

molecular interactions help “immobilize” the chains to resist CO2-induced 

matrix dilations in the mixed-gas. 
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Chapter 7. Pure- and Mixed-Gas CO2/CH4 Separation Properties of 

PIM-1 and an Amidoxime-Functionalized PIM-11 

 

7.1. Abstract 

The prototypical solution-processable polymer of intrinsic microporosity, PIM-1, and 

derivatives thereof offer combinations of permeability and selectivity that make them 

potential candidate materials for membrane-based gas separations. Paramount to the 

design and evaluation of PIMs for economical natural gas sweetening is a high and stable 

CO2/CH4 selectivity under realistic, mixed-gas conditions. Here, amidoxime-

functionalized PIM-1 (AO-PIM-1) was prepared and examined for fundamental 

structure/property relationships. Qualitative NLDFT pore-size distribution analyses of  

physisorption isotherms (N2 at 77 K; CO2 at 273 K) reveal a tightened microstructure 

indicating size-sieving ultra-microporosity (< 7 Å). AO-PIM-1 demonstrated a three-fold 

increase in αD(CO2/CH4) over PIM-1, surpassing the 2008 upper bound with 

P(CO2)=1,153 Barrer and ideal α(CO2/CH4)=34. Under a 50:50 CO2:CH4 mixed-gas 

feed, AO-PIM-1 showed less selectivity loss than PIM-1, maintaining a mixed-gas 

α(CO2/CH4)~21 across a 20 bar pressure range. Conversely, PIM-1 endured up to 60% 

increases in mixed-gas CH4 permeability over pure-gas values concurrent with a 

selectivity of only ~8 at 20 bar. A pervasive intermolecular hydrogen bonding network in  

__________________________ 

1 Portions of this chapter were adopted from Swaidan, R.; Ghanem, B.; Litwiller, E.; Pinnau, I., J. 
Membr. Sci. 457 2014 95-102. Swaidan performed gas permeation and sorption experiments, 
modeling and wrote the manuscript. Ghanem synthesized and characterized the polymers. 
Litwiller guided construction of permeation apparatus. Pinnau guided and supervised the work 
and edited the manuscript. 
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AO-PIM-1 predominantly yields a rigidified microstructure that mitigates CO2-induced 

matrix dilations, reducing detrimental mixed-gas CH4 copermeation. 

 

7.2. Introduction 

In Chapters 5 and 6 the concept of intra-chain rigidity, which has been the focal point of 

conventional PIM-design principles, was shown to be insufficient for the mitigation of 

CO2-induced plasticization using the highly rigid triptycene-based polymers developed in 

Chapter 4. A thorough review of the literature (CA, PMMA, etc.) was consistent with 

these results. Instead, inter-chain rigidity afforded by interactions between polar hydroxyl 

functionalities were effective in achieving fast and selective separation of CO2 from 

aggressive mixtures using the PIM-PIs. Accordingly, this principle is investigated in the 

context of ladder PIMs using the prototypical ladder-PIM, PIM-1.  

 

Thus far, researchers have taken three core directions to manipulate the structural 

platform, and thus gas transport properties, of PIM-1: (i) varying the spiro-carbon 

contortion site via novel monomers [1-6], (ii) varying the benzodioxane arms between 

contortion sites via novel monomers [6-9], and (iii) post-polymerization modification at 

the nitrile groups [10-13]. Post-polymerization modification is a convenient means of 

introducing CO2-philic functionalities – i.e, nitrogen containing heterocycles or hydroxyl 

moieties – onto the main chain that can improve Lewis acid-Lewis base interactions with 

CO2 [14]. Only a few reports provide successful post-polymerization reactions using 

hydrophilic functionalities at the nitriles of PIM-1 because it often yields intractable 

products [10-12, 15]. Du et al. [10] prepared a carboxylated PIM-1 (COOH-PIM-1) via 
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base hydrolysis of the nitriles to carboxylic acids. The gas transport properties were 

tunable depending on the degree of hydrolysis, obeying a tradeoff relationship where 

ideal α(CO2/N2)=26 increased up to 136% relative to PIM-1 but P(CO2)=620 Barrer 

decreased by 92%. Du et al. [12] also reported a tetrazole-functionalized PIM-1 (TZ-

PIM-1), prepared by azide-based “click-chemistry”, which demonstrated significant 

improvement in α(CO2/N2)=41 over PIM-1 in mixed-gas experiments and a modest 

increase in α(CO2/CH4)~22 concurrent with a loss in P(CO2)~3000 Barrer. Mason et al. 

[11] prepared a thionated PIM-1 (Thio-PIM-1) using phosphorous pentasulfide in the 

presence of sodium sulfite to yield an ideal α(CO2/CH4)=20 with P(CO2)=1,120 Barrer – 

again, improved selectivity over PIM-1 for CO2 at the acceptable expense of permeability 

[11].  

 

Recently, Patel and Yavuz reported [15] an amidoxime-functionalized PIM-1 (AO-PIM-

1) prepared by rapid reaction of the nitriles with hydroxyl amine under reflux conditions, 

introducing ample basic nitrogen and hydroxyl groups while maintaining high surface 

area (> 500 m2/g) (Fig. 7.1). Structurally similar to the monoethanolamine (MEA) used in 

power plant CO2 scrubbing processes, the amidoxime functionality has been integrated 

into sorbents, including solution-processable porous polymers, with CO2 capture 

properties surpassing those of activated charcoal [16, 17]. To date, however, the gas 

transport properties of membranes derived from such promising amidoxime-containing 

polymers have not been reported. 
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Fig. 7.1 a) Synthetic scheme for amidoxime-functionalized PIM-1 (AO-PIM-1); b) 

potential intermolecular hydrogen bonding in the contorted energy-minimized structure 

of AO-PIM-1 (Forcite module, Materials Studio 7.0, Accelrys). 

 

Based on the pure-gas testing summarized above, a major effect of the addition of 

pendant polar functionalities onto the backbone of PIM-1 is apparently a tightening of the 

microstructure, due to enhanced intermolecular interactions, by which favorable increases 

in selectivity for CO2 are accompanied by acceptable reductions in permeability. This is 

consistent with the results of Chapter 6 for the hydroxyl-functionalized PIM-PIs. 

However, except for the TZ-PIM-1, no studies regarding the stability of separation 

performance for these functionalized PIMs under more realistic, mixed-gas feeds were 

carried out. Pure-gas testing cannot reveal the potentially detrimental effects of non-ideal 

phenomena such as competitive sorption and plasticization, which can elicit significant 

reductions in CO2/CH4 selectivity [18-26]. That is, the pure-gas permeability/selectivity 
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trade-off performance assessments typically used for novel membrane materials can be 

misleading when gas mixtures containing highly sorbing feed components like CO2 are 

involved. This may be particularly prominent when the CO2 sorption capacity of the 

matrix is enhanced by interactions with the basic and polar functionalities, as 

conventionally postulated for the functionalized PIMs noted above. Few reports exist on 

the organic vapor/gas mixture transport properties of various PIMs [20, 21, 23, 26] and 

their mixed-gas CO2/CH4 performance [12, 27-30]. Only one of these reports addresses 

the stability of CO2/CH4 mixed-gas selectivity for the prototypical PIM-1, but without 

mention of mixed-gas permeabilities [27]. Knowledge of these mixed-gas permeabilities 

is required for fundamental insights into the reasons for the selectivity behavior as well as 

how well the polymer copes with plasticization or competitive sorption phenomena. 

 

Therefore, this chapter investigates the structure/property relationships of PIM-1 and its 

microporous amidoxime-functionalized counterpart AO-PIM-1. A qualitative assessment 

of the microstructural changes was obtained via NLDFT-based analysis of physisorption 

isotherms (N2 at 77 K; CO2 at 273 K) as well as pure-gas transport properties for He, H2, 

N2, O2, CH4 and CO2 at 2 bar and 35 oC for both PIM-1 and AO-PIM-1. Pure- and 

mixed-gas permeability and selectivity isotherms for CO2 and CH4 are presented for both 

polymers at 35 oC under aggressive conditions involving 50:50 CO2/CH4 mixtures up to 

high pressures (20 bar), spanning the range of typical wellhead CO2 partial pressures (5-

10 bar). The effect of the basic and polar amidoxime functionality on performance 

improvements and stability is evaluated in direct comparison to the parent ladder-type 

PIM-1 polymer, with special attention to mitigation of plasticization. 
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7.3. Microstructural characterizations 

7.3.1. Thermal gravimetric analysis 

Fig. 7.2 shows that methanol treatment of the as-cast AO-PIM-1 results in a sharper 

weight loss starting at 250 oC corresponding to degradation of the amidoxime 

functionalities. This result indicates excellent DMAc removal by the methanol treatment. 

For direct comparison, PIM-1 films were also prepared with the same procedure but with 

chloroform as a solvent. As expected, the TGA traces demonstrate identical degradations 

near 500 oC for both AO-PIM-1 and PIM-1 backbones. 

 

	  

Fig. 7.2 Thermogravimetric analysis (TGA) of PIM-1 and AO-PIM-1 films soaked in 

methanol for 24 hours as well as an as-cast AO-PIM-1 film. 

 

7.3.2. Low-pressure N2 (77K) and CO2 (273 K) sorption 
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The influence of the amidoxime functionality on the polymeric microstructure can be 

qualitatively assessed with N2 (77 K) and CO2 (273 K) physisorption isotherms (Fig. 3) 

and the corresponding NLDFT-based pore-size distributions (PSDs) (Fig. 4). In general, 

AO-PIM-1 was characterized by a reduction in BET surface area to 482 m2/g from 768 

m2/g for the pristine PIM-1 and a corresponding drop in maximum pore volume 

(p/po=0.99) to 0.27 cm3/g from 0.70 cm3/g. These results agree with previously reported 

sorption data for AO-PIM-1 [15] and the trends are akin to those reported for Thio-PIM-1 

(263 m2/g) [11] and COOH-PIM-1 (pore-volume ~0.16 cm3/g, ~400 m2/g) [10, 31] 

though roughly 50% higher surface area was maintained. Furthermore, enhanced uptake 

by AO-PIM-1 in the low-pressure regions of both N2 and CO2 isotherms primarily 

indicates the development of finer microporosity in the functionalized polymer (Fig 3). 

That is, improved interactions of the quadrupolar, acid-gas CO2 with the basic and 

dipolar amidoxime moieties may also contribute to the larger uptakes relative to PIM-1 as 

suggested by slightly higher Qst values reported by Patel and Yavuz [15]. For both PIM-1 

and AO-PIM-1, the PSDs (Fig. 4) reveal a bimodal distribution in microporosity 

representative of a bicontinuous pore network comprising interconnected, permeability-

bolstering large pores and molecularly-dimensioned, size-sieving small pores. While AO-

PIM-1 undergoes a reduction in porosity and surface area it experiences a shift in the 

microstructure towards narrower porosity accompanied by a reduction in larger porosity 

as evidenced by both CO2 and N2 probes. 
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Fig. 7.3 Physisorption isotherms for PIM-1 and AO-PIM-1 using (a) N2 (77 K, po=1 bar) 

and (b) CO2 (273 K, po=35 bar). 

 

The observed tightening of the microstructure in AO-PIM-1, skewed towards more size-

sieving ultra-microporosity (pore diameter < 7 Å), is a consequence of the extensive 

interchain and intrachain hydrogen bonding offered by amidoxime moieties (Fig. 7.1b). 

Ample electronegative nitrogen and oxygen donors as well as electropositive hydrogen 

b) 

a) 
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acceptors allow for a pervasive network of interactions between nearby amidoxime 

moieties and those in proximity to dioxane portions of the chain backbone. Given the 

abundance of such donor/acceptor pairs with the amidoxime, the hydrogen bonding is 

more pronounced in AO-PIM-1 than in Thio-PIM-1, COOH-PIM-1 and TZ-PIM-1. 

Moreover, remarkably low hysteresis is observed in the N2 isotherm for AO-PIM-1. This 

is in stark contrast to the significant hysteresis observed for PIM-1 (Fig. 7.3) and Thio-

PIM-1 [11], for example, and more subtle than that for both COOH-PIM-1 [31] and TZ-

PIM-1 [12]. According to the recent work of Jeromenok and Weber [32], the developed 

ultra-microporosity in AO-PIM-1 is more highly interconnected than that in PIM-1 and 

its other functionalized derivatives. This purportedly translates to less diffusional 

resistance to the gas probe from restricted-access pores, resulting in lower low-pressure 

hysteresis. Conventionally, however, low hysteresis has also been interpreted as a 

resilience to swelling in soft matter materials typically caused by a sorption-induced 

increase in structural elasticity. Together, these observations may have significant 

implications for the ability of AO-PIM-1 to simultaneously attain high permeability with 

high selectivity and resist plasticization in high-pressure mixed-gas applications entailing 

condensable gases like CO2. 
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Fig. 7.4 NLDFT-based pore-size distributions extracted from N2 and CO2 isotherms for 

PIM-1 and AO-PIM-1 assuming carbon slit pore geometry. 

 

7.4. CO2/CH4 permeation properties 

7.4.1. Pure-gas permeation properties 

The pure-gas permeation properties of AO-PIM-1 and PIM-1 with identical film 

preparation protocols are presented in Table 7.1 relative to other polymers derived from 

post-polymerization functionalization of PIM-1 at the nitriles. Relative to the parent PIM-

1, the gas permeabilities of the functionalized polymers are all reduced while a general 

increase in selectivities is observed as expected from the trade-off relationship 

highlighted by Robeson. Moreover, the gas permeabilities follow the order typical of 
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intrinsically microporous polymers: CO2 > H2 > He > O2 > CH4 > N2. However, the CO2 

and H2 permeabilities are closest in AO-PIM-1, whereas the N2 and CH4 permeabilities 

are nearly the same – both indications of more effective sieving character. Accordingly, 

while the polymers have similar O2/N2 selectivities, AO-PIM-1 demonstrates the highest 

ideal selectivities for the CO2/N2 and CO2/CH4 gas pairs with high CO2 permeability. 

Relative to PIM-1, AO-PIM-1 shows a remarkable improvement of more than 110% in 

CO2/CH4 selectivity (34) with a CO2 permeability of 1,153 Barrer. This combination of 

high permeability and selectivity – consistent with the results of the microstructural study 

above – position AO-PIM-1 above the latest pure-gas upper bounds for important 

applications involving carbon capture from flue gas (CO2/N2) and natural gas sweetening 

(CO2/CH4). Interestingly, compared to Thio-PIM-1 for which a complete data set has 

been reported, the CH4 gas permeability in AO-PIM-1 is reduced by ~ 40% even though 

the CO2 permeabilities are nearly the same. This indicates that the tightening of the 

porous texture of AO-PIM-1 hinders CH4 transport, leading to a high CO2/CH4 selectivity 

critical to the economical implementation of membranes in natural gas sweetening. 

 

 

 

 

 

 



 281 

Table 7.1 Pure-gas permeabilities and ideal selectivities for PIM-1, AO-PIM-1 and other 

reported post-polymerization functionalized derivatives (COOH-PIM-1, Thio-PIM-1, TZ-

PIM-1). 

Polymer 
Pure-Gas Permeability (Barrer)  Ideal Selectivity (α) 

He H2 N2 O2 CH4 CO2  O2/N2 CO2/CH4 CO2/N2 

AO-PIM-1a 412 912 33 147 34 1153  4.5 34 35 

COOH-PIM-1b 153 408 24 110 - 620  4.6 - 26 

Thio-PIM-1c 270 610 37 140 56 1120  3.8 20 30 

TZ-PIM-1d - - ~100 - ~136 ~3000  - ~22 ~30 

PIM-1a 1577 3365 248 985 362 5919  4.0 16 24 

Test and preparation conditions: 

a T=35 oC, 2 bar; 24 h methanol soak; dried under vacuum at 120 oC for 24 h. 

b T=25 oC, 4.4 bar; ~90% conversion (maximum attained); 1 h methanol soak; oven-dried 

(ramped to 100 oC) for 24 hr. [10] 

c T=25 oC, 1 bar; ~80% conversion (maximum attained); overnight ethanol soak and air dried for 

24 h. [11] 

d T=25 oC, 4.4 bar; treated at 120 oC for 48 h. [12] 

The diffusion and solubility coefficients for CO2 and CH4 of PIM-1, Thio-PIM-1 and 

AO-PIM-1 (Table 7.2) offer fundamental insights into the effects of functionalization 

with polar groups on CO2/CH4 separation performance of PIM-1. The diffusion 

coefficients of all gases in AO-PIM-1 and Thio-PIM-1 are significantly reduced (> 75%) 

relative to those in PIM-1 while the solubility coefficients remain comparable. Therefore, 

diffusional restrictions (manifested in i.e., higher tortuosity, lower free volume) are the 
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primary cause of permeability reductions in these functionalized polymers. The 

conventional perspective that highly polar functionalities like the amidoxime and 

thioamide moieties contribute significant interactions with the quadrupolar CO2 gas is not 

apparent from the solubility coefficients measured in this study. Del Regno et al. reached 

similar conclusions with polymers containing Tröger’s base, reporting insignificant 

influences on the enthalpy of CO2 adsorption [33]. Instead, upon functionalization with 

the thioamide and amidoxime moieties, prominent increases in the αD(CO2/CH4) occur 

simultaneously with slight reductions in both gas solubility coefficients and αS(CO2/CH4) 

relative to PIM-1. The development of a tightened ultra-microporous structure reduces 

the surface area and thus the sorption capacity particularly at higher pressures (i.e., p > 1 

bar). For AO-PIM-1 and Thio-PIM-1, it elicits larger reductions in the diffusion 

coefficient of the larger CH4 gas (kD=3.8 Å) than CO2 (kD~3.3 Å) and results in increased 

diffusion selectivities relative to PIM-1. This diffusion-based sieving effect is more 

profound in AO-PIM-1, producing more than a three-fold increase in αD(CO2/CH4) over 

PIM-1. The notably larger availability of electronegative and electropositive centers in 

the amidoxime moiety capable of engaging in strong intermolecular hydrogen bonding 

between each other and nearby dioxane linkages permits for a finer ultra-microporosity 

suitable for size-based separation. 
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Table 7.2 Pure-gas diffusion and solubility coefficients of CO2 and CH4 for PIM-1, AO-

PIM-1 and Thio-PIM-1 based on time-lag analysis (test conditions as listed in Table 7.1). 

Polymer 

D  

(10-8 cm2/s) 

 S  

(10-2 cm3(STP)/cm3cmHg-1) 

 
CO2/CH4 

N2 O2 CH4 CO2  N2 O2 CH4 CO2  αD αS 

AO-PIM-1 9.91 40.6 2.62 24.6  3.32 3.63 13.0 46.8  9.41 3.61 

Thio-PIM-1 15 49 4.4 21  2.5 2.9 13.1 52  4.77 3.97 

PIM-1 62.5 211 27.6 82.7  3.97 4.67 13.1 71.6  3.00 5.46 

 

7.4.2. Pressure-dependence of pure- and mixed-gas CO2/CH4 permeation 

properties 

Mixed-gas permeation data are generally limited in the literature, with very few studies 

addressing the mixed-gas CO2-based separation performance of PIMs [12, 27-30]. 

Particularly for gas mixtures containing highly condensable gases, it can reveal unusual 

permeation behavior different from that observed in pure-gas measurements which 

includes both favorable and undesirable non-ideal effects. For example, TZ-PIM-1 

exhibited favorable “blocking” properties in CO2/N2 mixtures whereby the more 

condensable CO2 hindered the transport of N2, producing a mixed-gas selectivity more 

than 30% higher relative to pure-gas values that was stable with CO2 partial pressures up 

to ~15 bar [12]. Similarly auspicious behavior was recently demonstrated for a thermally-

rearranged (TR) microporous polymer, derived from mild thermal treatment of a 

hydroxyl-containing PIM-polyimide, which delivered ~15% higher mixed-gas CO2/CH4 

selectivity also stable up to ~15 bar CO2 partial pressure [29]. Both results were 
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attributed to the ability of a rigidified matrix, either by virtue of intermolecular 

interactions (TZ-PIM-1) or a combination of partial cross-linking and restricted 

intramolecular torsions (TR membrane), to resist plasticization-induced structural 

expansions and thus retain the ideal sieving properties observed in pure-gas studies.  

 

To examine the ability of a vast hydrogen-bonding network to protect PIM-1 from non-

ideal effects like plasticization and competitive sorption in condensable gas mixtures, 

PIM-1 and AO-PIM-1 were both tested with a 50:50 CO2:CH4 mixture at 35 oC up to a 

total feed pressure of 20 bar. As shown in Fig. 7.5, the pure- and mixed-gas CO2 

permeabilities in PIM-1 and AO-PIM-1 both decrease with increasing feed pressure. This 

results from a decrease in CO2 solubility coefficients with pressure as is typically 

observed for glassy polymers due to filling of Langmuir cavities. Furthermore, neither 

polymer demonstrates plasticization tendencies (i.e., upward turn in permeability 

isotherms) in the measured pressure range. In mixed-gas feeds, competition for sorption 

sites by copermeating CH4 causes a general reduction in the CO2 permeabilities observed 

in pure-gas measurements (Fig. 7.5). More interestingly, while pure-gas CH4 

permeabilities drop only slightly with pressure for both polymers, the mixed-gas CH4 

permeabilities increase with pressure (Fig. 7.6). This plasticization-based inflation is far 

more pronounced for PIM-1, rapidly increasing from about 20% at 2 bar CO2 partial 

pressure to almost 60% at 10 bar. The highly condensable CO2 can act as a plasticizer 

that improves chain mobility and dilates the microstructure [18, 19, 34] to allow an 

increase in the diffusion coefficient of the larger CH4, hence boosting its permeability 

under the mixed-gas conditions. Such effects have recently been reported for PIM-



 285 

polyimides and even their carbon molecular sieve membrane derivatives [29]. On the 

other hand, AO-PIM-1 demonstrated a more modest 30% increase in CH4 permeabilities 

over the 20 bar total-pressure range. The pervasive network of intermolecular hydrogen 

bonding offered by the amidoxime moieties apparently mitigates the effect of 

plasticization in PIM-1 by preserving the microstructure’s rigidity and preventing 

dilation-facilitated increases in CH4 diffusion. 

 

 

Fig. 7.5 Pressure dependence of pure- and mixed-gas CO2 permeabilities for PIM-1 and 

AO-PIM-1 (50:50 CO2:CH4 mixture, 35 oC). Lines are drawn to guide the eye: Open 

points, pure-gas; closed points, mixed-gas. Shaded box represents typical wellhead CO2 

partial pressures. 
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Fig. 7.6 Pressure dependence of pure- and mixed-gas CH4 permeabilities for PIM-1 and 

AO-PIM-1 (50:50 CO2:CH4 mixture, 35 oC). Lines are drawn to guide the eye: Open 

points, pure-gas; closed points, mixed-gas. Shaded box represents typical wellhead CO2 

partial pressures. 
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Fig. 7.7 Pressure dependence of pure- and mixed-gas CO2/CH4 selectivities for PIM-1 

and AO-PIM-1 (50:50 CO2:CH4 mixture, 35 oC). Lines are drawn to guide the eye: Open 

points, pure-gas; closed points, mixed-gas. Shaded box represents typical wellhead CO2 

partial pressures. 

 

Due to a combination of competitive sorption – net reduction in CO2 permeability – and 

plasticization – net increase in CH4 permeability – the mixed-gas CO2/CH4 selectivities 

are notably lower than the pure-gas ideal selectivities for both polymers across the 20 bar 

total-pressure range (Fig. 7.7). Moreover, PIM-1 experiences a pressure-dependent drop 

in mixed-gas selectivity of about 38%, whereas AO-PIM-1 shows a more subtle 13% loss 

that is relatively stable across the pressure range – a testament to the tolerance of its rigid 

microstructure to progressively challenging conditions. At 20 bar total pressure, where 

the partial pressure of CO2 resembles that typically encountered at gas wells, AO-PIM-1 

maintains a CO2/CH4 selectivity of 21 that is stable with time and a CO2 permeability of 
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786 Barrer. Fig. 7.8 demonstrates the CO2 separation performance relative to the pure-gas 

2008 upper bound and demonstrates the vast differences between conventionally reported 

pure-gas and more practical mixed-gas measurements. While a commendable pure-gas 

performance surpassing the upper bound is observed for both polymers, a large 

compromise primarily in selectivity is incurred upon feeding the mixed gas for both PIM-

1 and AO-PIM-1. It positions their “real” performances below the upper bound. This 

emphasizes the need for more relevant testing protocols at the lab-scale in conjunction 

with more appropriate evaluation criteria of the gas separation performance offered by 

polymeric membranes. 
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Fig. 7.8 Double-logarithmic plots of selectivity versus permeability for (a) CO2/N2 and 

(b) CO2/CH4 separations using PIM-1 and its post-polymerization functionalized 

derivatives. Solid lines are Robeson’s 2008 upper bounds [35] based on pure-gas 

performance. 
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7.5. Conclusions 

The effect of a highly basic and polar amidoxime moiety on the microstructure of PIM-1 

was evaluated in the context of pure- and mixed-gas separation properties. The 

predominant effect of the amidoxime moiety is a rigidification of the polymeric matrix 

that skews the porous texture towards finer ultra-microporosity, presumably by an 

extensive network of intermolecular hydrogen-bonding facilitated by ample 

electronegative and electropositive centers. Accordingly, pure-gas permeation 

experiments highlight a three-fold increase in CO2/CH4 diffusivity selectivity over PIM-1 

and, contrary to ordinary expectation, a comparable solubility selectivity. Similar trends 

were also established for thioamide-functionalized PIM-1. This downplays the 

contribution of interactions between basic and polar moieties and the acid-gas CO2 to the 

separation performance of PIMs. Moreover, AO-PIM-1 demonstrated higher mixed-gas 

selectivities ~21 up to 20 bar that were relatively stable with pressure, dropping ~13% 

primarily due to slight increases in mixed-gas CH4 permeability. In contrast, PIM-1, 

which lacks any notable intermolecular interactions, endured significant increases in 

mixed-gas CH4 permeabilities up to 60% beyond pure-gas values and a large drop in 

mixed-gas selectivity to 8 at 20 bar. Such behavior is attributed to increases in the mixed-

gas diffusion coefficient of CH4 by CO2-induced matrix dilations, against which AO-

PIM-1 is resilient due to the presence of hydrogen-bonding amidoxime moieties. 

Functionalization with appropriate groups may thus be a promising strategy towards 

attaining highly selective PIMs with excellent permeabilities for economical membrane-

based natural gas sweetening. 
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Chapter 8. Pure- and Mixed-Gas Transport Properties of Intrinsically 

Ultra-Microporous Triptycene-Containing Ladder Polymers1  

 

8.1. Abstract 

Fully fused-ring intrinsically ultra-microporous ladder polymers integrating the 9,10-

dialkyl-triptycene (R=i-C3, n-C3) building block (TPIMs) exhibited more than 100% 

increases in hydrogen selectivity (i.e., α(H2/CH4)~60) over the most selective ladder 

PIMs previously reported, matching those of commercial materials (e.g., polysulfone and 

Matrimid®) but with 150-fold higher H2 permeability. The TPIMs are also the most 

selective ladder PIMs in the O2/N2 separation, with an O2/N2 selectivity of ~6.8. The 

isopropyl bridgehead was shown to offer the largest improvements. However, in mixed-

gas CO2/CH4 feeds (1:1), significant plasticization was observed despite the high intra-

chain rigidity: (i) More than 100% increases in mixed-gas CH4 permeability over pure-

gas values were measured at 15 bar CO2 partial pressure, (ii) upturns in both pure- and 

mixed-gas CO2 permeabilities occurred at a low 5 bar CO2 partial pressure, and (iii) 50% 

drop in CO2/CH4 selectivity to ~15 at 15 bar CO2 partial pressure. 

 

 

__________________________ 

1 The polymers and pure-gas data were reported in Ghanem, B.; Swaidan, R.; Ma, X.; Litwiller, 
E.; Pinnau, I. Adv. Mater. 2014 DOI: 10.1002/adma.201401328. Swaidan performed gas 
permeation and sorption experiments, modeling and wrote corresponding parts of the manuscript. 
Ghanem synthesized and characterized the polymers and wrote corresponding parts of the 
manuscript. Ma aided with the characterization of the polymers. Litwiller guided construction of 
permeation apparatus and edited the manuscript. Pinnau guided and supervised the work and 
edited the manuscript. 
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8.2. Introduction 

Chapter 4 highlighted the importance of combining intra-chain rigidity with ultra-

microporosity in attaining fast and selective O2 and H2 transport in PIM-PIs integrating 

the 9,10-diisopropyl-triptycene moiety. Using two representative PIM-PIs from Chapter 

4, Chapter 5 demonstrated that the intra-chain rigidity central to PIM-design and critical 

to the attainment of outstanding oxygen and hydrogen separation properties was not 

sufficient to suppress CO2-induced plasticization. Accordingly, hydroxyl-functionalized 

diamines were integrated into the PIM-PIs in Chapter 6 to emphasize the importance of 

inter-chain rigidity established via inter-chain interactions in mitigating CO2-induced 

matrix dilations that compromise selectivity in natural-gas-type mixed-gas CO2/CH4 

feeds. Chapter 7 demonstrated consistency with the design principles of Chapter 6 in the 

context of ladder PIMs (i.e., PIM-1 and AO-PIM-1) based on the spirobisindane moiety.  

 

In this chapter, significant improvements over the intra-chain rigidity of PIM-1 are 

established in ladder polymers comprising (i) truly fused-ring backbones, (ii) shape 

persistent triptycene contortion centers (9,10-dialkyl-triptycene motif), and (iii) 

phenazine moieties more torsion-resistant than the conventional dioxane units of PIM-1 

and its derivatives.  The main objective was to further investigate the role of the intra-

chain rigidity central to conventional PIM-design in the development of advanced 

materials for membrane-based gas separation in various applications. The pressure-

dependence of pure- and mixed-gas CO2/CH4 permeation properties was therefore 

analyzed. 

 



 297 

8.3. Simulations and mechanical properties 

TPIMs exhibit higher intra-chain rigidity than the traditional spirobisindane-based ladder 

PIMs such as PIM-1 (Fig. 8.1) on two fronts. First, simulations indicate lower torsional 

flexibilities of a bridged-bicyclic (i.e., triptycene) over the tetrahedral spiro-carbon 

linkage in spirobisindane. Second, the synthesis of TPIMs from A-B type monomers 

(Chapter 3) results in a phenazine moiety highlighted in Fig. 8.1a that also possesses 

lower torsional flexibility (Fig. 8.1b) than the dioxane moiety it replaces. That is, every 

other dioxane moiety in PIM-1 is replaced with a more rigid phenazine moiety in the 

structurally analogous TPIMs. The results of simulations for the spirobisindane and 

dioxane moieties agree with those reported for PIM-1 in another study [1].  

 

 

Fig. 8.1 The structures of a) TPIMs (TPIM-1, R=i-C3; TPIM-2, R=n-C3) and PIM-1 are 

shown with dihedral angles highlighted about notable features. b) The degrees of 

torsional freedom accessible at 35 oC over those highlighted bonds are also indicated 
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(Conformers and Forcite modules, Materials Studio 7.0, Accelrys). TRIP indicates 

triptycene and SPIRO indicates spirobisindane. 

 

Moreover, the triptycene moiety appears to exhibit a profound effect on the geometry of 

the macromolecule in space as shown in Fig. 8.2. Geometrically optimized (energy-

minimized) chains of PIM-1 are highly contorted and coiled due to the out-of-plane kink 

induced by the tetrahedral spiro center (Fig. 8.2a) In stark contrast, TPIMs propagate in a 

planar, ribbon-like fashion owing to the fully fused-ring integration of the triptycene 

moiety, which forces the chain to conform to its intrinsic paddlewheel geometry (Fig. 

8.2b). Additionally, pockets of free volume appear between chain segments in TPIMs 

attributed to the internal molecular free volume (IMFV) [2] of the shape-persistent and 

three-dimensional triptycene moiety (Chapter 1 and 2). 

 

 

Fig. 8.2 Geometrically optimized structures of a) highly coiled PIM-1 and b) ribbon-like 

TPIM (TPIM-1, R=i-C3; TPIM-2, R=n-C3) chains (Materials Studio 7.0, Accelrys). 
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Both TPIM-1 (R=i-C3) and TPIM-2 (R=n-C3) were soluble in chloroform and readily cast 

into robust self-standing films that were easily handled and which tolerated all 

subsequent high-pressure permeation testing (i.e., up to 30 bar) (Fig. 8.3). They exhibited 

high Young’s moduli (2349 MPa for TPIM-1 and 1467 MPa for TPIM-2) greater than 

that for PIM-1 (800 MPa) [3] reflecting their high intra-chain rigidities. That for TPIM-1 

was greater than for TPIM-2 due to the restrictions imparted by the triptycene moiety on 

rotations of the isopropyl bridgeheads [4].  

 

 

Fig. 8.3 Pictures of a) cast TPIM film and b) sharply bent TPIM film demonstrating 

mechanical flexibility. 

 

8.4. Low-pressure sorption: Bridgehead and the microstructure 

The microstructures of TPIM-1 and TPIM-2 were qualitatively investigated with 

physisorption isotherms (Fig. 8.4a) and NLDFT-based pore-size distribution (PSD) 

analyses (Fig. 8.4b) obtained with N2 at 77 K [5]. The BET (N2) surface area for TPIM-1 

a) b) 
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is 862 m2 g-1 and similar to those reported for other ladder PIMs (i.e., PIM-1, 768 m2 g-1; 

PIM-EA-TB, 1028 m2 g-1; PIM-SBI-TB, 745 m2 g-1; PIM-7, 680 m2 g-1; PIM-TRIP-TB, 

899 m2 g-1) but greater than that for TPIM-2 (612 m2 g-1). TPIM-1 exhibits enhanced 

sorption at low relative pressures (Fig. 8.4a, inset) compared to TPIM-2 which is 

attributed to a more prominent ultra-microporosity. Accordingly, the PSDs (Fig. 8.4b) 

illustrate a qualitative shift towards narrower micropores in isopropyl-substituted TPIM-

1. The critical role of an isopropyl group in hindering chain packing and creating 

microporosity was previously demonstrated with substituted poly(dialkylacetylenes) [6], 

insoluble triptycene-based networks [4] and soluble triptycene-based polyimides (Chapter 

4, [7, 8]). The flexible linear propyl chain in TPIM-2 probably fills nearby inter-chain 

voids to reduce apparent microporosity and uptake capacity. As in Chapter 4, the impact 

of the bridgehead substituent on the porous texture of TPIMs is emphasized in Fig. 8.4. 
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Fig. 8.4 Physisorption isotherms and b) NLDFT-based pore-size distributions assuming 

carbon slit-pore geometry for TPIM-1 (R=i-C3) and TPIM-2 (R=n-C3). 

 

8.5. Pure-gas transport properties 

8.5.1. Aging knee 

The gas permeation properties of ladder PIMs and PIM-PIs (including PIM-1 [9], 

Tröger’s base polymers [10], KAUST-PI-1 (Chapter 4, [8])) treated with methanol for the 

removal of residual casting solvents have been shown to be time-dependent soon after the 

a) 

b) 
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conditioning. As a result, the “aging knee” illustrated in Chapter 4 for the triptycene-

based PIM-PIs was identified for the TPIMs using periodic measurements of O2 and N2 

permeabilities after methanol conditioning and drying (Fig. 8.5a). 

 

 

Fig. 8.5 Time-dependence of O2 and N2 permeation properties for a) TPIM-1 results in an 

aging knee at roughly 10 days, similar to that observed for b) KAUST-PI-1, PIM-1 and 

TPIM-1 (Chapter 4). 

 

a) 

b) 
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In addition, Fig. 8.5b indicates that the kinetics of this relaxation process – i.e., relaxation 

of excess free volume induced by swelling in a non-solvent like methanol – are similar 

for various PIMs including PIM-1, KAUST-PI-1 and TPIM-1. This supports the 

usefulness of this technique in producing comparable data for PIMs across the literature. 

 

8.5.2. Permeation 

Gas transport data for ladder PIMs available in the literature are principally based on 

pure-gas measurements at 25 oC. Accordingly, pure-gas permeabilities, diffusivities and 

solubility coefficients were measured for TPIM-1 and TPIM-2 at 25 oC and 2 bar and 

shown in Table 8.1 and 8.2. 

 

Table 8.1 Pure gas permeabilities and selectivities for TPIM-1, TPIM-2 and notable 

ladder PIMs. All data at 25 oC except PIM-7 (30 oC). 

Polymer 
Permeability (Barrer)  Ideal Selectivity 

H2 N2 O2 CH4 CO2  H2/N2 H2/CH4 O2/N2 CO2/CH4 

TPIM-1 2666 54 368 50 1549  50 53 6.8 31 

TPIM-2 655 18 101 18 434  37 36 5.7 24 

PIM-Trip-TBa 4740 189 1073 218 3951  25 22 5.7 18 

PIM-7b 860 42 190 62 1100  20 14 4.5 18 

PIM-1c 5010 823 2270 1360 13600  6.1 4 2.8 10 

PIM-SBFc 5240 554 1950 754 10400  9.5 7 3.5 14 

PIM-EA-TBa 4442 188 933 219 2644  24 20 5.0 12 

a From [10]; b from [11]; c from [12]. 
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Table 8.2 Pure-gas diffusivity and solubility coefficients for TPIM-1, TPIM-2 and 

notable ladder polymers from the literature. All data at 25 oC except PIM-7 (30 oC). 

Superscripts refer to Table 8.1. 

Polymer 

Diffusivity 

[10-8 cm2 s-1] 
 

Solubility 

[10-2 cm3(STP) cm-3 cmHg-1] 
 O2/N2 

N2 O2 CH4 CO2  N2 O2 CH4 CO2  αD αS 

TPIM-1 9.3 61 2.9 24  5.9 6.0 17 64  6.6 1.0 

TPIM-2 4.9 25 1.2 11  3.6 4.1 16 41  5.0 1.1 

PIM-Trip-TBa 29 148 7.5 35  6.6 7.3 29 114  5.2 1.1 

PIM-7b 16 62 5.1 21  2.6 3.1 12 52  3.9 1.2 

PIM-1c 186 512 79 226  4.4 4.4 17 60  2.8 1.0 

PIM-SBFc 109 362 33 147  5.1 5.4 23 71  3.3 1.1 

PIM-EA-TBa 23 104 6.9 35  8.2 9.0 32 75  4.5 1.1 

 

TPIM-1 (R=i-C3) demonstrates generally 3- to 4-fold higher gas permeabilities than 

TPIM-2 (R=n-C3) along with ~50% higher selectivities (Table 8.1). This is consistent 

with the microstructural characterizations using low-pressure physisorption and, in 

conjunction with the results of Chapter 4, emphasize the vital role of the 9,10-

diisopropyl-triptycene motif in creating polymer molecular sieves. The lower 

permeabilities of TPIM-2 are due to lower diffusion coefficients and lower solubility 

coefficients, both corroborating obstruction of nearby inter-chain cavities by flexible 

propyl side-chains (also suggested by physisorption experiments). However, the 

differences in the permeation properties of TPIM-1 and TPIM-2 are diffusion-governed. 

For example in TPIM-1, D(O2) is nearly three times that in TPIM-2 and D(O2)/D(N2) is 

also higher at 6.6 vs. 5.0. 
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Relative to notable ladder polymers in the literature (the structures of which are drawn in 

Chapter 3), TPIM-1 provides more than 100% increases in H2/N2 and H2/CH4 

selectivities (~50) over the most selective ladder PIM previously reported (PIM-EA-TB) 

(Table 8.1). It is also the most selective ladder PIM in the O2/N2 separation as well as the 

CO2/CH4 separation. In both separations, which account for more than 75% of the 

membrane-based gas separation market, selectivities for TPIM-1 are similar to those of 

commercial materials (Chapter 1 and 2) but with orders of magnitude higher 

permeabilities. Relative to polysulfone and Matrimid®, ~150-fold increases in H2 

permeability are joined with essentially the same selectivities (50-55) (Chapter 1). 

Relative to commercial tetrabromo bis polycarbonate, TPIM-1 offers ~260-fold increases 

in O2 permeability and a slight reduction in selectivity (7.5 to 6.8) (Chapter 1). 

 

8.5.3. Upper bound performance metrics 

The outstanding gas separation performance of the TPIMs relative to notable ladder PIMs 

in the literature are illustrated in Fig. 8.6 on permeability/selectivity maps. All data is at 

25 oC for comparison except PIM-7 (30 oC). The latest 2008 Robeson upper bounds are 

shown, although their applicability is known to be limited to gas pairs involving 

condensable gases like CO2 (Chapter 2). As discussed in the previous section, significant 

progress is made relative to existing ladder polymers in various separations, emphasizing 

the potential for the 9,10-diisopropyl-triptycene moiety to yield PIMs that unite high 

permeabilities with high selectivities departing from the conventional trend towards 

mainly high permeabilities.  
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Fig. 8.6 Gas separation performance of TPIMs for a) H2/N2, b) H2/CH4, c) O2/N2 and d) 

CO2/CH4 gas pairs compared to notable ladder PIMs in the literature. All data is at 25 oC 

except PIM-7 (30 oC). Solid lines represent state-of-the-art 2008 permeability/selectivity 

upper bounds [13]. 

 

8.6. Mixed-gas transport properties 

8.6.1. Pressure dependence of pure- and mixed-gas permeation properties 

The pure- and mixed-gas CO2 and CH4 permeabilities are presented as functions of 

pressure in Fig. 8.7 and 8.8, respectively, as measured in 1:1 CO2/CH4 feeds. The pure-

a) b) 

c) d) 
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gas CO2 permeability isotherm exhibits a minimum at a low CO2 pressure of ~5 bar, 

indicating early plasticization (Fig. 8.7), whereas the pure-gas CH4 permeability drops 

with pressure in a manner typical of dual-mode behavior in glassy polymers (i.e., due to 

saturation of Langmuir voids) (Fig. 8.8). The pure-gas CO2 permeability increases 

strongly with pressure after the minimum, indicating swelling of the microstructure. In 

the mixed-gas, the CO2 permeabilities are lower than in pure-gas testing and exhibit a 

more subtle minimum around the same CO2 partial pressure due to competition with CH4 

for available sorption sites. More importantly, the mixed-gas CH4 permeability exhibits 

more than 100% increases by 15 bar CO2 partial pressure (Fig. 8.8) over the pure-gas 

value. This mixed-gas “CH4-creep,” as it was referred to in Chapter 6, is attributed to 

dilations of the matrix that facilitate diffusion of the larger CH4 gas, resulting in larger 

relative (%) increases in its permeability as compared to the smaller CO2 gas. In addition, 

the increase in both mixed-gas CO2 and CH4 permeabilities was also observed for the 

highly O2/N2 sieving KAUST-PI-1 (Chapter 7). This was not the case for PIM-1 (Chapter 

7) or KAUST-PI-5 (Chapter 6), for example. As rationalized for KAUST-PI-1 (Chapter 

5), this phenomenon is attributed to the greater presence of narrow, highly sieving pores 

in TPIM-1 as corroborated by a leftward-shift in its PSD (Fig. 8.4) and high gas 

diffusivity selectivities (Table 8.2). Briefly, a significant fraction of these pores is 

expected to be sized around O2 and N2 given the notably high O2/N2 selectivities of 

TPIM-1. Since the diffusion coefficient (and therefore effective size [14]) of CO2 is 

between that of O2 and N2 (Table 8.2), dilations in the matrix should affect CO2. 
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Fig. 8.7 Pure- and mixed-gas CO2 permeability isotherms for TPIM-1 (1:1 CO2/CH4, 25 

oC). Open points, pure-gas feeds; closed-points, mixed-gas feed. Lines are drawn to guide 

the eye. 

 

 

Fig. 8.8 Pure- and mixed-gas CH4 permeability isotherms for TPIM-1 (1:1 CO2/CH4, 25 

oC). Open points, pure-gas feeds; closed-points, mixed-gas feed. Lines are drawn to guide 

the eye. 
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Accordingly, the mixed-gas CO2/CH4 selectivity drops with pressure from ~30 at 2 bar 

CO2 partial pressure to 13 at 15 bar CO2 partial pressure (Fig 8.9). The drop is primarily 

driven by the large increases in CH4 permeability presumably due to CO2-induced 

swelling of the microstructure. This is in stark contrast to the increase from 31 to 

approximately 38 in the pure-gas testing, and highlights the detrimental CH4-losses 

incurred by CO2-induced plasticization that can be detected by mixed-gas testing. 

Importantly, the data in Fig. 8.7, 8.8 and 8.9 reiterate the conclusions of Chapter 5, 6 and 

7 and offer one experimental perspective on the speculations of researchers on the 

resilience of “rigid” PIMs to plasticization (Chapter 2): That the intra-chain rigidity 

central to the design of PIMs is not a singular solution to the suppression of CO2-induced 

plasticization. 
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Fig. 8.9 Pure- and mixed-gas CO2/CH4 selectivity isotherms for TPIM-1 (1:1 CO2/CH4, 

25 oC). Open points, pure-gas feeds; closed-points, mixed-gas feed. Lines are drawn to 

guide the eye. 

 

8.6.2. Upper bound performance metric revisited 

The CO2/CH4 permeability/selectivity map in Fig. 8.6d is modified to include the mixed-

gas CO2/CH4 data for TPIM-1 at 20 bar and 25 oC in Fig. 8.10. A large drop in selectivity 

is observed, as seen in Fig. 8.9, primarily driven by a ~2-fold increase in mixed-gas CH4 

permeability with pressure. This is compared to only a slight drop in the CO2 

permeability with pressure. Furthermore, Fig. 8.10 emphasizes the significance of mixed-

gas testing in the evaluation of CO2/CH4 separation properties of PIMs and provides 

another glimpse at the role of intra-chain rigidity in CO2-induced plasticization. 
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Fig. 8.10 Gas separation performance of TPIMs for CO2/CH4 gas pair compared to 

notable ladder PIMs in the literature. All data is at 25 oC except PIM-7 (30 oC). Solid line 

represents state-of-the-art 2008 permeability/selectivity upper bounds [13]. The data for 

TPIM-1 under a 20 bar, 50:50 CO2/CH4 feed is included. 

 

8.7. Conclusions 

This chapter highlights the potential of the 9,10-diisopropyl-triptycene moiety to produce 

polymer sieves with superior permeabilities and selectivities in key membrane-based gas 

separation applications including the enrichment of oxygen from air, nitrogen blanketing 

for onsite generation purposes and hydrogen purification in purge gases from ammonia 

synthesis reactors and petrochemical refineries. More than 150-fold increases over the 

hydrogen permeabilities of commercial materials including Matrimid and polysulfone are 

achieved while similar selectivities are maintained (~50) for the thick films. Similarly, 

nearly 260-fold increases over the oxygen permeability of commercial tetrabromo-bis-

polycarbonate (1.4 Barrer, Chapter 1) were concurrent with a slight drop in O2/N2 
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selectivity (i.e., 6.8 and 7.5). However, as established in Chapters 5, 6 and 7, the 

significantly higher intra-chain rigidity of TPIMs are not sufficient to suppress CO2-

induced plasticization, contrary to the expectations in the literature for PIMs. More than 

100% increases in mixed-gas CH4 permeability were measured under 1:1 CO2/CH4 feeds, 

which amount to considerable increases in costly CH4-loss. Instead, to suppress mixed-

gas increases in CH4 permeability (i.e., CH4-loss), inter-chain interactions that suppress 

matrix dilations appear to be necessary. 
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Chapter 9. Conclusions and Recommendations 

 

9.1. Introduction 

Chapters 4 through 8 highlighted design principles that established the potential of PIM-

platforms (PIM-PIs and ladder polymers) to be tuned for highly permeable and highly 

selective gas transport relative to benchmark commercial materials. A paradigm in the 

assessment of “rigidity” in PIM-based literature – a popular but general concept in PIM 

design – was proposed to rationalize the different structure/property relationships 

observed for separations involving streams free of condensable gases (e.g., air and 

hydrogen separations) and those involving condensable gases (e.g., natural gas 

sweetening). This chapter will briefly review the design principles of previous chapters in 

a unifying manner. In addition, strategies will be outlined for further material evaluations 

and the development of new materials that can advance upon those presented herein. 

 

9.2. Intra-chain and inter-chain rigidity 

Early studies on polycarbonates integrating spirobisindane moieties demonstrated the 

potential of a contorted, inefficiently packing backbone to offer improvements in both O2 

permeability and O2/N2 selectivity defying traditional permeability/selectivity tradeoff 

relationships [1, 2]. With the advent of PIM-1 almost 10 years ago, a set of conventional 

PIM-design principles were proposed targeting “rigid” fused-ring backbones equipped 

with such sites of contortion (e.g., spirobisindane was the earliest), advocating that a 

“rigid” and contorted macromolecule could trap microporosity in the solid state [3, 4]. 

However, as illustrated in Fig. 5.2 of Chapter 5, an essential paradigm in this dissertation 
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is that “rigidity” can be classified into intra-chain and inter-chain rigidity. Importantly, 

intra-chain rigidity – i.e., restricted backbone torsions – has been the focal point of PIM-

design and has severely limited the prospect for PIMs in natural gas sweetening.  

 

9.3. 9,10-diisopropyl-triptycene: Versatile building block 

The 9,10-dialkyl-triptycene moiety is a shape persistent, three-dimensional moiety that, 

when integrated into a wholly fused-ring backbone (i.e., via fused-ring attachment to two 

arms of the triptycene), offered significant increases in intra-chain rigidity over the 

traditional spirobisindane moiety containing a single tetrahedral carbon atom that can 

function as a swivel joint [5]. Additionally, upon integrating the triptycene in this fused-

ring fashion (i.e., as opposed to single bond attachments [6]), the backbone (i) conforms 

to the paddlewheel geometry of the triptycene, (ii) undergoes periodic ~120o kinks, and 

(iii) propagates through space in a ribbon-like manner fundamentally different from the 

drastic ~90o out-of-plane kinks spurred by the spirobisindane moiety. Optimal gas 

separation properties transcending those of state-of-the-art  polymers were observed 

when the 9,10-bridgeheads were functionalized with short branched isopropyl groups. 

Moreover, the 9,10-dimethyl-ethanoanthracene and Tröger’s base moieties proposed by 

McKeown’s team [7, 8] are also bridged-bicyclics like triptycene which introduce a 

similar ~120o kink angle into a backbone upon a fused-ring integration (Fig. 9.1). The 

resulting polymers based on these moieties (Fig. 9.1) were shown to exhibit intrinsic 

microporosity – evidenced by gas sorption isotherms and gas diffusion coefficients – and 

to possess outstanding gas separation properties, both probably related to the comparable 

geometries and rigidities of their contortion sites.  
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Fig. 9.1 Geometrically optimized ball and stick representations of the structures of 

notable bridged-bicyclic contortion sites possessing similar ~120o kink angles including 

a) 9,10-diisopropyl-triptycene, the structural motif of this work, b) 9,10-dimethyl-

ethanoanthracene and c) Tröger’s base. 

 

9.4. Air and hydrogen separations 

The enrichment of oxygen or nitrogen from air (e.g., O2/N2) and the recovery of 

hydrogen from ammonia purge gas streams (e.g., H2/N2) involve relatively clean streams 

devoid of condensable gases that can plasticize a polymer membrane. For such 

separations, it was observed that structural changes to a polyimide backbone (dianhydride 

and diamine) which balance gains and losses in intra-chain rigidity with those in inter-

chain spacing (i.e., structural factors include bulkiness, torsions about the N-phenyl imide 

bond, contortion site geometry) could result in highly permeable and highly selective 

ultramicroporous membranes defying traditional permeability/selectivity tradeoffs 

embodied by the upper bounds. As corroborated by recent publications in the literature, 

one successful polyimide design entails (i) a dianhydride comprising a fused-ring 

a) b) c) 

N
N
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integration of shape persistent bridged-bicyclics with ~120o kink angles and (ii) a 

diamine that restricts rotation about the N-phenyl imide bonds. 

 

 

Fig. 9.2 Overview of O2/N2 separation performance of PIM-PIs and ladder PIMs bearing 

the 9,10-diisopropyl-triptycene structural motif of this work (i.e., KAUST-PI-1 through 

KAUST-PI-7, TPIM-1, TPIM-2) relative to other PIM-PIs and ladder PIMs reported in 

the literature and commercial polymers. The 1991 and 2008 upper bounds are shown 

along with a proposed 2014 upper bound [9, 10]. A $30/ton EPO2 target is shown as 

calculated previously for oxygen enriched air production [11].  

 

Fig. 2 illustrates in the context of both PIM-PIs (e.g., red circles, KAUST-PI-1, 2, 3) and 

ladder PIMs (e.g., violet squares, TPIM-1, 2) how the 9,10-diisopropyl-triptycene moiety 

facilitated the merger of high permeabilities of conventional spirobisindane-based PIM-

PIs (e.g., green circles, PIM-PI-1, 8, 9) and ladder PIMs (e.g., cyan squares, PIM-1, SBF-
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PIM) with the essential high selectivities of benchmark commercial materials (e.g., 

yellow triangles, PSF, TB-PC). This is a major improvement over the traditionally 

permeability-driven performance of PIMs in the lower right corner of the upper bound 

where selectivity losses relative to commercial materials are substantial. The new 

polymers (red circles and violet squares; KAUST-PIs and TPIMs) approach a $30/ton 

EPO2 target identified in simulations as necessary to outcompete cryogenic technology in 

oxygen enrichment of air [11]. The scatter in performance of the triptycene-based PIM-

PIs (red circles) was believed to be due to a combination of two factors: (i) Disruption in 

the balance between intra-chain rigidity and inter-chain spacing based on the choice of 

diamine (e.g., bulkiness, torsional flexibility about the N-phenyl imide bond) and (ii) the 

choice of the bridgehead (i.e., flexible, propyl chain that likely fills nearby voids versus 

an optimal branched isopropyl chain restricted to rotation which helps create 

microporosity).  

 

The upper bound may be considered as an appropriate measure of the state-of-the-art in 

air and hydrogen separations (i.e., O2/N2 and H2/N2) because the streams involved are 

often clean and free of non-condensable components. Diffusion-governed advances (e.g., 

sieving) in polymer performance have propelled relocation of the earliest 1991 O2/N2 

upper bound in 2008 (Fig. 9.2) [9, 10]. Considering the new polymers rapidly emerging 

based on the bridged-bicyclic moieties of Fig. 9.1, a new upper bound begins to appear in 

Fig. 9.2 significantly beyond that of 2008 (but with similar slope dictated by the 

differences in sizes of the gases involved, as suggested by Freeman’s theoretical analysis 

[12]). A qualitatively similar discussion can be made for the H2/N2 and H2/CH4 
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separations (Fig. 9.3), where the polymers of this work (red circles and violet squares) 

successfully unite the permeabilities of conventional PIMs with the high selectivities 

central to the industrial implementation of commercial materials (yellow triangles). 
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Fig. 9.3 Overview of a) H2/N2 and b) H2/CH4 separation performance of PIM-PIs and 

ladder PIMs bearing the 9,10-diisopropyl-triptycene structural motif of this work (i.e., 

KAUST-PI-1 through KAUST-PI-7, TPIM-1, TPIM-2) relative to other PIM-PIs and 

a) 

b) 
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ladder PIMs reported in the literature and commercial polymers. The 2008 upper bound is 

shown [10]. 

 

9.5. Natural gas sweetening 

This dissertation presents the first detailed reports of mixed-gas CO2/CH4 transport 

properties for PIM-PIs and ladder PIMs, with particular attention on structural features 

that can mitigate CO2-induced plasticization. Conventionally, plasticization has been 

identified using upturns in pure-gas CO2 permeability isotherms with pressure. However, 

the only unambiguous indication of plasticization is an upturn or increase in the mixed-

gas CH4 permeability subtle matrix dilations. This is undesirable because it reduces 

CO2/CH4 selectivity, which is indispensable to the economical implementation of 

membranes in realistic mixed-gas applications (e.g., natural gas sweetening, Chapter 1). 

Accordingly, a departure from the conventional intra-chain rigidity central to the design 

of PIMs for oxygen and hydrogen separations was required. General design principles are 

thus fundamentally different from those of the previous section: (i) Inter-chain rigidity 

(e.g., via inter-chain interactions) is paramount in the suppression of CO2-induced matrix 

dilations, and (ii) intra-chain flexibility can facilitate inter-chain rigidity, particularly 

with regards to flexibility about the N-phenyl imide bond in polyimides. The principles 

favorable in the design of PIM-PIs with attractive CO2/CH4 separation properties are 

summarized in Fig. 9.4. 
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Fig. 9.4 Proposed intra-chain flexibility and inter-chain rigidity for highly selective and 

plasticization resistance CO2/CH4 mixed-gas separation. 

 

The principles of Fig. 9.4 were demonstrated in the context of PIM-PIs and ladder PIMs, 

and representative pure- and mixed-gas data are presented in Fig. 9.5 relative to 

commercial materials. Generally, inter-chain interactions were achieved by the 

introduction of polar groups that actively engage in inter-chain hydrogen bonding, 

including hydroxyl moieties in the TPDA-APAF PIM-PI and amidoxime moieties in the 

AO-PIM-1 ladder PIM. Additionally, intra-chain rigidity was relaxed in the PIM-PIs 

(e.g., TPDA-APAF) by permitting rotation about N-phenyl imide bonds. In Chapter 1, a 

“game changing” material for membrane-based natural gas sweetening was identified as 

one possessing a selectivity of 40 under mixed-gas feeds (where selectivity minimizes 

highly costly CH4-losses). For the PIM-PIs, selectivities increased drastically (4-fold) 

from ~13 to ~50 between highly torsion-resistant KAUST-PI-1 (tetramethyl-substituted 
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N-phenyl imide bond) and TPDA-APAF (flexible N-phenyl imide bond, free hydroxyl 

groups). Moreover, a negligible increase in mixed-gas CH4 permeability was observed 

under 50:50 CO2/CH4 mixed gas feeds up to 50 bar (i.e., negligible plasticization) 

compared to more than 250% increases relative to pure-gas in KAUST-PI-1 by 30 bar 

(i.e., significant CO2-induced plasticization). In addition, up to 10-fold higher 

permeabilities were maintained over conventional, dense polyimides (e.g., 6FDA-APAF) 

and benchmark commercial materials (e.g., CA and Matrimid®). Analogously, the 

amidoxime-based AO-PIM-1 ladder PIM exhibited approximately 3-fold increases in 

CO2/CH4 mixed-gas selectivity over the parent PIM-1. Increasing the rigidity of PIM-1 

partly by replacing spirobisindane with 9,10-diisopropyl-triptycene (TPIM-1) did not 

produce the desired selectivities; indeed, TPIM-1 plasticized and incurred more than 

200% increases in its mixed-gas CH4 permeability over pure-gas values causing a drop in 

CO2/CH4 selectivity to ~13. This behavior is similar to that in KAUST-PI-1 and 

emphasizes the need for inter-chain rigidity. However, despite the gains offered by AO-

PIM-1, the ladder polymers generally exhibited selectivities far below the target of 40. 

Intra-chain rigidity was not a singular solution to plasticization suppression in PIM-PIs or 

ladder PIMs. 
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Fig. 9.5 Overview of mixed-gas CO2/CH4 separation performance  (20 bar, 1:1 CO2/CH4) 

of PIM-PIs and ladder PIMs bearing the 9,10-diisopropyl-triptycene structural motif of 

this work relative to commercial polymers. The 2008 upper bound is shown [10]. 

 

9.6. Recommendations for rigorous evaluation protocols 

9.6.1. Thin films 

The design principles and conclusions established in this dissertation were determined 

using thick, homogenous films 50 – 70 µm in thickness. As discussed in Chapter 2, the 

extents and kinetics of physical aging and plasticization in polymer membranes can be 

dependent on film thickness and are typically exaggerated for thinner films. In particular, 

it was shown in Chapter 2 the “aging knee” for a thin film (e.g., 0.2 – 1 µm) will likely 

occur at a lower permeability and higher selectivity than that for a thick film of the same 

polymer. To date however, no studies have addressed the thin-film permeation properties 
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of any ladder PIMs and PIM-PIs. Accordingly, it is necessary to prepare thin film 

composites using the most promising polymers in flat-sheet or hollow fiber geometries 

and examine how thickness may affect the design principles developed using thick films. 

Spin-casting or dip-coating are traditional techniques that can be used to develop such 

composite membranes. This practical information would be indispensable to an accurate 

assessment of the commercial potential of PIM-based membranes for gas separation 

applications. 

 

9.6.2. Long-term physical aging: Triptycene IMFV 

From the time a membrane is fabricated to the end of its operational lifetime – including 

module development, delivery to and installation at a site, start-up – typically 3 to 5 years 

elapse. No studies in the academic literature have evaluated changes in the permeation 

properties of PIMs over such long terms [13], especially for thin films. As discussed in 

Chapter 2, data available in the literature for thick and thin films suggests that aging is 

finite. However, practically relevant questions to experimentally address preferably in 

thin film geometries include: 1) Do high free-volume, intrinsically microporous PIMs 

retain the permeability advantage over low-free-volume polymers measured in thick 

films? 2) May backbones integrating 9,10-diisopropyl-triptycene moieties – which 

possess an intrinsically shape-persistent, inflexible three-dimensional structure that both 

traps internal molecular free volume (IMFV) between its arms [14] and deters close-

packing of chains – reduce aging-induced permeability losses relative to, for example, a 

more planar backbone typical of low-free-volume polymers? 3) What is the time-scale 
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required before permeation properties change negligibly with time so that processes can 

be designed around the membrane for a typical 3 year operational lifetime? 

 

9.6.3. Multi-component mixtures 

In general, relatively few studies investigate the mixed-gas CO2/CH4 transport properties 

of polymer membranes [15-24], some of which are the subjects of the chapters of this 

dissertation. Of them, fewer evaluate the differences between thick and thin films [25-

27]. To date, however, none have addressed the mixed-gas transport properties of thin 

films of PIMs. Even after pretreatment operations in natural gas sweetening plants, 

membrane units can encounter levels of C2-C5 hydrocarbons ranging from a few percent 

up to ~20% as well as H2S depending on the site [28]. These gases are highly 

condensable and, together with CO2, put highly-sorbing PIMs at risk for selectivity-

compromising plasticization. The hydrocarbon content has to be controlled in natural gas 

delivery pipelines to regulate dew point, as does the acidity to reduce corrosion. In 

addition, the hydrocarbons are more valuable as pure products [29].  

 

Therefore, multi-component mixtures should be used to evaluate the ability of PIMs to 

maintain high CO2/CH4 selectivities that minimize hydrocarbon-loss into the low-

pressure permeate while extracting undesirable CO2 gas from the high pressure side. For 

example, a thin-film of TPDA-APAF (a PIM-PI which offered outstanding performance 

as a thick film) should be evaluated under hydrocarbon-containing CO2/CH4 mixtures to 

reassess the design principles of inter-chain rigidity (i.e., via hydroxyl groups and chain-

chain interactions) in more practical configurations. Additionally, the potential for PIMs 
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to perform in H2/CH4 separations in petrochemical refineries depends on resistance to 

hydrocarbons and vapors and should be evaluated in appropriate mixtures [30]. 

Moreover, systematically studying the effect of relative humidity on the transport of CO2 

through polymers with free amines (e.g., AO-PIM-1) and hydroxyl groups (e.g., TPDA-

APAF, 6FDA-APAF) in comparison to analogous structures devoid of those moieties 

will be interesting and practically relevant. A main question is: Will interactions between 

H2O and the polar pendant groups substitute those between the pendant groups 

themselves and compromise inter-chain rigidity and plasticization resistance (Chapter 2)? 

 

9.6.4. Mixed-gas sorption 

Mixed-gas permeability coefficients can be readily extracted from mixed-gas permeation 

testing. Because the feed gases copermeate, time-lag analysis cannot be used to determine 

diffusivity and solubility coefficients. However, in conjunction with mixed-gas solubility 

coefficients independently determined under similar conditions (composition and 

temperature), the mixed-gas diffusivity coefficients can be readily determined in the 

framework of solution-diffusion transport. Particularly for the CO2/CH4 gas pair, the 

earliest attempts at mixed-gas sorption studies were made almost 20 years ago [31], and 

efforts have been revamped recently using PIM-1 and PTMSP [32, 33]. However, no 

reports exist systematically investigating P, D and S for a PIM in a mixed-gas 

environment. This would be essential to a quantitative discussion of the different 

contributions of dual-mode permeability reductions and non-idealities including 

competitive sorption and plasticization to mixed-gas permeation behavior (Chapter 2). 

This data would be significant to establishing structure/property relationships in a mixed-
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gas environment and guide the development of practically relevant, advanced polymers 

for membrane-based gas separation.  

 

9.7. Recommendations for new material development 

9.7.1. Highly CO2/CH4 selective ladder PIMs 

Chapter 8 introduced a novel class of ladder PIMs named “TPIMs” which integrate the 

9,10-diisopropyl-triptycene motif and exhibit outstanding air and hydrogen separation 

properties. The CO2/CH4 separation properties were not attractive because of a lack of 

sufficient inter-chain interactions that can (i) tighten the microstructures to gain 

selectivity at the expense of permeability and (ii) suppress CO2-induced plasticization. 

The former factor is intuitively attractive with TPIMs because of their high intrinsic 

microporosities owing to fully fused ring backbones – i.e., it is favorable to trade 

permeability for selectivity. Accordingly, future work should pursue the functionalization 

of the monomers used in the polymerization with polar interacting moieties that actively 

engage in inter-chain interactions (e.g., amidoxime, hydroxyl, amine,…). 

 

9.7.2. Copolymers 

Different structural features can be built into a polyimide by simply reacting various 

diamines and/or dianhydrides in a one-pot synthesis. By varying the structures of the 

diamines and/or dianhydrides and their ratios, copolymers spanning wide ranges of 

physical and gas transport properties can be synthesized. For example, it was shown in 

Chapter 4 that the spirobisindane moiety offers excellent mechanical flexibility compared 

to the more rigid bridged-bicyclics which, on the other hand, contribute more favorably 
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towards the development of highly permeable and highly sieving microstructures. 

Chapter 7 demonstrated that hydroxyl-functionalized diamines (e.g., APAF) bound over a 

flexible N-phenyl imide bond provided significantly better resistance to CO2-induced 

plasticization and significantly higher CO2/CH4 mixed-gas selectivities than rigid 

diamines restricting rotation about the N-phenyl imide bond (e.g., TMPD), which offered 

considerably higher permeability instead. Accordingly,  a copolymer between the TPDA-

i-C3 dianhydride and TMPD and APAF diamines could be formed to reach a balance in 

permeability and selectivity under mixed-gas environments. Similar approaches can be 

implemented for ladder PIMs. 

 

9.7.3. 9,10-Bridgehead substituent 

One paradigm common to Chapter 4 and Chapter 8 was the profound (positive) impact of 

the 9,10-bridgehead substituent on the gas transport properties of polymers integrating 

9,10-dialkyl-triptycene in a fused-ring fashion. A ladder PIM was recently reported 

(PIM-TRIP-TB) based on a monomer comprising triptycene and Tröger’s base moieties 

(Fig. 1), but without substitution of the 9,10-bridgeheads. As illustrated in the 

permeability/selectivity maps of Fig. 9.2 and 9.3, PIM-TRIP-TB already performs 

comparably to KAUST-PIs and TPIMs. Therefore, its performance with isopropyl 

bridgeheads should be investigated. 

 

Furthermore, the main reason for the success of the isopropyl bridgehead was its short, 

branched structure that was restricted to rotation by the infrastructure of the triptycene. 

Other similar substituents possessing similar characteristics should also be investigated, 
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including a tertiary-butyl (t-Bu) substituent. The bridgehead may also be a convenient 

position for introducing polar functionalities useful in establishing inter-chain 

interactions. 

 

9.7.4. Thermally rearranged (TR) polymers 

One of the goals of this dissertation was to elaborate on strategies to develop solution-

processable polymers intrinsically possessing the desired permeation properties without 

the need for classical, aggressive thermal treatments. However, the o-hydroxyl 

functionalized TPDA-APAF PIM-PI is a promising candidate for thermal rearrangement 

(TR) in which the polyimide is converted to a polybenzoxazole via evolution of CO2 

molecules at the N-phenyl imide bond around ~400 oC [34]. TR polymers were shown to 

exhibit high resistance to CO2-induced plasticization in aggressive 50:50 CO2/CH4 

mixed-gas feeds when derived from both low-free-volume polyimides (e.g., 6FDA-

APAF) [34] and high-free-volume PIM-PIs (e.g., PIM-6FDA-OH) [35]. Highly selective 

polyimides are preferred as precursors to the thermal rearrangement process, which often 

results in a ~50% reduction in CO2/CH4 selectivity and large gains in CO2 permeability. 

 

9.7.5. Non-extended triptycene-based dianhydride 

The early PIM-PI platform that motivated this work was based on an extended 

spirobisindane-based dianhydride (Chapter 3 and Chapter 4) with long planar arms 

containing relatively flexible dioxane linkages and extending from the contortion site to 

the imide ring. Rogan et al. presented a non-extended analog devoid of these arms 

resulting in polyimides with large permeability gains (i.e., PIM-PI-9, 10, 11) [36]. Based 
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on the comprehensive data review in Chapter 4, the non-extended analog of the 

triptycene-based dianhydride (TPDA) will be interesting  due to large gains in rigidity 

and a concentration of the triptycene moiety in the repeat unit and should thus be 

prepared and systematically studied.  
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Appendix 
 
 

 

Fig. A1 CO2 sorption (symbols) and desorption (dotted lines) isotherms in KAUST-PI-1 

(TPDA-TMPD) collected at 0 oC, 10 oC and 20 oC for calculation of the isosteric heat of 

adsorption.   

 

 



 336 

Fig. A2 CO2 sorption (symbols) and desorption (dotted lines) isotherms in KAUST-PI-6 

(TPDA-ATAF) collected at 0 oC, 10 oC and 20 oC for calculation of the isosteric heat of 

adsorption.   

 

 

Fig. A3 CO2 sorption (symbols) and desorption (dotted lines) isotherms in TPDA-APAF 

collected at 0 oC, 10 oC and 20 oC for calculation of the isosteric heat of adsorption.   
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