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Polymers with high permeability (throughput), selectivity (separation efficiency), 

and long term stability are desired for gas separation applications.  This dissertation 

investigates gas transport properties of two relatively novel polymer membranes: 

thermally rearranged (TR) polymers and UV-crosslinked poly(arylene ether ketone)s 

(PAEKs).  TR polymers belong to a relatively recent class of materials that, due in part 

to high free volume and a favorable free volume distribution, have interesting gas 

separation performance.  This work examines the structure-property relationship of 

several TR isomers, explores the gas transport and mechanical properties of a series of 

TR copolymers, and investigates the influence of toluene, a model aromatic contaminant 

in natural gas on pure- and mixed-gas permeation properties of TR polymers.  In 

addition to TR polymers, this thesis also presents the influence of UV irradiation and 

physical aging on O2 and N2 permeation properties of ultra-thin (~150 nm thick) PAEK 

films.  Gas permeability decreased and selectivity increased with UV irradiation and 

aging time.  Samples irradiated in air have lower permeability coefficients and higher 

selectivities than samples irradiated in N2.  Additionally, physical aging behavior was 

also influenced by the aging environment and the irradiation wavelength. 
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Chapter 1: Introduction 

 Industrially, polymer membranes are currently used in applications such as acid 

gas treatment, air separation, ammonia purge gas recovery, refinery gas purification, and 

syngas ratio adjustment [1-4].  In general, membranes are attractive because of their low 

capital and operating cost, reduced energy consumption, and ease of process integration 

[4, 5].  Ideally, materials with both high gas permeabilities and high selectivities are 

desired.  However, there exists a general tradeoff between gas permeability and 

selectivity of polymer materials [6, 7].  In order to overcome this limitation, two 

traditional approaches have been deployed.  Structural changes that disrupt polymer 

chain packing, such as introducing bulky side groups, generally improve gas permeability 

[8-12].  For example, McHattie et al. demonstrated that by adding tetramethyl 

substitution to a polysulfone (PSF) based on bisphenol A, pure-gas permeabilities of CO2 

and O2 increased by a factor of 2.8 and 3, respectively.  On the other hand, structural 

changes that enhance rigidity and lower mobility of polymer chains, such as 

incorporating aromatic units to polymer backbone or introducing crosslinks between 

polymer chains, generally improve the size-sieving ability of the polymer [13, 14], 

leading to an increase in selectivity. 

 

1.1. DISSERTATION GOALS AND OUTLINE 

 Membrane technology for gas separation has grown into a business with system 

sales approaching $1 billion [5].  Today, a major application in membrane purification 
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is natural gas sweetening, where, in the U.S., CO2 must be reduced to levels below 2% to 

meet pipeline specifications [2, 3, 5].  Thermally rearranged (TR) polymers, first 

investigated by Park et al. [15], have shown promising gas transport properties, including 

for CO2/CH4 separation.  TR polymers can be polybenzoxazoles (PBO), 

polybenzimidazoles (PBI), or polybenzothiazoles (PBT) composed of rigid-rod structures 

with high-torsional energy barriers to rotation between phenylene-heterocyclic rings [15-

17].  Because of their insolubility in common organic solvents, many polybenzoxazoles 

cannot be solution-cast as membranes.  Tullos et al. overcame this challenge by 

preparing ortho-functional polyhydroxyimides (o-PHIs) that readily dissolved in common 

solvents and then converted them to insoluble polybenzoxazoles by thermal treatment 

[17].  In 2007, Park et al. extended this idea to gas separation membranes [15].  Since 

this initial report, much research has focused on this interesting family of materials [10-

12, 18-29]. 

 One goal for this dissertation is to understand more about TR polymers by 

studying the structure/property relationship of two TR isomers, elucidating the gas 

transport and mechanical properties of several TR copolymers, and investigating the 

influence of toluene, a common aromatic contaminant in natural gas, on gas transport 

properties of TR polymers.  First, chapter 2 will provide a brief introduction to the 

fundamental concepts and theories of polymer membrane-based gas separations.  

Chapter 3 describes the materials and experimental methods for this dissertation.  The 

first section describes the synthesis methods and film preparation procedures, and the 



3 

 

second section describes gas permeation and vapor sorption methods, along with other 

experimental techniques.   

 Chapter 4 explores the influence of meta/para and ortho-position functional group 

structures on gas transport properties of two isomeric polyimides and their thermally 

rearranged (TR) polymers.  In general, gas permeability increased and selectivity 

decreased as TR conversion increased.  Interestingly, for polyimides bearing acetate 

functionality at the ortho-position, the isomer effects are opposite to what was observed 

for traditional linear aromatic polymers.   

 Chapter 5 investigates the gas transport and mechanical properties for a series of 

copolyimides and their corresponding thermally rearranged (TR) analogs.  Stress-strain 

relationships were developed for the copolyimides and TR polymers using a Universal 

testing machine.  As polyimides underwent thermal rearrangement, samples became 

more rigid, and tensile stress and elongation at break decreased.  By comparing gas 

transport and mechanical properties of copolyimides and their TR polymers, this study 

seeks to elucidate the apparent tradeoff between gas transport and mechanical properties.   

 Chapter 6 explores the gas transport properties of TR polymers in more 

aggressive gas streams.  The influence of toluene, a model aromatic contaminant in 

natural gas, on pure- and mixed-gas CO2 and CH4 gas transport properties at 35 oC was 

investigated for a TR polymer prepared from a polyimide precursor based on 3,3'-

dihydroxy-4,4'-diamino-biphenyl (HAB) and 2,2'-bis-(3,4-dicarboxy-phenyl) 

hexafluoropropane dianhydride (6FDA).  In addition, toluene sorption and desorption in 
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HAB-6FDA TR polymers were also explored using a McBain vapor sorption apparatus 

[30]. 

 Another goal of this dissertation is to investigate the influence of UV crosslinking 

on gas transport properties of ultra-thin polymer films.  There have been many prior 

studies on gas transport properties of UV-crosslinked samples [13, 14, 31].  However, 

these studies all used thick films with thicknesses ranging from 20 to 60 microns.  One 

general concern with UV crosslinking using thick films is that the crosslinking may not 

be uniform throughout the sample.  As UV penetrates deeper into a film, its intensity 

will decrease due to absorption.  If there is a sharp gradient of UV intensity between the 

surface and the center of a film, the resulting crosslinking is likely not uniform.  To 

achieve uniform crosslinking, ultra-thin films are required.  Chapter 7 investigates the 

influence of UV irradiation and physical aging on gas transport properties of ultra-thin 

poly(arylene ether ketone) (PAEK) films with thicknesses of around 150 nm.  The 

effects of irradiation time, environment (air vs. N2), and wavelength (254 nm vs. 365 nm) 

on gas transport and aging behavior were explored.  Finally, conclusions and 

recommendations for future research are presented in Chapter 8.  
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Chapter 2: Background 

2.1 PERMEABILITY AND SELECTIVITY 

Permeability, which characterizes the gas throughput, is defined as the pressure- 

and thickness-normalized flux through a polymer film.  It can be expressed as follows 

[1-3]: 

                               𝑃𝐴 =
𝑁𝐴𝑙

𝛥𝑝𝐴
                          (2.1) 

where PA is the permeability of gas A, NA is the steady-state flux of A, l is membrane 

thickness, and 𝛥𝑝𝐴 is the pressure difference across the membrane.  Equation 2.1 is 

generally used for single-gas permeation.  If a mixture of gas is used for permeation,  

𝛥𝑝𝐴 should be replaced with the difference of the partial pressures of gas A in the 

upstream and downstream side of the membrane.  In addition, if the feed gas is non-

ideal, fugacity should be used instead of pressure [2].  Permeability is typically 

expressed in units of Barrer, where [2] 

                       1 Barrer =
10−10 cm3(STP)cm

cm2 s cmHg
                  (2.2) 

 According to the solution-diffusion model [4], the permeability coefficient is the 

product of a thermodynamic term, SA, that characterizes the sorption of gas penetrants 

into the polymer matrix, and a kinetic term, DA, that describes the mobility of gas 

molecules going through the polymer:  

                          𝑃𝐴 = 𝐷𝐴𝑆𝐴                        (2.3) 
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The diffusion coefficient, DA, typically has unit of cm2/sec.  The solubility coefficient, 

SA, typically has unit of cm3(STP)/(cm3 polymer cmHg).    

Selectivity is another important characteristic of gas separation.  Ideal 

selectivity, 𝛼𝐴/𝐵, is defined as follows [2]: 

                        𝛼𝐴/𝐵 =
𝑃𝐴

𝑃𝐵
                       (2.4) 

where PA and PB are permeability of gas A and gas B, respectively.  Typically gas A has 

higher permeability than gas B, so αA/B > 1.   

 

2.2 CHALLENGES FACING MEMBRANE SCIENCE IN GAS SEPARATION APPLICATIONS 

2.2.1 Upper bound 

Polymer membranes with high gas permeabilities and high selectivities are 

desired to maximize gas throughout and product purity.  However, a general tradeoff 

exists between permeability and selectivity, as polymers with higher permeabilities 

typically display lower selectivities, and vice versa.  This tradeoff can be visualized on a 

so-called upper bound plot, first developed by Robeson in 1991[5].  The upper bound 

line is an empirically drawn line that reflects the ceiling of gas separation performance.  

As more gas transport data became available since 1991, the upper bound line was 

refined in 2008 [6].  Figure 2.1 shows the upper bound plot for CO2/CH4 separation [6, 

7].  The grey points are literature data compiled by Robeson [5, 6].  The green circles 

represent polyimides, and the blue squares represent a relatively novel class of polymer 

known as thermally rearranged (TR) polymers.  These polymers have exceptional gas 

separation performance, and will be discussed in detail later. 
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Figure 2.1: The Robeson upper bound for CO2/CH4 separation [5-7].  Separation 

performances of selected thermal rearranged (TR) polymers, polyimides and 

cellulose acetate are also included [6, 8, 9].   

The upper bound line has the following form: 

                      𝛼𝐴/𝐵 = 𝛽𝐴/𝐵/𝑃𝐴

𝜆𝐴/𝐵                   (2.5) 

where 𝛼𝐴/𝐵 is selectivity of gas A to gas B, PA is permeability of gas A, and 𝛽𝐴/𝐵 and 

𝜆𝐴/𝐵 are constants.  Later, a theoretical model based on transition state theory was 

developed by Freeman to describe the upper bound [10].  Other theories have also been 

proposed in understand the upper bound parameters [11-13].  In addition, specific upper 

bounds were developed for rubbery polymers [14], mixed-gas CO2/CH4 separations [15], 

and olefin/paraffin separations [16, 17].   
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2.2.2 Contaminants 

 Contaminants and impurities, such as heavy aliphatic hydrocarbons, water, 

aromatics, and H2S, are often present in natural gas streams.  Raw natural gas, for 

example, typically contains 5 to 15% C2-C6 aliphatic hydrocarbons [7, 18].  In addition, 

up to 1000 ppm of water and 500 ppm of BTEX aromatics (benzene, toluene, 

ethylbenzene, and xylene) can be present in such streams [18].  With typical natural gas 

operating conditions at 50 oC and 20-60 bar, these impurities can approach unit activity 

and even condense onto the membrane surface [18].   

 The presence of such contaminants may have deleterious effects on polymer gas 

transport properties [19].  Tanihara et al. [20] reported that after 1600-7600 ppm of 

toluene was introduced to an equimolar H2/CH4 feed gas mixture at 10 atm and 50 oC, a 

polyimide hollow fiber experienced a ~60% loss in H2 permeance and an ~84% loss in 

H2/CH4 selectivity.  Omole et al. [21] observed that as toluene concentration increased 

in a CO2/CH4 mixture feed stream, CO2 permeance in a crosslinked polyimide hollow 

fiber decreased by as much as 80%, and CO2/CH4 selectivity initially increased from ~37 

to ~39 at low toluene concentration (50 ppm) before decreasing to ~31 at higher toluene 

concentration (1000 ppm).  Additionally, different contaminants may have different 

effects on light gas (e.g., H2, CO2 and CH4) permeation properties.  For example, White 

et al. [22] explored the influence of various contaminants on mixed gas transport 

properties of a proprietary polyimide film.  Naphthalene immediately decreased gas flux 

through the membrane (> 50% decrease) but had little effect on CO2/CH4 selectivity; 
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toluene significantly decreased the CO2/CH4 selectivity (~ 34% decrease) but had little 

effect on CO2 permeability; and n-hexane increased CO2 permeability (~55% increase) 

and decreased CO2/CH4 selectivity (~42% decrease) [22].  Such different effects on 

permeation performance demonstrate the difficulty in generalizing/predicting trends in 

gas transport properties in the presence of contaminants and highlight the necessity of 

studying specific polymer/contaminant combinations of interest.  The impact of 

contaminants on gas separation performance has been attributed generally to three 

factors: antiplasticization, plasticization and competitive sorption [23-29].   

 

2.2.3 Antiplasticization 

 When certain low-molecular-weight compounds are incorporated into a polymer 

matrix at low concentrations, the compounds may increase polymer modulus and strength 

and decrease elongation at break and impact resistance, a phenomenon called 

antiplasticization [30-34].  Low-molecular-weight compounds that promote such effects 

are called antiplasticizers.  In gas separation applications, the presence of such 

compounds, including toluene at low activity described in Chapter 6, may significantly 

decrease gas permeability [24, 25, 30-37].  Omole et al. postulated that the 

antiplasticizers can suppress segmental mobility of polymer chains and hinder the 

transient gap formation required for diffusive jump of gas penetrants, which lowers the 

free volume and decreases the overall gas permeability [21]. Figure 2.2 illustrates this 

phenomenon.   
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Figure 2.2: Illustration of influence of antiplasticizers on transient gap formation 

required for penetrant diffusion [21]. 

 

 Maeda et al. studied the effects of low concentrations of various additives, such as 

tricresyl phosphate (TCP), N-phenyl-2-naphthylamine (PNA), and 4,4′-dichlorodiphenyl 

sulfone (DDS) on gas transport properties of polysulfone (PSF) and poly(phenylene 

oxide) (PPO) [30, 32-34].  Upon incorporating 30 wt% PNA into PSF, CO2 permeability 

decreased from 5.82 Barrer to 0.22 Barrer [30].  Such permeability decreases were 

accompanied by either an increase or decrease in gas selectivity.  For example, as the 

concentration of Kronitex 50, an aromatic additive, in PPO increased, CO2/CH4 

selectivity initially increased from 15.6 to 16.8 at low additive concentrations and then 

decreased to 14.8 at higher additive concentrations [33].   Additionally, Maeda et al. 

concluded that the addition of these additives decreased gas solubility, but the major 



14 

 

contribution to permeability reductions was a reduction in polymer free volume that led 

to a decrease in penetrant diffusion coefficients in the polymer matrix [34].   

 

2.2.4 Plasticization and competitive sorption 

 As contaminant concentration sorbed in a polymer increases, it may induce 

swelling of the polymer matrix, which increases polymer inter-chain spacing and may 

increase polymer segmental mobility, thereby increasing penetrant diffusion coefficients, 

lowering the polymer’s size-sieving ability and decreasing gas selectivity.  This 

phenomenon is often called plasticization [2, 38-41].  For glassy polymers, even after 

plasticizers are removed, the dilated polymer matrix may not immediately relax to its pre-

swollen state.  Consequently, the polymer may retain additional free volume long after 

exposure to such contaminants, a phenomenon known as conditioning [42, 43].  Figure 

2.3 shows the influence of plasticization on CO2/CH4 selectivity of cellulose acetate [44] 

and a polyimide (6FDA/DMB) [22]. 
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Figure 2.3: Effect of plasticization on mixed-gas CO2/CH4 selectivity of cellulose 

acetate [44] and a polyimide (6FDA/DMB) [22].  Adapted from [15]. 

 

 Lee et al. investigated the influence of CO2 partial pressure on mixed-gas 

CO2/CH4 selectivity of cellulose acetate.  The feed stream was a CO2/CH4 (70.6/39.4) 

mixture at 25 oC.  As shown in Figure 2.3, as the CO2 partial pressure increased, CO2 

permeability increased and CO2/CH4 selectivity decreased as a result of plasticization 

[44].  In another study, White et al. introduced n-hexane to a CO2/CH4 (10/90) mixture 

at 1000 psig and 48 oC and observed an increase in CO2 permeability and decrease in 

CO2/CH4.  These studies demonstrate the need to modify existing polymers or find 

novel materials that are plasticization resistant.   

 Finally, for glassy polymers, more condensable contaminants, such as toluene and 

higher hydrocarbons, typically have a higher affinity for Langmuir sites in the polymer 

matrix than less condensable penetrants, such as CO2 and CH4.  Preferential sorption of 
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more condensable components can decrease solubility of less condensable penetrants, 

leading, in some cases, to lower gas permeability and higher selectivity [45].  This 

phenomenon is called competitive sorption.   

 

2.3 DUAL-MODE SORPTION 

The solubility coefficient, S, is defined as the ratio of gas penetrant concentration 

in the polymer, C, to the pressure of the gas, p: 

                          𝑆 =  
𝐶

𝑝
                        (2.6) 

 Sorption of gases in glassy polymers is typically described by the three-parameter 

dual-mode sorption isotherm model [2, 7]: 

                         𝐶 =  𝑘𝐷𝑝 +  𝐶𝐻
′ 𝑏𝑝

1+𝑏𝑝
                    (2.7) 

where kD is the Henry’s law parameter, which describes sorption into the equilibrium 

matrix of the glassy polymer. CH
′  is the Langmuir sorption capacity, which describes 

sorption into the Langmuir excess volume of the glassy polymer, and b is the Langmuir 

affinity parameter.   

 

2.4 THERMALLY REARRANGED (TR) POLYMERS 

 In 2007, Park et al. reported gas transport properties of a family of polymers 

known as thermally rearranged (TR) polymers [8], which exhibited exceptional CO2 

permeability and CO2/CH4 selectivity, good resistance to plasticization, and excellent 

chemical resistance [8, 9, 46].  These TR polymers are often polybenzoxazoles (PBO) 
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prepared by thermal treatment of polyimide precursors bearing ortho-position functional 

groups [9].   Because these PBOs are typically insoluble in common organic solvents, 

the ability to prepare them from soluble polyimide precursors allows TR polymers to be 

fabricated into hollow fibers using conventional technology and then thermally treated to 

form the PBOs with desirable transport properties [47, 48].   

 Since the initial report by Park et al., much research has been done in exploring 

the structure-property relationship of various TR polymers.  Calle et al. identified a 

correlation between the polyimides’ glass transition temperature, Tg, and the thermal 

rearrangement onset temperature by studying 15 sets of o-PHIs and copolyimides derived 

from 6 diamines and 4 dianhydrides [49].  As the Tg of the polyimide precursor was 

lowered from 358 oC to 234 oC, the onset temperature of thermal rearrangement 

decreased from 373 oC to 290 oC [49].  Guo et al. explored the effect of lowering Tg on 

gas transport properties.  By using a bisphenol A type dianhydride, for example, both Tg 

and onset temperature of thermal rearrangement were reduced by approximately 100 oC.  

However, upon thermal rearrangement, gas permeabilities of these TR polymers were 

about five times lower compared to previously reported TR materials that required higher 

rearrangement temperatures [9, 50].  Scholes et al. studied poly(benzoxazole-co-imide) 

membranes, which consist of TR-able o-PHI precursors and non-TR-able imide 

segments, and found that gas permeability and permselectivity could be tuned by varying 

the PPO to PI segment ratio [51].  Sanders et al. investigated the effect of polyimide 

ortho-position functional group on gas transport properties.  As the size of ortho-

position function group increased, free volume and gas permeability of the polyimide 
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precursors increased as well [52, 53].  For example, CO2 permeability for a polyimide 

with a pivalate group is 18 times higher than that of a polyimide with a hydroxyl group at 

the ortho-position [52].  Furthermore, TR polymers formed from polyimides with non-

hydroxyl ortho-position functional groups showed higher pure gas permeabilities and 

lower selectivities than those formed from polyimides with hydroxyl groups [52].   

Furthermore, PBO-polyimide [51, 54, 55], PBO-polypyrrolone [56], and PBO-

polyamide [57] copolymers have also been studied in an attempt to combine the excellent 

gas separation properties of PBO and benefits of other families of materials.  In addition 

to single gas permeation and sorption studies [9, 58], mixed gas permeation [8, 59], water 

vapor transport [60], and pervaporation of aromatic/aliphatic hydrocarbon mixtures [61] 

have also been reported for different TR polymers.  Simulation studies using molecular 

dynamics and Monte Carlo methods have also been performed to understand the 

influence of free volume and free volume distribution on gas transport properties of these 

materials [62, 63].   

 

2.5 MECHANICAL PROPERTIES 

 Polymers can exhibit a wide range of mechanical behavior depending on 

temperature or deformation rate [64].  Figure 2.4 illustrates typical stress-strain curves 

for polymers in uniaxial extension [65].  Curves A and B are typical of glassy materials, 

whereas curve C represents a rubbery material.  Brittle polymers (e.g., polystyrene [66]) 

exhibit high modulus (rapid increase in stress with increasing strain) up to the point of 
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failure, as demonstrated in curve A.  For more ductile polymers (e.g., polycarbonate), 

shown in curve B, the stress reaches a maximum value before declining.  The maximum 

stress is the yield point, and the corresponding strain marks the start of plastic 

deformation.  Finally, rubbery polymers, such as butyl rubber, are typically very flexible 

and can stretch to a great extent before breaking, as shown in curve C. 

 

 

Figure 2.4 Typical stress-strain relationship of glassy and rubbery polymers [65]. 

 

 As mentioned, mechanical properties of polymers depend on many different 

parameters.  Differences in molecular weight, molecular weight distribution, 

temperature, sample preparation history, and experimental technique can all influence 

mechanical properties [67-69].  For this reason, comparison of mechanical properties 

among different studies is difficult.  As a result, mechanical properties, such as tensile 

stress and elongation at break, are commonly reported in ranges.   
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 Having decent mechanical properties is crucial in processing polymer membranes 

in gas separation applications.  Today, many commercial membrane systems in gas 

separation applications are based on hollow fibers prepared via phase inversion [7].  

Hollow fibers have a high packing density, i.e., high membrane surface area per unit 

volume.  During a typical spinning process, a viscous polymer solution or dope is 

pumped through an extrusion die to form hollow fibers with a cylindrical shape.  Then, 

the fiber passes through a short air gap before entering a coagulation bath that solidifies 

the polymer into an asymmetric porous structure and removes the solvent [47, 70].  

During this process, the fiber needs sufficient mechanical integrity to survive the tension 

applied to draw the fiber through the coagulation bath and along the spin line.  

Additionally, the manufacturing of membrane modules from hollow fibers can apply 

significant mechanical forces to the membranes.  Furthermore, transportation, 

installation, and operation can subject membranes to a variety of continuous as well as 

periodic stresses and shocks.  Therefore, new materials synthesized and characterized 

for gas separation applications should have favorable combinations of gas transport and 

separation properties and have sufficient mechanical properties to survive manufacturing, 

transport, installation, and operation.   

 

2.6 PARA/META EFFECTS 

 Typically, for polymers with aromatic backbones, changing the aromatic ring 

connectivity from para to meta lowers Tg and fractional free volume (FFV), resulting in 
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decreases in gas solubility, diffusivity and, hence, permeability [71-75].  This effect has 

been reported in polysulfones [71, 76], polyimides [73, 75, 77, 78], polyesters [79], 

poly(phenolphthalein phthalates) [80], and polybenzimidazoles [81].  Aitken et al. 

studied the effect of para-meta structure on gas transport properties of polysulfone (PSF).  

Because the Tg of the meta isomer is 49 oC lower than that of the para isomer, the meta-

linked PSF is more flexible and can pack better, resulting in lower FFV.  As a result, 

CO2 permeability is 2.4 times lower in the meta-connected PSF [71].  Coleman et al. 

conducted a similar study for polyimides and found that CO2 permeability of one meta-

connected polyimide was 12 times lower than that of the para-connected analog.  This 

large permeability difference was attributed mainly to CO2 diffusivity of the meta isomer 

being about 8 times lower than that of the para isomer [73, 75].  The meta/para effect 

has also been studied by molecular modeling that confirmed the experimental 

observations [82, 83].  Recently, Comesaña-Gándara et al. explored the effect of 

para/meta orientation of two TR isomers on gas transport properties [84].  Interestingly, 

contrary to the general trend described above, the meta-connected polyimide precursor 

displayed higher gas permeability than the para-connected polyimide.  In addition, as 

the polyimide underwent thermal rearrangement, the meta-linked TR polymer 

consistently showed higher gas permeability values.  The meta-connected structure 

apparently disrupted the polymer chain packing to a greater extent than the para-linked 

structure, as evident from the higher FFV values for the meta isomer at every treatment 

temperature.   
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2.7 UV IRRADIATION 

 Crosslinking can be achieved with thermal treatment [85], chemical reaction [86], 

or UV or electron beam irradiation [87, 88].  UV-induced crosslinking has the benefit of 

ease of operation, low implementation cost, and relative safety.  Oster et al. reported as 

early as 1959 that addition of photosensitizers, such as benzophenone, helped crosslink 

both low-density and high-density polyethylenes upon irradiation with UV light [89].  

Since then, many studies have reported an increase in gas selectivities after polymers are 

crosslinked via UV irradiation.  In late 1980s, Hayes demonstrated that UV crosslinking 

of an aromatic polyimide decreased gas permeabilities and increased gas selectivities and 

attributed the change to an optimization in molecular free volume [90].  In a similar 

study by Kita et al., H2 permeability decreased by a factor of 5 and H2/CH4 selectivity 

increased by a factor of 50 after a polyimide was irradiated with UV for 30 min [91].  

Because the largest selectivity change occurred to the gas pair with the greatest difference 

in penetrant size, Kita et al. concluded that the change in selectivity was determined by 

diffusivity selectivity [91].  Wright et al. explored the influence of UV-induced 

crosslinking on gas transport properties of polyarylate copolymers.  Gas selectivities of 

the copolymers increased after crosslinking, but were much less pronounced than 

demonstrated in other studies [92].  Apparently, a photo-Fries rearrangement reaction 

competed with the crosslinking reaction and, thereby, limited the effect of UV 

crosslinking on gas transport properties [92].  This increase in gas selectivity upon UV 

crosslinking was also observed in poly(arylene ether sulfone)s [93].  In addition, the 
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influence of UV crosslinking on physical aging [94] and polymer crystallization [95] has 

also been investigated.  One general concern with UV crosslinking, however, is that for 

films with thickness of tens of microns, the radiative process can promote crosslinking 

near the film surface but not as much at the center of a film, thus yielding a non-

uniformly crosslinked sample [92, 96].  McCaig et al. investigated the influence of UV 

irradiation in N2 and physical aging on gas transport properties of thin polyarylate films 

(≤ 1 µm).  Both crosslinking and aging decreased gas permeability and increased 

selectivity, but the gain in selectivity from crosslinking is more pronounced than that due 

to aging.  In addition, crosslinked samples exhibited lower aging rates than 

uncrosslinked samples, which was attributed to the lower free volume of crosslinked 

samples [94].   

 

 

Figure 2.5: Expected crosslinking mechanism via UV exposure for TMBPA-BP. 
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 Figure 2.5 presents a schematic of expected UV crosslinking reaction mechanism.  

The polymer demonstrated is tetramethyl bisphenol A benzophenone (TMBPA-BP), 

which will be discussed in more detail in Chapter 7.  Benzophenone (BP) is a widely 

studied photosensitizer due to its low cost, high photoinitiating efficiency, and diverse 

areas of applications such as adhesives, UV-curable coating, and protein engineering [97-

99].  Upon irradiation at ~250-370 nm, BP is excited initially to a singlet state followed 

by rapid intersystem crosslinking to an excited triplet state [100, 101].  As shown in 

Figure 2.5, two radicals are generated, which can subsequently abstract a neighboring 

benzylic or aliphatic hydrogen to yield a ketyl radical and a carbon-centered radical [87, 

98, 102].  The radicals can either couple to form crosslinks or undergo oxidation 

reaction if oxygen is present [103, 104].  A detailed description of proposed 

mechanisms of crosslinking and photooxidation will be provided in Chapter 7.  Because 

formation of these radicals is efficient even in presence of oxygen [87, 92], BP has 

frequently been used as a dopant for UV-induced crosslinking of polymers such as 

polyethylene [105], poly(ethylene oxide) [106], poly(norbornene) [100], and 

poly(phosphazene) [107].   

 

2.8 PHYSICAL AGING 

 Polymers with high permeability, selectivity, and long term stability are desired 

for gas separation applications.  However, the inherent non-equilibrium state of glassy 

polymers causes physical properties, including gas transport properties, to drift with time 
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towards a seemingly unattainable equilibrium in a process known as physical aging [108, 

109].   As polymer chains undergo self-retarding reorganization in the glassy state, 

polymer segmental mobility decreases due to free volume reduction [109].  

Consequently, gas permeability generally decreases and selectivity increases with aging 

[110-112].  Several studies have demonstrated the influence of physical aging on gas 

transport properties of thick films (> 1 µm) [113-116].  Interestingly, as film thickness 

decreases into the range (~0.1 µm [7, 70, 117]) that is relevant for commercial gas 

separation membranes, gas permeability decreases more rapidly, suggesting accelerated 

aging in thin films relative to that in thick films [110, 118, 119].  This phenomenon is 

still not completely understood, but it is believed to be connected to differences in 

polymer chain mobility at the surface versus that in the bulk of the films.  As thickness 

decreases, from the tens of microns often used in initial screening of gas transport 

properties to 100 nm or less, surface to volume ratio increases enormously, so the 

influence of the surface properties of such thin films becomes much more important. 

 Most aging studies have focused on glassy polymers of practical interest in gas 

separation applications, such as polysulfone (PSF) [119-122], Matrimid [110-112, 123], 

6FDA-based polyimides [117, 124-128], perfluoropolymers [129], polyarylates [94, 118] 

and other polymers with high free volume [116, 130].  In addition to film thickness, 

factors such as chemical structure [110], aging temperature [131, 132], molecular weight 

[132], annealing temperature [129], and whether thin films are free-standing or supported 

on substrates can influence rates of physical aging [110].  Huang et al. explored the 

effect of aging temperature and sample thickness on gas transport properties of PSF, 
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Matrimid, and poly (2,6-dimethyl-1,4-phenylene oxide) (PPO) [110, 111, 131].  As film 

thickness decreased from 20-60 µm to 400 nm, accelerated physical aging was observed 

in all three polymers.  In addition, at a fixed thickness, increasing the aging temperature 

increased the aging rate but decreased the sensitivity of aging on film thickness.   For 

example, the difference in aging rate between 1000 nm and 400 nm thick PSF films is 

much higher at 35 oC than that at 55 oC [112, 131].  Aided by a poly(dimethylsiloxane) 

(PDMS) coating technique, Rowe et al. studied physical aging of PSF and Matrimid films 

as thin as 18 nm [119-121].  These ultra-thin polymers exhibited lower initial gas 

permeability than the thick films.  For example, as Matrimid film thickness decreased 

from 550 nm to 18 nm, the initial O2 and CH4 permeability decreased by about 49% and 

63%, respectively.  By using a modified Struik model to extrapolate permeability to 

earlier aging times, Rowe et al. concluded that the thinner films experienced more rapid 

aging and achieved a much denser state before initial permeation measurements could be 

conducted [119].  Additionally, physical aging is a thermo-reversible process, so aging-

induced changes in physical properties can be “reset” by simply annealing the polymer 

above its Tg [109]. 
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Chapter 3: Materials and Experimental Methods 

This chapter describes the materials and experimental methods for this 

dissertation.  The first section describes the synthesis methods and film preparation 

procedures.  The second section describes the gas permeation and vapor sorption 

methods, along with other experimental techniques.   

 

3.1 MATERIALS 

3.1.1 Polymer synthesis 

3.1.1.1 Synthesis of HAB-6FDA and HAB-6FDA-Ac polyimide isomers 

 The two diamines considered, 4,4'-dihydroxy-3,3'-diamino-biphenyl (m-HAB) 

and 3,3'-dihydroxy-4,4'-diamino-biphenyl (p-HAB), are isomers of one another.  

Polyhydroxylimides were prepared by polycondensation of one of the aforementioned 

diamines with 2,2'-bis-(3,4-dicarboxy-phenyl) hexafluoropropane dianhydride (6FDA).  

These polyhydroxyimides were also acetylated to form polyacetylimides, which are 

designated as m-HAB-6FDA-Ac (meta-linked) and p-HAB-6FDA-Ac (para-linked).  

The structures of the polyimide precursors and polybenzoxazoles (PBOs) after thermal 

rearrangement are shown in Table 3.1.  Although Table 3.1 shows the structure of the 

thermally rearranged (TR) polymers as linear materials, it is likely that some interchain 

thermal rearrangement occurs, resulting in crosslinked structures [1, 2].  The polyimide 

isomers, which will be discussed in Chapter 4, were synthesized at Virginia Tech.  P-
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HAB was purchased from Tokyo Chemical Industry (TCI) and used as received, and 

6FDA was purchased from Alfa Aesar and dried in vacuum at 180 oC before use.  
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Table 3.1: Chemical structures of isomeric polyimide precursors and their TR analogs 

described in Chapter 4. 
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 m-HAB was not commercially available and was synthesized as follows:  

Acetone (250 ml) was added to 4,4'-biphenol (12.2 g, 65.5 mmol) in a three-neck flask 

equipped with a condenser and mechanical stirrer.  The mixture was heated to 60 oC, 

and nitric acid (7.9 ml of 69.3% nitric acid, 131.0 mmol) was added dropwise.  The 

solution was kept at 60 oC for 6 h and then washed with excess acetone.  The product, 

3,3'-dinitro-4,4'-dihydroxyl biphenyl (NHB), was filtered and dried under vacuum at 80 

oC overnight (yield 87%).  NHB (11.6 g, 42.0 mmol) was then reacted with 1.1 g Pd/C 

in 200 ml of NMP at 100 oC.  Hydrazine hydrate (24 ml, 290 mmol) was then added 

dropwise.  Afterwards, the solution was stirred and refluxed at 100 oC for 12 h, and then 

hot-filtered through Celite.  Methanol (200 mL) was slowly added into the filtered 

solution.  As the product cooled and crystallized, white crystals were collected and 

washed with deionized water.  Finally, the product was dried in vacuum at 100 oC 

overnight.  The yield was 81%.  The monomer degraded before melting.   

 Polyhydroxyimides were synthesized via an ester-acid method, as described 

previously [3, 4].  For example, 7.0407 g of 6FDA (15.9 mmol) was reacted with 50 ml 

of ethanol (856 mmol) and 3 ml of triethylamine (21.5 mmol) in a three-neck flask 

equipped with a Dean-Stark trap, mechanical stirrer, and nitrogen purge.  The mixture 

was heated to 90 oC and refluxed with stirring for 1 h.  Once the solution became clear, 

the trap was drained and an equimolar amount of p-HAB or m-HAB (3.4268 g, 15.9 

mmol) was added, along with an ~4/1 (v/v) ratio of 35 mL of NMP and 9 mL of o-

dichlorobenzene as the azeotroping agent to produce a solids content of ~30% (wt/v).  
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The mixture was then heated to 180 oC for 10 h, precipitated in methanol, and dried under 

vacuum at 180 oC for 12 h.  The yield was 98%.    

 To obtain polyacetylimides (Ac), 4.00 grams of polyhydroxyimide (6.4 hydroxyl 

eq) were dissolved in 20 ml of NMP in a three-neck flask equipped with mechanical 

stirrer, condenser, and nitrogen purge.  Then, 3.63 ml of acetic anhydride (38.4 mmol) 

and 3.0 ml of pyridine (37.2 mmol) were added to the solution.  The solution was heated 

at 50 oC for 24 h with constant stirring and nitrogen purge.  The mixture was then 

cooled to room temperature, precipitated in methanol, and dried under vacuum at 180 oC 

for 12 h.  The yield was 99%.  Polymer structures were confirmed by NMR and FTIR 

and are reported elsewhere [5]. 

 

3.1.1.2 Synthesis of HAB-6FDA-C, APAF-6FDA-C, and APAF/HAB-6FDA 

copolyimides 

Polyimide precursors based on 3,3'-dihydroxy-4,4'-diaminobiphenyl (HAB), 2,2'-

bis (3-amino-4-hydroxyphenyl)-hexafluoropropane (APAF), and 2,2'-bis-(3,4-dicarboxy-

phenyl) hexafluoropropane dianhydride (6FDA) were prepared using a conventional two-

step process including condensation polymerization of dianhydride and diamine followed 

by chemical imidization [2, 6].  These polyimide precursors, which will be discussed in 

Chapter 5 and 6, were synthesized at University of Texas at Austin.  Chemical structures 

of the monomers, polyimides and corresponding PBOs are presented in Figure 3.1. 
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Figure 3.1:  Chemical structures of monomers, polyimide precursor, and TR polymer 

considered in the copolymer study described in Chapter 5. 

 

 HAB and APAF were purchased from Chriskev (Overland Park, KS) and 6FDA 

was purchased from Alfa Aesar (Word Hill, MA).  To prepare the monomers for 

synthesis, HAB and APAF were heated at 50 oC and 120 oC, respectively, under full 

vacuum for 12 h. To prevent degradation, the monomers were shielded from light by 

placing aluminum foil around the monomer container and over the window of the 

vacuum oven.  6FDA was heated to 200 oC under partial vacuum for 6 h and then 

cooled to 120 oC under full vacuum to remove any water resulting from hydrolyzed 

dianhydride rings.  N-methyl-2-pyrrolidinone (NMP, anhydrous), pyridine (99.9%), 
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acetic anhydride (99.5%), and dimethylacetamide (DMAc, anhydrous) were purchased 

from Sigma Aldrich (St. Louis, MO).   

 A typical synthesis of polyimide was as follows: 20 mmol of diamine (i.e., APAF, 

HAB, or a mixture of APAF and HAB) was added to a three-neck flask and dissolved in 

44 mL of NMP under a nitrogen purge.  After at least 30 min of rigorous stirring, 20 

mmol of 6FDA was added along with another 44 mL of NMP to make a 15% (grams of 

monomers / mL of NMP) solution.  The three-neck flask was placed in an ice bath, and 

the solution was stirred for 12 h to form the poly(amic acid).  Then, the poly(amic acid) 

was imidized using a standard chemical imidization method [2, 7].  For every mole of 

diamine, 8 moles of acetic anhydride and 8 moles of pyridine were added simultaneously 

to the reaction flask.  Additional NMP was added to reduce the solution concentration to 

8% [grams of monomers / mL of solvents (i.e., NMP, acetic anhydride, and pyridine)].  

The reaction flask was placed in an oil bath and held at 80 oC for 24 h.  Afterwards, the 

solution was precipitated in a non-solvent.  For HAB-6FDA, the non-solvent was 

methanol, and for APAF-6FDA and the copolyimides, the non-solvent was a 70:30 (v/v) 

mixture of methanol:deionized water.  Following precipitation, the resulting polyimide 

was heated under vacuum at 100 oC for 24 h, 150 oC for 24 h, and 200 oC for 48 h to dry 

the polymer.   

 For APAF/HAB-6FDA copolyimides, the naming convention is AH followed by 

the mole fraction of APAF-6FDA used in the copolymers synthesis.  For example, 

AH(0.75) refers to a copolyimide prepared with 75 mol% of APAF-6FDA and 25 mol% 

of HAB-6FDA.  1H NMR spectra of copolymers (cf., Appendix B) verified that the 
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mole ratio of monomers used in the synthesis corresponded to the expected composition 

of the final copolymer.  The protocol to synthesize copolyimides was identical to that 

used for APAF-6FDA.  APAF and HAB were added simultaneously to the reaction 

flask during synthesis, and the amount added was based on the desired molar ratio of the 

copolymer.   

3.1.1.3 TMBPA-BP Synthesis 

Tetramethyl bisphenol A benzophenone (TMBPA-BP) was synthesized at 

Virginia Tech.  Chemical structure of TMBPA-BP is presented in Figure 3.2.  Sulfuric 

acid, acetic acid and acetone were purchased from Spectrum (New Brunswick, NJ, USA) 

and used as received. N-methyl-2-pyrrolidone (NMP) was also purchased from Spectrum 

and was vacuum distilled over calcium hydride before use. 4,4′-difluorobenzophenone 

(DFBP) was kindly donated by Solvay and recrystallized from 2-propanol. Methylene 

chloride and potassium carbonate were purchased from Fisher Scientific (Pittsburg, PA, 

USA) and dried at 150 oC under vacuum before use. Toluene and 2,6-dimethylphenol 

(2,6-xylenol) were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as 

received. 

 

Figure 3.2: Chemical structure of TMBPA-BP. 
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The synthesis of tetramethyl bisphenol A (TMBPA) was adapted from the 

synthesis procedure for tetramethyl bisphenol F [8].  Acetone (7.103 g, 122 mmol) and 

2,6-xylenol (18.92 g, 155 mmol) were added to a two-neck 250 mL round bottom flask 

fitted with a mechanical stirrer and an addition funnel. The solution was stirred and 

cooled to 15 oC in an ice bath.  A solution of sulfuric acid (16.304 g, 0.163 mol) and 

acetic acid (17.392 g, 0.290 mol) was mixed, chilled to 15 oC, and added dropwise to the 

reaction flask via the addition funnel. The reaction mixture was maintained at room 

temperature overnight, diluted with 100 mL of water and 150 mL of methylene chloride, 

and then transferred to a separatory funnel.  The organic layer was washed with 

deionized water three times before collection.  The methylene chloride layer was dried 

over magnesium sulfate overnight and then evaporated to yield the crude product. The 

product was recrystallized from toluene. Yield was 70%.  The melting point of the 

recrystallized product was in good agreement with the reported value (162 oC) [9]. 

 TMBPA (29.362 g, 103.2 mmol) and DFBP (22.527 g, 103.2 mmol) were added 

to a three-neck 500 mL round bottom flask equipped with a mechanical stirrer, a 

condenser, a nitrogen inlet and a Dean-Stark trap.  NMP (300 mL) was added to the 

flask, and the mixture was stirred to obtain a clear solution. Afterwards, K2CO3 (16.408 

g, 118.7 mmol) was added, followed by 150 mL of toluene. The reaction bath was heated 

at 155 oC for 4 h to remove the water and toluene, kept at 150 oC for 12 h, and then 

cooled to room temperature. The reaction mixture was filtered to remove any excess 

K2CO3 or by-product salts and precipitated in 1000 mL of deionized water. The resulting 
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polymer was stirred in deionized water at 80 oC overnight and then dried under vacuum 

at 110 oC for at least 48 h. The yield of TMBPA-BP was 81%.  At 35 oC, which is the 

temperature used for both aging and permeation experiments in this study, TMBPA-BP is 

deep within its glassy state (about 180 oC below its Tg). 

 

3.1.2 Film casting 

3.1.2.1 Polyimides 

 Polymer films of HAB-6FDA and HAB-6FDA-Ac isomers, described in Chapter 

4, were cast at Virginia Tech.  Polyimides were dissolved in dimethylacetamide 

(DMAc) to prepare a 7% wt/v (g polymer/ml solvent) solution.  Dust and particulates 

were removed by filtering the solution through a 0.45 µm Teflon syringe filter.  

Afterwards, the solution was sonicated for 15 min to remove dissolved air.  Then, the 

solution was cast onto a clean glass plate and initially dried under an infrared lamp at 

approximately 60 oC for 24 h.  The film was carefully peeled off the glass plate and 

soaked in deionized water to remove residual solvent.  Finally, the film was heated 

under vacuum overnight at 210 oC for polyacetylimides and 250 oC for 

polyhydroxyimides.  Solvent removal was confirmed using thermogravimetric analysis 

(TGA). 

 Polymer films of HAB-6FDA, APAF-6FDA, and the copolyimides described in 

Chapter 5 were cast at University of Texas.  Dense films of 25-40 µm were prepared by 

controlled evaporation of polyimide solutions.  A polymer solution containing 3 grams 
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of polymer per 100 grams of solvent was prepared by dissolving the polyimide in DMAc.  

The well-mixed solution was filtered through a 5.0 µm Millex-LS PTFE filter 

(SLLS025NS, Millipore, Billerica, MA, USA) and cast onto a clean, flat, and level glass 

plate.  The solution was initially heated at 80 oC under a partial vacuum of about -25 

cmHg for 24 h and then at 100 oC for another 24 h.  During this process, solvent from 

headspace of the vacuum oven was occasionally removed by partially opening both the 

vacuum valve and the vent valve to maintain a pressure of -25 cmHg.  Next, the samples 

were held at 100 oC under full vacuum for 12 h.  Afterwards, films were immersed in 

deionized water and detached from the glass plate.  Finally, the films were sandwiched 

between two glass plates covered with aluminum foil and heated under full vacuum at 

200 oC for 24 h.  Solvent removal was confirmed using thermogravimetric analysis. 

 HAB-6FDA films described in Chapter 6 were cast using an analogous method.  

Polyimide films, about 6-8 µm thick, were prepared via solution casting.  A solution 

containing 4 g polymer per 100 mL of solvent was prepared by dissolving HAB-6FDA in 

DMAc.  After vigorous stirring, the solution was first filtered through a 5.0 µm Millex-

LS PTFE filter (Part# SLLS025NS, Millipore, Billerica, MA, USA) to remove any dust 

or particles and then cast onto a clean, flat, and level glass plate.  The casting solution 

was heated at 80 oC and -25 cmHg for 24 h, 100 oC and -25 cmHg for 24 h, and then 

under full vacuum at 100 oC for another 12 h.  Afterwards, films were immersed in 

deionized water, peeled off the glass plate, and dried further at 200 oC under full vacuum 

for 24 h to completely remove solvent, which was verified by thermogravimetric 

analysis.   
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3.1.2.2 TMBPA-BP thin films  

 Polymer films of TMBPA-BP with thicknesses of around 150 nm were cast at 

University of Texas at Austin.  In general, to avoid rapid evaporation of solvent during 

spin coating, solvents with high boiling points (>100 oC) and low vapor pressures are 

preferred [10-12].  For this reason, toluene was used in this study.  Film thickness was 

controlled by varying the solution concentration, typically between 2 and 3 wt%.  About 

15 mL of polymer solution was prepared and filtered through 5 µm, 0.45 µm, and 0.1 µm 

PuradiskTM PTFE syringe filters (Whatman, Pittsburg, PA, USA) in that order to remove 

dust or particulates.  Afterwards, the solution was sonicated for 30 min to remove 

dissolved air bubbles, since air bubbles can introduce pinhole defects in thin films [10].   

 Thin films were prepared by spin coating the polymer solution onto silicon wafers 

(Nova Electronics Materials, Flower Mound, TX, USA) at 1000 rpm for 3 min.  Next, 

the silicon wafer was placed on a hot plate and heated at 130 oC for 3 min to remove 

residual solvent.  To avoid dust and particulates in the environment, spin coating was 

performed inside a class 100 clean room.  Film thickness was measured using a variable 

angle spectroscopic ellipsometer (VASE) (M2000D, J. A. Woollam Co., Lincoln, NE, 

USA).  Psi (ψ) and delta (Δ) parameters were taken at three different angles (65, 70, and 

75 degrees) over a wavelength range of 450 nm – 1000 nm, and the data was modeled 

using the Cauchy equation [10, 12-14]. 

 A primary challenge in fabricating thin films is to avoid the presence of 

microscopic pinhole defects, which can compromise gas selectivity and render the film 
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useless for gas separation characterization [13, 15].  To mitigate this problem, a second 

layer of highly permeable polymer, such as PDMS, is often coated onto the selective 

layer to block the pinholes and, thus, the selectivity-destroying convective flow [13, 16-

18].  This practice of “caulking” the defects was initially employed in industry to treat 

hollow fiber membranes [16-19], and only recently was used to study the influence of 

physical aging on gas transport properties of ultra-thin (< 400 nm) films [13-15, 20].  At 

the aging temperature used for this study, PDMS is about 150 oC above its Tg [13], and 

therefore, will not undergo physical aging [13, 21].  In addition, the PDMS layer, with a 

thickness typically in the range of 5-6 µm, can also provide mechanical support to the 

relatively fragile selective layer.  Rowe et al. [13] and Cui et al. [14] demonstrated that 

PDMS does not significantly change the gas transport properties of the thin glassy 

polymers under study.   

 A PDMS solution was prepared by mixing Wacker Silicones Corporation 

Dehesive 944 and cyclohexane in a 2:3 ratio by mass and then adding a crosslinking 

agent (V24) and proprietary catalyst (OL) as described elsewhere [10, 15].  After the 

glassy polymer thickness was measured using an ellipsometer, the PDMS/cyclohexane 

solution was spun onto the glassy polymer at 1000 rpm for 1 min.  The wafer was then 

heated to 115 oC for 15 min to fully crosslink the PDMS.  The PDMS layer thickness 

was measured using a Dektak 6M stylus profilometer (Veeco, Plainview, NY, USA).   

 The bilayer film was lifted from the wafer using deionized water and transferred 

to a thin rectangular loop of copper wire (Cat# 2781345, Radio Shack, Austin, TX, 

USA).  The free-standing thin film was then annealed at 233 oC (~ 15 oC above Tg) for 5 
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min in a HP 5890 gas chromatograph (GC) oven under an ultra-high purity nitrogen 

purge to erase thermal history and orientation effects [12].  The start of the aging 

process (t = 0) is defined as the time when the thin film was removed from the GC oven 

and rapidly quenched to ambient conditions.   

 

3.1.3 Thermal rearrangement 

 Polyimide samples were converted to the corresponding TR polymers using a 

Carbolite three zone hinged tube furnace (Model HZS 12/-/600, Watertown, Wisconsin, 

USA).  The tube furnace was purged with nitrogen at 900 mL/min.  Polymer samples 

were sandwiched between two ceramic plates inside a ceramic boat.  Metal spacers were 

inserted between the ceramic plates to allow nitrogen to reach the samples.  Polyimide 

samples were initially heated to 300 oC at 5 oC/min and held at 300 oC for 1 h to ensure 

complete imidization [2, 22].  Afterwards, the films were heated at 5 oC/min to a desired 

rearrangement temperature for a given amount of time.  Finally, the samples were 

cooled to ambient temperature at 10 oC/min.  These conditions were chosen to minimize 

polymer degradation and to be consistent with earlier reports [2, 23, 24].  By-products 

of thermal rearrangement have been characterized using TGA-mass spectroscopy by 

Smith et al. [22].  Percent TR conversion is defined as 100 times the ratio of the actual 

mass loss upon thermal rearrangement to the theoretical mass loss: 

            % 𝑇𝑅 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =  
𝐴𝑐𝑡𝑢𝑎𝑙 𝑀𝑎𝑠𝑠 𝐿𝑜𝑠𝑠

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑀𝑎𝑠𝑠 𝐿𝑜𝑠𝑠
 × 100           (3.1) 
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This calculation was based on the assumption that any polyimide segment that underwent 

thermal rearrangement was converted to its corresponding polybenzoxazole segment.  

The implications and limitations of this methodology have been discussed by Sanders et 

al. [24].   

 

3.2 EXPERIMENTAL METHODS 

3.2.1 Pure gas permeation 

Gas permeability was measured using the constant-volume/variable-pressure 

method [25].  The upstream and downstream sections of the permeability apparatus 

were constructed using commercially available parts from Swagelok (Austin, TX, USA).  

The membrane was enclosed inside a stainless steel Millipore filter holder (Millipore, 

Billerica, MA, USA).  Upstream pressure was recorded using a 1500 psig pressure 

transducer (Model STJE, Honeywell Sensotec, Columbus, OH, USA), and downstream 

pressure was monitored using a Baratron low pressure transducer (Part # 626A11TBE, 

MKS, Methuen, MA, USA).  Sample area was determined by scanning the exposed film 

and analyzing the scanned picture using ImageJ software.  Sample thickness was 

measured using a digital micrometer (Part No:293-340, Mitutoyo, Aurora, IL, USA). 

Gas permeability of gas A, PA, was calculated as follows: 

                𝑃𝐴 =
𝑉𝑙

𝑝0𝑅𝑇𝐴
[(

𝑑𝑝

𝑑𝑡
)

𝑠𝑠
−  (

𝑑𝑝

𝑑𝑡
)

𝑙𝑒𝑎𝑘
]                     (3.2) 
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where 𝑝0 is the upstream pressure, R is the gas constant, V is the downstream volume, l 

is film thickness, T is absolute temperature, A is sample area, (
𝑑𝑝

𝑑𝑡
)

𝑙𝑒𝑎𝑘
 is the system leak 

rate, and (
𝑑𝑝

𝑑𝑡
)

𝑠𝑠
 is the rate of pressure rise in the downstream volume when gas 

permeation is at steady state.  The leak rate was determined by isolating the downstream 

and upstream sections of the permeation apparatus and monitoring changes in the 

downstream pressure for about 1 h.  Film thickness was measured with a precision 

micrometer (Mitutoyo, Aurora, IL, USA).   

 For TMBPA-BP thin films, the influence of physical aging (up to approximately 

1000 hours) on O2 and N2 permeation properties of uncrosslinked and UV-irradiated thin 

films was investigated.  Permeability coefficients were measured at 35 oC and an 

upstream pressure of 2 atm using a constant-volume, variable-pressure permeation 

apparatus built in house [25].  Thin films were supported on a 0.02 µm AnoPore 

membrane disc (Cat# 6809-5502, Whatman, Maidstone, England) and masked on both 

sides with aluminum tape, as described previously [15].  The mass transfer resistance 

from the PDMS layer can be accounted for using the series resistance model as follow 

[13, 26]: 

                      
𝑙𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒

 𝑃𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒
=  

𝑙𝑃𝐷𝑀𝑆

𝑃𝑃𝐷𝑀𝑆
+  

𝑙𝐺𝑙𝑎𝑠𝑠𝑦

𝑃𝐺𝑙𝑎𝑠𝑠𝑦
                     (3.3) 

where 𝑙𝑃𝐷𝑀𝑆 , 𝑙𝐺𝑙𝑎𝑠𝑠𝑦 , and 𝑙𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒  are the thickness of the PDMS layer, the 

underlying selective layer, and the overall composite ( 𝑙𝑃𝐷𝑀𝑆 + 𝑙𝐺𝑙𝑎𝑠𝑠𝑦), respectively.  

Accordingly, 𝑃𝑃𝐷𝑀𝑆 , 𝑃𝐺𝑙𝑎𝑠𝑠𝑦 , and  𝑃𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒  are the permeability coefficients of 
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PDMS, the glassy polymer, and the composite structure, respectively.  Permeability 

coefficients of gases in PDMS do not change with time, and these permeability 

coefficients were obtained from literature [13].  Permeability of gases in both the 

uncrosslinked and UV-irradiated TMBPA-BP thin films was calculated using Equation 

(3.3).  When polymer samples were not installed in the gas permeation systems for 

permeation experiments, they were shielded from light and allowed to age inside a dark 

gas chromatograph (GC) oven maintained at 35 oC.   

 

3.2.2 Gas/vapor and ternary mixed-gas permeation 

Gas permeation of mixed CO2/CH4 with toluene vapor described in Chapter 6 was 

determined at 35 oC using a gas/vapor permeation system built in-house.  A schematic 

drawing of the system is shown in Figure 3.3 and the design is similar to that reported by 

Lee et al. [27]. 
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Figure 3.3:  Schematic of the mixed gas/vapor permeation apparatus built in-house.  

The nomenclature used in the schematic is as follows: mass flow controller 

(MFC), pressure regulator (PR), gas chromatograph (GC), pressure 

transducer (PT), flow meter (FM), and needle valves (V1, V2, etc.). 

 

 The feed gas flow rate was regulated by a Brooks mass flow controller (labeled 

‘MFC’ in Figure 3.3, Model SLA5850, Brooks Instruments, Hatfield, PA, USA) with a 

maximum gas flow rate of 50 cm3(STP)/min.  The upstream pressure was monitored 

using a 1500 psig (104 bar) pressure transducer (‘PT1’, Model STJE, Honeywell 

Sensotec, Columbus, OH, USA) and was regulated using a 500 psig (35 bar) 

backpressure regulator (‘PR’, Swagelok, Austin, TX, USA).  The downstream pressure 

was monitored using a 10 Torr (0.013 bar) Baratron pressure transducer (‘PT2’, Part# 

626A11TBE, MKS, Methuen, MA, USA).  Gas flow rate was measured using a digital 

universal gas flowmeter (‘FM’, Model ADM1000, Agilent Technologies, Santa Clara, 



57 

 

CA, USA).  Gas concentrations in either the retentate or permeate streams were 

analyzed using a gas chromatograph (‘GC’, Model 7890A, Agilent Technologies, Santa 

Clara, CA, USA) equipped with a thermal conductivity detector (TCD) and Heysep Q 

packed column (0.318 cm O.D.).   

 Toluene vapor was introduced to the feed gas using a syringe pump (Model 

100DM, Teledyne Isco, Lincoln, NE, USA) that can operate at pressures up to 695 bar 

and precisely meter flow rates as low as 1x10-5 mL/min, with an accuracy of 0.5% of the 

set point.  To ensure introduction of a steady, continuous stream of toluene to the feed 

gas (rather than an irregular drop by drop amount of toluene), a poly(ether ether ketone) 

capillary tube (50 µm I.D. and 360 µm O.D. (Part# PM-2602-F, IDEX, Oak Harbor, WA, 

USA)) was used to feed toluene from the syringe pump into the feed gas.  The mixture 

of feed gas and toluene passed through a 1 L stainless steel ballast cylinder filled with 

Pro-pak® distillation packing (Z210536, Sigma-Aldrich, St. Louis, MO, USA).  As 

indicated in Figure 2, the ballast tank and associated tubing were submerged in a water 

bath held at 55 ± 1 oC.  This temperature was chosen to increase the toluene 

vaporization rate.  Additionally, the large ballast volume and packing allowed sufficient 

mixture residence time for toluene vaporization and mixing with the feed gas.  

Afterwards, the mixture passed through a four-way valve (Part# SS-43YFS2, Swagelok, 

Austin, TX, USA), which could direct the mixture either to the GC for concentration 

analysis or to the permeation cell for permeation measurements.  Coils of tubing 

between the four-way valve and the membrane sample holder allow the feed gas 

temperature to equilibrate with the water bath temperature (35 oC).    
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 Prior to beginning a permeation experiment, a polymer sample was degassed in 

the membrane sample holder for at least 12 h by keeping valves V1-5, V8, and V10 open 

and the other valves closed.  Before feed gas was introduced to the membrane, a leak 

test was conducted by monitoring the downstream pressure for 1 h with V2, V4, V5, and 

V8 closed.  Next, a gas/vapor mixture feed was introduced to the film by closing V5, 

V6, and V9 and opening V8.  Depending on the permeation rate, V10 could be opened 

to provide additional downstream volume.  The feed flow rate was set to have a stage 

cut (i.e., the ratio of feed flow rate to permeate flow rate) of less than 1% to prevent 

concentration polarization [25].  The retentate stream, after sweeping the film surface, 

was either purged by closing V7 and opening V6 or sent to the GC for analysis by closing 

V6 and opening V7.   

 A desired toluene activity in the feed was achieved by setting an appropriate 

toluene flow rate using the syringe pump and checking the toluene concentration in the 

feed using the GC.  Multiple GC analyses were performed over a span of several hours 

after toluene was introduced to the feed to ensure that the toluene activity was consistent.  

To guarantee attainment of pseudo-steady state conditions, permeation measurements 

began at least six times after the time lag of the slowest permeating species in the feed 

gas mixture.  The permeability of gas A, PA, was determined according to Equation 

(3.4): 

                     𝑃𝐴 =
𝑉𝑙𝑦𝐴

𝑓𝐴𝑅𝑇𝐴
[(

𝑑𝑝

𝑑𝑡
)

𝑠𝑠
−  (

𝑑𝑝

𝑑𝑡
)

𝑙𝑒𝑎𝑘
]                   (3.4) 
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where fA is the fugacity of gas A, R is the gas constant, V is downstream volume, l is film 

thickness, T is absolute temperature, A is sample area, yA is mole fraction of A in the 

permeate stream, and (
𝑑𝑝

𝑑𝑡
)

𝑙𝑒𝑎𝑘
 and (

𝑑𝑝

𝑑𝑡
)

𝑠𝑠
are the rates of pressure rise in the downstream 

volume during the leak test and when the gas permeation was at pseudo-steady state, 

respectively.  Fugacity, commonly used for permeation of multi-component mixtures to 

account for non-idealities [28], was calculated using the second virial coefficient equation 

of state [29].   

 

3.2.3 Gravimetric sorption of toluene 

Toluene vapor sorption isotherm in HAB-6FDA TR450 described in Chapter 6 

was studied using a McBain spring balance system [30].  About 10 mg of polymer 

sample was hung on a highly sensitive helical, non-rotating quartz spring purchased from 

Ruska Industries (Houston, TX, USA).  The spring, alongside a reference rod, was 

suspended inside a water-jacketed glass chamber, whose temperature was maintained at 

35 ± 0.1 oC using a thermostatic bath equipped with a recirculation pump (Haake K20, 

Thermo Fisher Scientific, Waltham, MA, USA).  The spring constant was 0.38 mg/mm, 

which was obtained by calibrating the spring extension with copper wires of different 

known masses.  The glass chamber was connected to a vacuum pump (Model 1402N, 

Ideal Vacuum Products, Albuquerque, NM, USA) for sample degassing and toluene 

vapor removal.   



60 

 

Liquid toluene, stored in a glass reservoir, was degassed and purified by five 

freeze-thaw cycles [31].  Prior to introducing toluene vapor to the system, the polymer 

sample was degassed for at least 24 h.  Then, toluene vapor was slowly fed to the glass 

chamber until a desired pressure was reached.  As the sample sorbed toluene, its mass 

increased, and the spring extended.  The spring position relative to the reference rod was 

monitored using a monochrome industrial camera (Model DMK 23U274, The Imaging 

Source, Charlotte, NC, USA), and ImageJ software was used to analyze these kinetic 

sorption data [32].  This automated recording continued until the spring position 

remained constant for several hours.  After that, additional toluene vapor was introduced 

to the system for subsequent sorption steps.  Toluene uptake by the polymer was 

determined stepwise up to a toluene activity of 0.7.  Afterwards, toluene vapor was 

slowly removed by carefully pulling vacuum on the system, and the desorption behavior 

was recorded.    

3.2.4 Universal testing machine 

 Mechanical properties of samples described in Chapter 5 were measured using a 

Universal Testing Machine (Model AGS-X, Shimadzu, Kyoto, Japan).  Pneumatic grips 

were used to make sure equal force was applied to each sample upon mounting.  In 

addition, the grips were rubber-coated to prevent polymer samples from slipping during 

testing.  Films used for tensile testing in this study ranged in thicknesses between 80 and 

100 µm.  Samples were cut into a dog-bone shape, in accordance with ASTM D-1708-

13 standard [33].  This standard was used to accommodate the small dimensions and 
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thicknesses of the typical polymer films used in this study.  After a sample was mounted 

in the grips, it was pulled at 1 mm/min until it broke.  A stress-strain plot was prepared 

for each sample tested, and tensile stress and elongation at break were recorded.  At least 

five samples were tested for each material.    

3.2.5 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) was performed using a TA Instruments Q500 

Thermogravimetric Analyzer (Newcastle, DE).  TGA scans were conducted in N2 (UHP 

grade, Airgas) at 5 oC/min ramp rate.  Nitrogen flow rate was maintained at 40 mL/min 

in the TGA balance and 60 mL/min in the sample chamber.   

 

3.2.6 Differential scanning calorimetry (DSC) 

Glass transition temperatures (Tg) of polymers were measured using a TA 

Instruments Q100 differential scanning calorimeter (DSC).  Samples were heated at 10 

oC/min under N2 with flow rate of 50 mL/min.  Tg was calculated from the midpoint of 

the heat capacity step change. 

 

3.2.7 Nuclear magnetic resonance (NMR) 

The chemical structures of the polyimides were confirmed using a Varian NOVA 

500MHz nuclear magnetic resonance spectrometer (NMR).  1H NMR spectra were 
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recorded using solutions of about 10% (w/v) polymer in deuterated dimethyl sulfoxide 

(d-DMSO). 

 

3.2.8 Ultraviolet-visible spectroscopy (UV-Vis) 

 Ultraviolet-visible spectroscopy (UV-Vis) was performed using an Agilent Cary 

5000 UV-Vis-NIR spectrophotometer (Santa Clara, CA, USA).  Free-standing films 

were attached to a sample holder and covered an aperture through which light at various 

wavelengths passed through.  Absorbance was measured at wavelengths ranging from 

200-800 nm at a scan rate of 600 nm/min. 

 

3.2.9 Density 

Density was measured using a Mettler Toledo balance equipped with a density 

measurement kit based on Archimedes’ principle [34].  For all the polyimides and TR 

polymers, n-heptane was used as the buoyant liquid because it has minimal interaction 

with these polymers.  For the poly(arylene ether ketone) samples, ethanol was used as 

the buoyant liquid.  The measurement was done at room temperature.  At least three 

samples were measured for each film. 

Fractional free volume was calculated as follows: 

 𝐹𝐹𝑉 =  
𝑉−𝑉0

𝑉
                    (3.7) 
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where V is the specific volume (cm3/g), which is the inverse of density measured using 

the density kit.  Vo is the occupied volume of the polymer chains, and it can be 

estimated according to the following equation: 

                             𝑉0 = 1.3 𝑉𝑤                           (3.8) 

where Vw is the Van der Waals volume calculated using the group contribution method 

proposed by Bondi [35-37].   

 

3.2.10 Inherent viscosity 

 Inherent viscosity of the polyimides was determined at 25 oC using a Cannon-

Fenske viscometer (PN: 7988-37, Ace Glass, Vineland, NJ, USA) using a procedure 

described elsewhere [38].  A solution of 0.5 g polymer/dL solution was prepared by 

dissolving samples in NMP.  The viscometer was rinsed with the solution three times 

before viscosity measurements were undertaken.  

 

3.2.11 Fourier transform infrared spectroscopy (FTIR) 

 FTIR was performed using a Thermo Nicolet 6700 spectrometer equipped with a 

DTGS detector.  For TMBPA-BP thin films, samples were tested in the transmission 

mode with a resolution of 4 cm-1 and 256 scans per sample.   

 

http://www.aceglass.com/html/detail/7988-37.php
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3.2.12 UV irradiation 

 Thin film PAEK samples were irradiated in air or N2 for various amounts of time 

on each side using either a UV crosslinker (XL-1000, Spectronics, Westbury, NY, USA) 

equipped with 254 nm light filter bulbs or a 100W high pressure mercury arc UV lamp 

(Blak-Ray B-100, UVP, Upland, CA, USA) equipped with a 365 nm light filter bulb.  .   

Samples were placed 12 cm from the bulbs in the UV crosslinker and 4 cm from the bulb 

of the UV lamp.  The UV intensity at the film surface was monitored using a radiometer 

(Part# 97-0015-02, UVP, Upland, CA, USA) and was found to be 6.55 mW/cm2 at 254 

nm and 16.7 mW/cm2 at 365 nm.  For irradiation in N2, both the crosslinker and the UV 

lamp were placed inside a glove box (Cat# 50601-00, Labconco, Kansas City, MO, 

USA).  Prior to UV irradiation, the glove box was purged with N2 (UHP grade, Airgas, 

Austin, TX, USA) until the O2 level was below 0.1% by volume, which was monitored 

using an oxygen sensor (Part# 9452, Nuvair, Oxnard, CA, USA).  At 254 nm, films 

were irradiated up to 10 min (5 min per side) in air and 20 min (10 min per side) in N2.  

Samples irradiated for longer times were not mechanically stable for subsequent 

characterization experiments.  At 365 nm, films were irradiated for 10 min (5 min per 

side) in air or N2. 
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Chapter 4: Gas permeation properties of thermally rearranged (TR) 

isomers and their aromatic polyimide precursors1 

  

 This chapter explores the influence of meta/para and ortho-position functional 

group structures on gas transport properties of two isomeric polyimides and their 

thermally rearranged (TR) polymers.  The diamine isomers, 3,3'-dihydroxy-4,4'-

diamino-biphenyl (p-HAB) and 4,4'-dihydroxybiphenyl-3,3'-diamino-biphenyl (m-HAB), 

were polymerized with 2,2'-bis-(3,4-dicarboxy-phenyl) hexafluoropropane dianhydride 

(6FDA) to form two aromatic polyimide isomers.  These polyimides were also prepared 

with either hydroxyl or acetate groups at the ortho-positions to the imide ring, and the 

polyimides were partially converted to the corresponding polybenzoxazoles by thermal 

treatment at various temperatures and times.  Single gas permeabilities of CH4, H2, O2, 

N2 and CO2 were measured at 35 oC and upstream pressures ranging from 3 atm to 17 

atm.  Polyacetylimides and their corresponding TR polymers showed higher gas 

permeability and lower selectivity than polyhydroxyimides and their TR analogs, 

respectively. The effect of isomerism on gas transport properties was also investigated.  

Para-connected polyhydroxyimide had higher fractional free volume, and thus, gas 

permeability coefficients than meta-connected polyhydroxyimide.  Interestingly, in 

contrast to the meta/para effects previously reported in the literature for linear aromatic 

polymers, the meta-linked polyacetylimide had higher permeabilities and lower 

                                                 

1 This appendix has been adapted from:  Liu, Q., Borjigin, H., Paul, D.R., Riffle, J.S., McGrath, J.E., 

Freeman, B.D., Gas permeation properties of thermally rearranged (TR) isomers and their aromatic 

polyimide precursors (in preparation). 
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selectivities than its para-linked analog, presumably due to steric hindrance from the 

acetate groups that may inhibit the rotational mobility of the phenylene units in the para-

linked isomer. For TR polymers derived from either polyhydroxyimides or 

polyacetylimides, para-configured polymers had higher gas permeabilities than meta-

configured analogs.  Finally, the free volume of all samples generally increased as TR 

conversion proceeded, but precise values of free volume were difficult to determine 

because the exact polymer structure at a certain TR conversion was not known. 

 

4.1 INTRODUCTION 

 Membrane technology for gas separation has grown into a business with system 

sales approaching $1 billion [1].  Today, a major application in membrane purification 

is natural gas sweetening, where, in the U.S., CO2 must be reduced to levels below 2% to 

meet pipeline specifications [1-3].  Thermally rearranged (TR) polymers, first 

investigated by Park et al. [4], have shown promising gas transport properties, including 

for CO2/CH4 separation.  TR polymers can be polybenzoxazoles (PBO), 

polybenzimidazoles (PBI), or polybenzothiazoles (PBT) composed of rigid-rod structures 

with high-torsional energy barriers to rotation between phenylene-heterocyclic rings [4-

6].  Because of their insolubility in common organic solvents, many polybenzoxazoles 

cannot be solution-cast as membranes.  Tullos et al. overcame this challenge by 

preparing ortho-functional polyhydroxyimides (o-PHIs) that readily dissolved in common 

solvents and then converted them to insoluble polybenzoxazoles by thermal treatment [6].  
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In 2007, Park et al. extended this idea to gas separation membranes [4].  Since this 

initial report, much research has focused on this interesting family of materials [7-21]. 

 Recent studies have investigated the influence of polyimide precursor structure on 

properties of TR polymers.  For example, Calle et al. identified a correlation between 

the polyimide glass transition temperature, Tg, and the thermal rearrangement onset 

temperature by studying 15 sets of o-PHIs and copolyimides derived from 6 diamines and 

4 dianhydrides [7].  As the polyimide precursor Tg decreased from 358 oC to 234 oC, the 

onset temperature of thermal rearrangement decreased from 373 oC to 290 oC [7].  Guo 

et al. explored the effect of lowering Tg on gas transport properties.  By using a 

bisphenol A type dianhydride, for example, both Tg and onset temperature of thermal 

rearrangement were reduced by approximately 100 oC.  However, upon thermal 

rearrangement, gas permeabilities of these TR polymers were about five times lower than 

previously reported TR materials prepared at higher rearrangement temperatures [11, 18].  

Scholes et al. studied poly(benzoxazole-co-imide) membranes, which consist of TR-able 

o-PHI precursors and non-TR-able imide segments, and found that gas permeability and 

permselectivity could be tuned by varying the PBO to PI segment ratio [22].  Sanders et 

al. investigated the influence of various polyimide ortho-position functional groups on 

gas transport properties.  As the ortho-position function group size increased, free 

volume and gas permeability of the polyimide precursors increased [16, 17].  For 

example, CO2 permeability for a polyimide with a pivalate group was 18 times higher 

than that of a polyimide with a hydroxyl group at the ortho-position [17].  Furthermore, 

TR polymers formed from polyimides with non-hydroxyl ortho-position functional 
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groups showed higher single gas permeabilities and lower selectivities than those formed 

from polyimides with hydroxyl groups [17].   

 This study focuses on the influence of meta/para orientation of two TR isomers 

on gas transport properties.  Typically, for polymers with aromatic backbones, changing 

the aromatic ring connectivity from para to meta lowers Tg and fractional free volume 

(FFV), resulting in decreases in gas solubility, diffusivity and, hence, permeability [23-

27].   This effect has been reported in polysulfones [23, 28], polyimides [25, 27, 29, 

30], polyesters [31], poly(phenolphthalein phthalates) [32], and polybenzimidazoles [33].  

The meta/para effect has also been studied by molecular modeling that confirmed the 

experimental observations [34, 35].  In this regard, Table 4.1 summarizes literature data 

comparing physical, thermal, and gas transport properties of several linear polymers 

having either para- or meta-connected aromatic rings.  Three examples, described 

below, highlight the bulk of the literature findings on this topic.  Then, one recent study 

on TR polymers is noted, and it suggests trends that are different from those found in 

previous studies.     
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Polymer Tg  

(oC) 

FFV PO2  

(Barrer) 

PN2  

(Barrer) 

PO2
/PN2  

 

Ref. 

6FDA-6FpDA 

 

 
 

320 0.1897 16.3 3.5 4.7 [27] 

6FDA-6FmDA 

 

 
 

254 0.1748 1.8 0.26 6.9 

 

[27] 

 

 p-PSF 

 

 
 

 

191 

 

0.156 1.8 0.32 5.6 [23] 

m-PSF 

 

 
 

140 0.151 0.69 0.11 6.3 [23] 

6FDA-p-BFO 

 

 
 

366 0.170 10 1.98 5.11 [36] 

6FDA-m-BFO 

 

 
 

306 0.165 4.75 0.79 6.02 [36] 

Table 4.1:  Physical, thermal, and gas transport properties of several linear polymers 

having either para- or meta- connected aromatic rings.  Aromatic units that 

are at the site of exchange from para to meta configuration are highlighted.   
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 Coleman et al. explored the effect of meta/para structure on gas transport 

properties of 6FDA-6FDA polyimide [25, 27]. CO2 permeability of the meta-connected 

6FDA-6FmDA was 12 times lower than that of the para-connected 6FDA-6FpDA.  The 

single gas CO2/CH4 selectivity of 6FDA-6FmDA was 60% higher than that of 6FDA-

6FpDA.  Coleman et al. also reported that the sub-Tg transition for 6FDA-6FpDA 

occurred at a lower temperature and with higher intensity than for 6FDA-6FmDA.  For 

polymers with linear aromatic backbones, such as polyimides and polysulfones, low-

temperature peaks in dynamic mechanical spectra are often associated with phenyl ring 

rotations [23, 29].  Therefore, based on such changes observed in sub-Tg relaxations, 

inter- and intra-segmental steric hindrance to phenylene ring rotation in 6FDA-6FmDA 

was believed to be more severe than in 6FDA-6FpDA.  Apparently, the para-connected 

phenylene groups could rotate freely, but the meta-connected phenylene units required a 

concerted motion of neighboring atoms for rotations to occur.  As a result, the rotation 

freedom of para-linked 6FDA-6FpDA allowed higher fractional free volume (FFV), 

which led to higher gas permeability (cf., Table 4.1) [25, 27].   

 Aitken et al. conducted a similar study on polysulfones (PSF).  As shown in 

Table 4.1, the Tg of the meta isomer was 51 oC lower than that of the para isomer, 

indicating greater chain flexibility in meta-linked m-PSF than in para-linked p-PSF.  In 

addition, Aitken et al. also reported a suppression in the sub-Tg beta transition of m-PSF, 

which, as described earlier, signaled that m-PSF had more inhibition to rotational 

mobility of the phenylene groups than did the p-PSF.  As a result, p-PSF, having higher 
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local scale mobility than m-PSF despite the higher Tg of p-PSF, had both higher FFV and 

higher gas permeability than m-PSF [23].   

 Recently Zhuang et al. investigated the effect of meta/para connectivity on 

physical properties and gas transport behavior of 6FDA-containing poly(benzoxazole-co-

imide)s [36].  As presented in Table 4.1, para-linked 6FDA-p-BFO had higher gas 

permeability and lower selectivity than meta-linked 6FDA-m-BFO.  For example, O2 

permeability of 6FDA-p-BFO was about twice that of 6FDA-m-BFO, and single gas 

O2/N2 selectivity of 6FDA-p-BFO was 18% lower than that of 6FDA-m-BFO.  The Tg 

of 6FDA-p-BFO is 60 oC higher than that of m-BPA.   Zhuang et al. attributed the 

observed difference in gas permeability to higher diffusion coefficients in para-linked 

6FDA-p-BFO relative to its meta-configured analog [36].   

 Comesaña-Gándara et al. explored the influence of meta/para orientation of two 

TR isomers on gas transport properties [37].  Interestingly, and in contrast to the general 

observations described above, the meta-connected polyhydroxyimide precursor displayed 

higher gas permeability than the para-connected polyhydroxyimide.  Apparently, the 

meta-connected structure disrupted the polymer chain packing to a greater extent than the 

para-linked structure, as evident from the higher FFV for the meta-linked 

polyhydroxyimide [37].  As the polyhydroxyimides underwent thermal rearrangement, 

given the same extent of TR conversion, TR polymers derived from meta-connected 

polyhydroxyimide consistently showed higher gas permeability values than those derived 

from para-connected polyhydroxyimide [37].  However, as will be discussed later, a 

simple comparison of meta/para effects for partially rearranged TR polymers is difficult 
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because a mixture of meta- and para-connected PBO rings could be obtained from 

thermal rearrangement of either meta- or para-linked polyimide precursors.  Other 

factors, such as potential crosslinking of polymer chains during thermal rearrangement, 

can also make meta/para effects less predictable for TR polymers.   

 In this study, we investigate the effects of meta/para linkage and ortho-position 

functional group structure on single gas transport properties of two TR isomers to better 

understand these isomer effects in TR polymers.  The two diamines considered, 4,4'-

dihydroxy-3,3'-diamino-biphenyl (m-HAB) and 3,3'-dihydroxy-4,4'-diamino-biphenyl (p-

HAB), are isomers of one another.  Polyhydroxylimides were prepared by 

polycondensation of one of the aforementioned diamines with 2,2'-bis-(3,4-dicarboxy-

phenyl) hexafluoropropane dianhydride (6FDA).  These polyhydroxyimides were also 

acetylated to form polyacetylimides, which are designated as m-HAB-6FDA-Ac (meta-

linked) and p-HAB-6FDA-Ac (para-linked) in this paper.   

 The motivation for this study is two-fold.  First, previous studies have shown 

that gas transport properties of polyimide precursors and their TR analogs can depend on 

synthesis method [13].  Recently, we have discovered that casting solvent and 

conditions can also have a strong influence on permeation properties of these materials.  

A detailed study of casting solvent on gas transport properties of polyimide precursors 

and their TR analogs is currently under way in our laboratories and will be reported 

separately.  Therefore, by studying polyhydroxyimides identical in structure but 

employing different synthesis and casting methods from those reported by Comesaña-

Gándara et al., we wish to investigate whether the para/meta effects observed in this 
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study still agree with those reported by Comesaña-Gándara et al. [37].  Second, as 

mentioned earlier, gas transport properties of polyimide precursors and TR polymers can 

depend on the size of the ortho-position functional group.  Because materials from 

earlier meta/para studies generally did not have any substituents on the aromatic rings 

that were being exchanged from meta to para configurations, this study seeks to explore 

whether a bulky substituent, in this case an acetate group, at the ortho-position may affect 

the meta/para relationship in polyimide precursors and their TR analogs.   

 The structures of the polyimide precursors and PBOs after thermal rearrangement 

are shown in Table 4.2.  Although Table 4.2 shows the structure of the TR polymers as 

linear materials, it is likely that some interchain thermal rearrangement occurs, resulting 

in crosslinked structures [4, 18].  Thermal properties, Tg, and fractional free volume of 

these materials are reported.  In addition, single gas permeability and selectivity values 

of CH4, N2, O2, CO2, and H2 are presented as a function of degree of TR conversion to 

help elucidate the role of meta/para orientation and ortho-position functional group 

structure on gas transport properties. 
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Table 4.2:  Chemical structures of polyimides considered in this study and their TR 

polymers. 
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4.2 RESULTS AND DISCUSSION 

4.2.1 TGA Characterization 

 TGA scans were used to characterize the thermal rearrangement process of the 

polyimides.  As shown in Figure 4.1, TGA results typically exhibit a two-stage mass 

loss, which is common for TR polymers [4, 12, 15, 17, 18].  Based on the TGA-Mass 

Spectroscopy analysis of hydroxyl- and acetate-containing HAB-6FDA reported by 

Sanders et al. [16] and Smith et al. [20], The first mass loss in the TGA scan can be 

attributed primarily to the thermal rearrangement process, and the second mass loss is 

associated mainly with thermal degradation.  

 

Figure 4.1:  Thermogravimetric analysis of polymers considered in this study.  Samples 

were heated from 50 to 800 oC at 5 oC/min in a N2 atmosphere, as described 

in Chapter 3. 
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 Compared with the polyhydroxyimides, the polyacetylimides exhibit a lower 

onset temperature of the TR process (~270 oC) and mass loss occurs over a broader 

temperature range.  This gradual mass loss in the Ac samples is due to the initial 

conversion of acetate to hydroxyl groups before the thermal rearrangement process in 

these polyimides [18].  p-HAB-6FDA and m-HAB-6FDA polymers exhibit similar TGA 

signatures, suggesting that they undergo analogous thermal arrangement processes and 

have similar thermal stability.   

 

4.2.2 DSC Characterization 

 Figure 4.2 presents first scan DSC thermograms of TR isomer polyimides.  

Polyhydroxyimides generally have higher Tg’s than polyacetylimides.  For example, the 

Tg of p-HAB-6FDA is 29 oC higher than that of p-HAB-6FDA-Ac.  This difference in 

Tg may be attributed to the fact that hydroxyl-terminated materials are generally more 

polar than acetate-containing compounds [38].  For example, the dipole moment of 

phenol (1.72 D, measured in benzene at 25 oC) is 12% higher than that of phenyl acetate 

(1.53 D, measured in benzene at 22 oC) [38].  As a result, hydroxylfunctional units are 

likely to have greater propensity for hydrogen bonding or other dipole-dipole interactions 

than acetylfunctional units, leading to higher Tg’s for polyhydroxyimides.   
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Figure 4.2:  DSC scans of m-HAB- and p-HAB-based polyimides.   

 

 For both hydroxyl and acetate ortho-position functional groups, the Tg’s of the 

meta-connected polyimides are higher than those of the para-connected analogs, 

although the difference in Tg is greater for polyhydroxyimides (ΔTg of 30 oC) than for 

polyacetylimides (ΔTg of 7 oC).  This observation is in stark contrast to the trend 

commonly reported for traditional non-TR aromatic polymers, where para-linked isomers 

typically have higher Tg’s than meta-linked isomers [23, 27, 39] (cf., Table 4.1).   In 

addition to the structural differences arising from the meta/para linkages, the polyimides 

considered in this study also contain either more polar (hydroxyl) or less polar (acetate) 

ortho-position functional groups on aromatic units that are being exchanged from para to 

meta configurations.  In contrast, in the comparison structures shown in Table 4.1, 



 

 

82 

typically only the connectivity of aromatic rings was changed.  If the influence of these 

polar ortho-position functional groups, via hydrogen bonding or other dipolar 

interactions, is important, such interaction might compete with or even overwhelm the 

traditional meta/para effects.  Additionally, as seen in previous studies, Tg’s of 

polyimide precursors often overlap with the onset of thermal rearrangement [10, 16, 17], 

which makes obtaining a precise value of Tg difficult. 

 

4.2.3 Effect of ortho-position functional group on gas transport properties 

 For all samples, single gas permeability coefficients of H2, CH4, N2, O2, and CO2 

were measured in that order at 35 oC for feed pressures ranging from 3 atm to 17 atm.  

Figures 4.3A and 4.3B show the influence of feed pressure on CO2 and H2 pure gas 

permeability, respectively, of m-HAB-6FDA-Ac TR400 60min.  The permeability 

trends follow typical dual-mode behavior [40].  That is, for more soluble gases, such as 

CO2 and CH4, gas permeability decreases as feed pressure increases.  For less soluble 

gases, such as H2, O2, and N2, gas permeability is essentially independent of upstream 

pressure [20].  Earlier studies have shown that CO2 is highly soluble in TR polymers 

[20], and the dual mode effect (i.e., a decrease in permeability as pressure increases) is 

clearly demonstrated with CO2.  For example, as shown in Figure 4.3B, as feed pressure 

increases from 3 to 17 atm, CO2 permeability drops by 38%, from 94 Barrer to 68 Barrer.  

Other gases, such as H2, have typically low solubility in TR polymers [20].  Therefore, 

dual mode effects are not apparent.  As shown in Figure 4.3A, H2 permeability is about 
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166 Barrer regardless of upstream pressure.  Figures of gas permeability as a function of 

feed pressure for other materials and other gases are included in Appendix A.   

  

  

Figure 4.3:  Effect of upstream pressure on (A) H2 and (B) CO2 permeability coefficient 

at 35 oC for m-HAB-6FDA-Ac TR400 60min. 

 

 Table 4.3 presents CO2, H2, O2, N2, and CH4 single gas permeability coefficients 

in m-HAB and p-HAB-based polyimides and TR polymers.  The permeability 

coefficients of polyacetylimides are consistently higher than those of polyhydroxyimides.  

For example, CO2 permeability is 5.9 Barrer for m-HAB-6FDA and 14.6 Barrer for m-

HAB-6FDA-Ac.  Similarly, O2 permeability is 2.1 Barrer for p-HAB-6FDA, compared 

with 4.0 Barrer for p-HAB-6FDA-Ac.  This trend is consistent for all five gases tested 

for both p-HAB and m-HAB-based polyimides.  Compared with polyimides with 
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hydroxyl functionality, the polyimides with larger and less polar acetate groups can 

disrupt polymer chain packing more effectively and they undergo less hydrogen bonding.  

Both of these attributes favor higher free volume [17].  The measured density and 

estimated fractional free volume (FFV) values for these materials are recorded in Table 

4.4.  As shown in this table, the free volume values of polyacetylimides are higher than 

those of polyhydroxylimides, which is consistent with the higher permeabilities observed 

for the Ac samples.   
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Sample* 
Permeability (Barrer) 

CO2 O2 H2 N2 CH4 

m-HAB-6FDA 

 

PI 5.9 1.70 33 0.23 0.065 

TR350 – 60min 9.0 2.7 42 0.40 0.13 

TR400 – 30min 42 11.6 105 2.3 1.31 

TR400 – 60min 56 15.0 124 3.1 1.80 

p-HAB-6FDA 

 

PI 8.3 2.1 36 0.30 0.090 

TR350 – 60min 16.3 4.1 55 0.65 0.27 

TR400 – 30min 75 18.6 151 3.8 2.3 

TR400 – 60min 73 18.1 147 3.7 2.2 

m-HAB-6FDA 

Ac 

PI 14.6 4.0 43 0.70 0.39 

TR350 – 60min 16.2 5.1 67 0.81 0.30 

TR400 – 60min 75 20 165 4.0 2.02 

TR450 – 30min 315 79 438 20 13 

p-HAB-6FDA 

Ac 

PI 9.6 2.8 37 0.47 0.23 

TR350 – 60min 25 6.8 80 1.20 0.50 

TR400 – 60min 115 29 237 6.0 3.0 

TR450 – 30min 443 114 582 30 21 

*Thermally rearranged samples are designated by the rearrangement temperature and the 

treatment time at that temperature. 

 

Table 4.3:  Single gas permeability (Barrer) of m-HAB- and p-HAB-based polyimides 

and TR polymers at 35 oC and an upstream pressure of 10 atm.     
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1FFV values were estimated based on assumption that any polyimide segments that 

underwent thermal rearrangement were converted to polybenzoxazole segments. A 

detailed analysis of the assumption’s implications and limits is reported elsewhere [16].  

The uncertainty values were estimated based on uncertainties of density measurements 

using the method of propagation of errors [41]. 

 

Table 4.4:  Physical and thermal properties of m-HAB- and p-HAB-based polyimides 

and their TR analogs. 

 

 Single gas permeability coefficients generally increase as the polyimides undergo 

thermal rearrangement.  This trend can be seen clearly in Figure 4.4, which presents 

single CO2 permeabilities as a function of percent TR conversion for m-HAB and p-

HAB-based polymers on linear (Figure 4.4A) and semi-log (Figure 4.4B) scales.  For 

example, for p-HAB-6FDA-Ac, CO2 permeability increases from 9.6 Barrer in the 

polyacetylimide precursor to 443 Barrer for the TR450 sample.  The extent of the 

increase in CO2 permeability also depends on the nature of the ortho-position functional 
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group.  TR polymers derived from polyacetylimides exhibit a larger increase in gas 

permeability than those derived from polyhydroxyimides.  For example, CO2 

permeability of p-HAB-6FDA-Ac TR400 60min (115 Barrer) is 58% higher than that of 

p-HAB-6FDA TR400 60min (73 Barrer).  Additionally, at similar TR conversions, 

permeability coefficients of partially rearranged polymers derived from polyacetylimides 

are higher than those derived from polyhydroxylimides, suggesting that bulkier ortho-

position functional groups and reduced hydrogen bonding interactions may lead to TR 

polymers with higher gas permeability values. 

 

  

   

Figure 4.4:  CO2 Permeability as a function of percent TR conversion on (A) linear and 

(B) semi-log scales.  Permeability values were measured at 35 oC and an 

upstream pressure of 10 atm. 
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 Single gas selectivity values of common gas pairs are shown in Table 4.5.  In 

general, gas selectivities for polyhydroxyimides are higher than those for 

polyacetylimides.  This difference in selectivity values demonstrates a 

permeability/selectivity tradeoff for these materials.  Figure 4.5 presents the single gas 

CO2/CH4 selectivity as a function of percent TR conversion for m-HAB and p-HAB-

based samples.  For the Ac samples, CO2/CH4 selectivity initially increased from ~40 

for polyacetylimides to ~50 for TR350 samples before decreasing at higher TR 

conversions.  As explained in previous studies, the initial increase in selectivity is 

presumably attributed to a more favorable free volume distribution arising from loss of 

the acetate group at the onset of the thermal rearrangement process [17, 20].  For 

polyhydroxyimides and their TR analogs, however, the CO2/CH4 selectivity 

monotonically decreases as TR conversion increases.  Polyhydroxyimides experience a 

much lower mass loss upon thermal rearrangement than their acetate-bearing analogs (cf., 

Table 4.4).  Thus, TR samples derived from polyhydroxyimides may not have the 

favorable free volume distribution that occurs when Ac samples undergo the TR process.   
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Sample* 

Selectivity 

CO2/CH4 O2/N2 H2/N2 H2/CH4 CO2/N2 

m-HAB-6FDA 

 

PI 91 7.4 143 508 26 

TR350 – 60min 69 6.7 105 323 23 

TR400 – 30min 32 5.0 46 81 18 

TR400 – 60min 31 4.8 40 69 18 

p-HAB-6FDA 

 

PI 92 7.0 120 400 28 

TR350 – 60min 60 6.3 85 204 25 

TR400 – 30min 33 4.9 40 66 20 

TR400 – 60min 33 4.9 40 67 20 

m-HAB-6FDA 

Ac 

PI 37 5.7 61 110 21 

TR350 – 60min 54 6.3 83 223 20 

TR400 – 60min 37 5.0 41 82 19 

TR450 – 30min 24 4.0 22 34 16 

p-HAB-6FDA 

Ac 

PI 42 6.0 79 161 20 

TR350 – 60min 50 5.7 67 160 21 

TR400 – 60min 38 4.8 40 79 19 

TR450 – 30min 21 3.8 19 28 15 

*Thermally rearranged samples are designated by the rearrangement temperature and the 

treatment time at that temperature. 

Table 4.5:  Single gas selectivity of m-HAB- and p-HAB-based polyimides and TR 

polymers at 35 oC and an upstream pressure of 10 atm. 
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Figure 4.5:  CO2/CH4 selectivity as a function of TR conversion.  Permeation results 

were measured at 35 oC and an upstream pressure of 10 atm.             

 

 The monotonically decreasing trend in CO2/CH4 selectivity for samples with 

hydroxyl functionality is different from an earlier report from our group [17].  Sanders 

et al. reported that p-HAB-6FDA exhibited an initial rise in single CO2/CH4 selectivity as 

TR conversion increased.  One likely reason for this difference is the choice of casting 

solvent.  DMAc was used as the casting solvent for this study, whereas NMP was used 

by Sanders et al.  Casting solvent can have significant effects on gas transport 

properties.  Shao et al. investigated the influence of casting solvents, such as CH2Cl2 

and NMP, on gas transport properties of copolyimides.  A polyimide cast from CH2Cl2 

(PI-CH2Cl2)  had higher gas permeability than one cast from NMP (PI-NMP) [42].  For 
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example, CO2 permeability for PI-CH2Cl2 was 187 Barrer, while that for PI-NMP was 

only 144 Barrer.  Because CH2Cl2 has a lower boiling point than NMP, CH2Cl2 can 

evaporate faster and may result in polymers with higher free volume [42].  In a separate 

study, Khulbe et al. found that physical properties, such as boiling point, viscosity, and 

surface tension, of casting solvents could all affect the gas transport properties of PPO 

[43].  Since, for this study, DMAc and NMP have different properties, such as the 

boiling point, and interactions with polyimide precursors, they may influence gas 

transport properties as well.  In addition, films in this study were first extracted with 

water prior to the final high-temperature drying step during casting, whereas such an 

extraction step was not used in the study by Sanders et al. [10, 17].  Furthermore, strong 

interactions from the polar hydroxyl groups may cause physical properties of 

polyhydroxyimides to be rather sensitive to these differences in casting solvents and 

conditions.  In this study, the gas permeation measurements for HAB-6FDA polyimide 

were repeated at least three times with different samples, and the permeability values 

were reproducible.  The films were checked using TGA analysis to ensure complete 

solvent removal.   

 

4.2.4 Effect of isomer structure on gas transport properties 

 The influence of meta/para linkages on gas transport properties of polyimides and 

their corresponding TR polymers was investigated.  As presented in Table 4.3 and 

Figures 4.4, for polyhydroxyimides, p-HAB-6FDA has higher permeabilities than m-
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HAB-6FDA.  For example, CH4 permeability of p-HAB-6FDA is 38% higher than that 

of m-HAB-6FDA.  This trend is consistent with that observed in prior meta/para 

structure studies on linear aromatic polymers [23, 27].  In this case, meta-connected 

polyhydroxyimide packs more efficiently than its para-connected analog, as judged by 

the lower FFV value of m-HAB-6FDA presented in Table 4.4, which leads to lower 

permeability coefficients.  As polyhydroxyimides undergo thermal rearrangement, the 

permeability coefficients of both para- and meta-connected materials increase similarly.  

For example, upon thermal treatment at 400 oC for 60 min, CO2 permeability of m-HAB-

6FDA and p-HAB-6FDA increases by 9.5 and 8.8 times, respectively.  As presented in 

Table 4.4, p-HAB-6FDA has higher FFV than m-HAB-6FDA at every set of 

rearrangement conditions.  As a result, TR polymers derived from p-HAB-6FDA 

consistently have higher gas permeability coefficients than those derived from m-HAB-

6FDA.  One exception to the permeability/FFV correlation is that the FFV of m-HAB-

6FDA TR400 60min (FFV = 0.179) is slightly higher than that of p-HAB-6FDA TR400 

30min (FFV = 0.176), even though p-HAB-6FDA TR400 30min has higher gas 

permeability than m-HAB-6FDA TR400 60min.  This difference may be attributed to 

the experimental uncertainty of density measurements and estimated FFV values (cf. 

Table 4.4).   

 Comesaña-Gándara et al. conducted a similar study and investigated the influence 

of meta/para linkages on single gas transport properties of hydroxyl-containing HAB-

6FDA and its TR analogs [37].  One objective of this study is to explore whether similar 

meta/para effects reported by Comesaña-Gándara et al. can be replicated by studying 
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polyhydroxyimides identical in structure but prepared using different synthesis and 

casting methods.  Interestingly, the gas permeability coefficients of m-HAB-6FDA and 

p-HAB-6FDA polyimides and TR polymers from this study are much lower than those 

reported by Comesaña-Gándara et al..  For example, CH4 permeability of m-HAB-

6FDA from this study (0.065 Barrer) is 64% lower than the reported value (0.18 Barrer) 

[37].  Similarly, CH4 permeability of p-HAB-6FDA from this study (0.09 Barrer) is 44% 

lower than what was reported (0.16 Barrer).  The differences in permeability 

coefficients become greater at higher TR conversions.  For example, N2 permeability of 

m-HAB-6FDA-TR from this study (92% TR conversion, 3.1 Barrer) is 10 times lower 

than that (88% TR conversion, 34 Barrer) reported by Comesaña-Gándara et al. [37].  In 

addition to differences in permeability coefficients, the meta/para effects observed for 

polyhydroxyimides in this study is opposite to what was reported [37].  Comesaña-

Gándara et al. observed that, contrary to the trend reported from earlier meta/para 

studies, the meta-linked polyhydroxyimide has both higher permeability coefficients and 

higher pure-gas selectivities than its para-linked analog [37].  On the other hand, as 

discussed earlier, the para-connected polyhydroxyimide in this study has lower 

permeabilities and higher selectivities than the meta-connected isomer.   

 From a primary chemical structure viewpoint, the polyhydroxyimides studied by 

Comesaña-Gándara et al. were same as the ones in this study.  However, different 

synthesis routes and casting methods were employed.  In the study by Comesaña-

Gándara et al., HAB was first silylated before azeotropic cycloimidization to form high 

molecular weight polyimides [37].  In our study, polyimides were synthesized via an 
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ester-acid solution imidization.  Based on previous studies, synthesis routes can have 

significant impacts on free volume and gas transport properties of polyimides and their 

TR polymers [13].  Han et al. prepared a polyhydroxyimide via either thermal or 

azeotropic imidization and investigated the influence of imidization route on physical and 

gas transport properties.  The FFV of the polyimide prepared via thermal imidization 

was 12% higher than that prepared by azeotropic imidization [13].  The difference in 

FFV was more pronounced for partially rearranged polymers.  For example, the FFV of 

PBO derived from thermally imidized polyimide was 27% higher than that of the PBO 

derived from azeotropically imidized polyimide.  As a result of higher fractional free 

volume, the PBO derived from thermally imidized polyimide had higher gas permeability 

coefficients [13].  This trend of greater difference in gas permeability at higher TR 

conversion is consistent with that observed between our study and that reported by 

Comesaña-Gándara et al. [37]. 

 In addition to differences in synthesis route, different casting solvent and casting 

conditions were employed.  Comesaña-Gándara et al. used NMP to solution-cast the 

films [37], and we used DMAc as the solvent.  During casting, films from this study 

were extracted in water before they were heated at high temperatures.  However, 

Comesaña-Gándara et al. did not extract their films in water to remove residual solvent 

prior to the final heating step of the casting.  Other casting parameters, such as solution 

concentration, heating rate, and drying duration, were also different.  Based on previous 

studies, differences in casting solvent and conditions can affect physical and gas transport 

properties [44, 45].  For example, Bi et al. reported that CH4 permeability of PTMSP 
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cast from cyclohexane is 51% higher than that cast from toluene and 420% higher than 

that cast from tetrahydrofuran (THF) [44].  These differences in permeability were 

consistent with changes in free volume.   

 Consequently, differences in synthesis and casting methods between this study 

and the work by Comesaña-Gándara et al. may contribute to different physical and gas 

transport properties reported in the two studies.  For example, the fractional free volume 

of m-HAB-6FDA from this study (FFV = 0.141) is 17% lower than that reported by 

Comesaña-Gándara et al. (FFV = 0.170) [37], which can lead to differences in 

permeation properties of both polyimide precursor and its TR analogs.  Moreover, 

Comesaña-Gándara et al. measured gas permeability at 30 oC and 1 atm, whereas 

permeability coefficients presented in Table 4 were measured at 35 oC and 10 atm.  Feed 

pressure can affect gas permeability according to dual-mode effects, as mentioned earlier.  

For example, CO2 permeability of m-HAB-6FDA measured at an upstream pressure of 3 

atm is 17% higher than that measured at an upstream pressure of 10 atm.  Additionally, 

lower temperature typically decreases permeability due to reduced polymer segmental 

motion.  For example, at 0% relative humidity of water, permeabilities of CH4 and N2 in 

Matrimid ® 5218 at 25 oC are 50% and 30% lower, respectively, than those at 35 oC [46].  

Therefore, with differences in synthesis routes, casting methods, and experimental 

conditions, a direct comparison of gas transport properties between this study and the 

work from Comesaña-Gándara et al. is difficult.  Nevertheless, the observed differences 

in physical and transport properties demonstrate the sensitivity of these polyimide 

precursors to the synthesis and casting conditions and highlight the importance of 



 

 

96 

adhering to a strict preparation method before making direct comparisons of gas transport 

properties in these materials.   

 Interestingly, the influence of meta/para connection on transport properties of 

polyacetylimides is opposite to that observed for the polyhydroxyimides.  For all gases 

studied, m-HAB-6FDA-Ac has higher permeability coefficients than p-HAB-6FDA-Ac.  

For example, CO2 permeability of m-HAB-6FDA-Ac is 52% higher than that of p-HAB-

6FDA-Ac.  This trend is opposite to the meta/para relationships previously reported in 

the literature for linear aromatic polymers [27, 39, 47].  As mentioned earlier, because 

the rather simple para-connected materials considered previously often have more 

rotational mobility around the phenylene groups than their meta-connected analog, para-

linked isomers typically had higher FFV, and, in turn, higher gas permeability 

coefficients, than that of meta-linked analogs [23, 27, 31].  However, materials from 

these earlier reports, some of which are presented in Table 4.1, typically did not have any 

substituents on the aromatic rings that are being exchanged from meta to para 

configurations (see highlighted aromatic units in Table 4.1).  The presence of a bulky 

group, in this case the acetate group, at the ortho-position may enhance steric hindrance 

and dampen phenylene “ring flips” in the para isomer.  As a result, acetate groups on 

the aromatic rings that are the site of the switch from meta to para isomers may weaken 

the meta/para effect observed in previous studies.  These acetate groups also disrupt 

polymer chain packing to a greater extent for m-HAB-6FDA-Ac than for p-HAB-6FDA-

Ac, as evident by the higher FFV in m-HAB-6FDA-Ac (cf., Table 4.4).  As a result, m-

HAB-6FDA-Ac has higher gas permeabilities than p-HAB-6FDA-Ac.   
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 As polyacetylimides undergo thermal rearrangement, the acetate groups are lost, 

and the meta/para effect becomes more important for gas transport properties.  At each 

thermal treatment condition, the para isomer has higher gas permeability than its meta-

connected analog.  For example, CO2 permeability of p-HAB-6FDA-Ac TR450 30min 

is 41% higher than that of m-HAB-6FDA-Ac TR450 30min.  As mentioned earlier, 

higher free volume typically leads to higher permeability [16-18, 48].  However, as 

presented in Table 4.4, FFVs of p-HAB-6FDA-Ac TR350 and TR400 samples are both 

lower than those of their respective meta-connected analogs.  For example, FFV of p-

HAB-6FDA-Ac TR350 is 5.6% lower than that of m-HAB-6FDA-Ac TR350, and FFV of 

p-HAB-6FDA-Ac TR400 is 1.7% lower than that of m-HAB-6FDA-Ac TR400.  This 

apparent discrepancy in free volume values may be attributed to experimental uncertainty 

from density measurements.  For example, experimental uncertainties of FFV for p-

HAB-6FDA-Ac TR350 and m-HAB-6FDA-Ac TR350 are 4.3% and 4.6% of their 

respective FFV values.  Another possible source of uncertainty in these FFV values is 

from the structural assumption of the partially rearranged polymers.  FFV values of TR 

polymers derived from polyacetylimides were estimated based on an assumption 

(Assumption 1) that any polyimide segments remaining in the polymer following partial 

TR conversion maintains the acetate functionality.  Another possible assumption 

(Assumption 2) is that polyacetylimides could be initially converted entirely to 

polyhydroxylimides.  Then, if the sample mass loss was more than that required for the 

conversion of polyacetylimides to polyhydroxylimides, any further mass loss would be 

attributed to the conversion of polyhydroxylimides to PBOs.  Sanders et al. investigated 
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the influence of these assumptions on estimated FFV values of TR polymers derived 

from p-HAB-6FDA-Ac [16].  The authors concluded that estimated FFV values of p-

HAB-6FDA-Ac TR polymers based on Assumption 1 are 3-6% lower than those based 

on Assumption 2 [16].  Finally, as mentioned earlier, loss of the acetate group at the 

onset of thermal rearrangement process could potentially alter free volume distribution of 

the polymer, which could also affect gas transport properties.  If meta and para- linked 

polyacetylimides have different impacts on free volume distribution during thermal 

rearrangement, then that influence on gas permeability coefficients would not be captured 

in the FFV values.  

 In addition to the meta/para effects of polyimide precursors, there are other 

factors that can influence gas transport properties of TR polymers.  For example, in the 

rearrangement of each polyimide precursor, the benzoxazole ring in the PBO can become 

connected to the fluorine-containing unit with either meta- or para-linkage with respect 

to the hexafluoroisopropylidene [4, 15].  Figure 4.6 presents different possible 

geometric isomers of TR polymers prepared from p-HAB-6FDA.  Statistically, three 

isomers are possible for each TR polymer chain, i.e., meta-meta, para-para, and meta-

para (equivalent to para-meta).  As a result, a mixture of meta- and para-connected 

PBO rings could be obtained from thermal rearrangement of either meta- or para-linked 

polyimide precursors.  Because the exact composition of these isomeric forms in 

partially rearranged polymers is not known, an assessment of their respective impact on 

gas transport properties is difficult.  This mixture of meta- and para-linked benzoxazole 

rings in PBOs also highlights the complexity in polymer structures, especially for these 
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partially rearranged polymers, in which meta/para effects are difficult to compare.  

Furthermore, crosslinking of polymer chains during thermal rearrangement can also 

influence gas transport properties and make the meta/para effects less predictable.   

 

 

 

Figure 4.6: Possible chain conformations of TR polymers derived from p-HAB-6FDA. 

 

 The permeability/selectivity tradeoff for these materials is shown in Figure 4.7 

[49, 50].  In this figure, single gas CO2/CH4 selectivity is plotted against CO2 

permeability, and percent TR conversion increases from left to right.  

Polyhydroxyimides exhibit CO2/CH4 separation properties on or near the 1991 upper 

bound.  As these polyimides undergo thermal rearrangement, the properties move 

essentially parallel to the upper bound.  For the acetate-containing Ac samples, the 

polyacetylimides are below the upper bound, which is consistent with findings from 

earlier studies [10, 18, 20].  As thermal rearrangement progresses, the properties 

approach and eventually traverse the 1991 upper bound, indicating an improvement in 

CO2/CH4 separation performance.   
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Figure 4.7:  Upper bound plot for m-HAB-6FDA ( ), m-HAB -6FDA-Ac ( ), p-HAB-

6FDA (●), and p-HAB-6FDA-Ac().  Gas transport results were measured 

at 35 oC and upstream pressure of 10 atm.  Lines representing the 1991 and 

2008 upper bounds are from the literature [49, 50]. 

 

 Figure 4.8 presents single CO2 permeability as a function of reciprocal estimated 

fractional free volume (FFV).  There appears to be a reasonable correlation between free 

volume and CO2 permeability.  As shown in Appendix A, a similar correlation was also 

observed for other gases.  This trend is consistent with earlier reports on TR polymers, 

which demonstrated that the increase in diffusion coefficients with increasing TR 

conversion was the primary contribution to the observed increase in permeability 

coefficients [18, 20].  However, different polymers having similar average free volume 

may display rather different gas permeability coefficients.  For example, m-HAB-6FDA 
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TR400 60min and m-HAB-6FDA-Ac TR450 30min samples have almost the same free 

volume, but CO2 permeability of m-HAB-6FDA-Ac TR450 30min is 4.6 times higher 

than that of m-HAB-6FDA TR400 60min.  There are two likely reasons for this 

apparent discrepancy.  First, as mentioned earlier, the precise chemical structure at a 

fixed TR conversion is not known.  If the assumed composition of unconverted 

polyimide and polybenzoxazole does not match the actual composition, then there would 

be an error in the calculated occupied volume, and, in turn, the fractional free volume.  

Second, as mentioned in previous studies [17, 18], there are likely factors in addition to 

free volume, such as free volume distribution, that can affect the gas transport properties.   

 

 

Figure 4.8: CO2 permeability measured at 35 oC and an upstream pressure of 10 atm as a 

function of inverse free volume for m-HAB- and p-HAB-based polyimides 

and TR polymers. 
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Chapter 5: Gas permeation properties and mechanical properties of 

thermally rearranged (TR) copolyimides1 

  

 This chapter explores the gas transport and mechanical properties for a series of 

copolyimides and their corresponding thermally rearranged (TR) analogs.  Random 

copolyimides of APAF/HAB-6FDA with various compositions were synthesized via 

chemical imidization from 2,2'-bis (3-amino-4-hydroxyphenyl)-hexafluoropropane 

(APAF), 3,3'-dihydroxy-4,4'-diaminobiphenyl (HAB), and 2,2'-bis-(3,4-dicarboxy-

phenyl) hexafluoropropane dianhydride (6FDA).  These copolyimides were thermally 

treated at temperatures between 350 oC and 450 oC to prepare TR polybenzoxazoles 

(PBOs).  Pure gas permeabilities of H2, CH4, N2, O2, and CO2 were measured at 35 oC 

and upstream pressures ranging from 3 to 17 atm.  In general, gas permeability 

increased and selectivity decreased as TR conversion increased.  Gas permeability also 

increased with increasing APAF content in the polyimides as a result of higher fractional 

free volume (FFV) imparted by the extra hexafluoroisopropylidene group in APAF.  

Stress-strain relationships were recorded for the polyimides and their TR analogs.  As 

polyimides underwent thermal rearrangement, samples became more rigid, and tensile 

stress and elongation at break decreased.  A similar trend in mechanical properties was 

also observed as APAF content increased, which was attributed to the lower molecular 

                                                 

1 This appendix has been adapted from: Liu, Q., Paul, D.R., Freeman, B.D., Gas permeation and 

mechanical properties of thermally rearranged (TR) copolyimide (in preparation). 



 

 

108 

weight of APAF-containing polymers, resulting from the lower reactivity of APAF 

relative to that of HAB.   

 

5.1 INTRODUCTION 

 CO2 removal from natural gas is a growing application in membrane technology 

[1].  Compared with traditional amine absorption technology, membranes are attractive 

due to lower capital cost and energy consumption, smaller footprint, ease of process 

integration, and lower maintenance costs [1-4].  Today, many commercial membrane 

systems in gas separation applications are based on hollow fibers prepared via phase 

inversion [2].  Hollow fibers have a high packing density, i.e., high membrane surface 

area per unit volume.  During a typical spinning process, a viscous polymer solution or 

dope is pumped through an extrusion die to form hollow fibers with a cylindrical shape.  

Then, the fiber passes through a short air gap before entering a coagulation bath that 

solidifies the polymer into an asymmetric porous structure and removes the solvent [1, 5].  

During this process, the fiber needs sufficient mechanical integrity to survive the tension 

applied to draw the fiber through the coagulation bath and along the spin line.  

Additionally, the manufacturing of membrane modules from hollow fibers can apply 

significant mechanical forces to the membranes.  Furthermore, transportation, 

installation, and operation can subject membranes to a variety of continuous as well as 

periodic stresses and shocks.  Therefore, new materials synthesized and characterized 

for gas separation applications should have favorable combinations of gas transport and 
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separation properties and have sufficient mechanical properties to survive manufacturing, 

transport, installation, and operation.   

 In 2007, Park et al. reported gas transport properties of a family of polymers 

known as thermally rearranged (TR) polymers [6], which exhibited exceptional CO2 

permeability and CO2/CH4 selectivity, good resistance to plasticization, and excellent 

chemical resistance [6-8].  These TR polymers are often polybenzoxazoles (PBO) 

prepared by thermal treatment of polyimide precursors bearing ortho-position functional 

groups [8].  Because these PBOs are typically insoluble in common organic solvents, 

the ability to prepare them from soluble polyimide precursors allows TR polymers to be 

fabricated into hollow fibers using conventional technology and then thermally treated to 

form the PBOs with desirable transport properties [5, 9].  Since the initial report by 

Park et al., many studies have explored structure-property relationships of various TR 

polymers.  Until now, however, relatively few studies have documented the mechanical 

properties of TR polymers and copolymers [6, 10, 11].  

 Mechanical properties of polymers depend on many parameters.  Molecular 

weight, molecular weight distribution, temperature, sample preparation history, and 

experimental technique can all influence mechanical properties [12-14].  For this reason, 

comparison of mechanical properties among different studies is difficult.  As a result, 

mechanical properties, such as tensile stress and elongation at break, are commonly 

reported in ranges.  TR polymers, despite their good gas separation characteristics, tend 

to become more brittle as thermal rearrangement proceeds [15].  Recently, some studies 

focused on improving mechanical properties of TR polymers by either blending PBO 
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with other polyimides [11] or introducing spirobisindane moieties into the PBO structure 

[10].  These strategies have shown promising improvements in mechanical properties, 

but usually at the expense of gas transport properties.   

 This study aims to characterize gas transport and mechanical properties of a series 

of copolyimides and their corresponding TR analogs.  Polyimide precursors based on 

3,3'-dihydroxy-4,4'-diaminobiphenyl (HAB), 2,2'-bis (3-amino-4-hydroxyphenyl)-

hexafluoropropane (APAF), and 2,2'-bis-(3,4-dicarboxy-phenyl) hexafluoropropane 

dianhydride (6FDA) were prepared using a conventional two-step process including 

condensation polymerization of dianhydride and diamine followed by chemical 

imidization [8, 9]. Chemical structures of polyimides and corresponding PBOs 

considered in this study are presented in Figure 5.1.  Based on previous studies, PBOs 

prepared from APAF-6FDA typically have better gas transport properties than those 

prepared from HAB-6FDA, due in part to higher free volume of APAF-6FDA [8, 16].  

On the other hand, because the 6F unit in APAF is strongly electron withdrawing, APAF 

is a weaker nucleophile than HAB, which decreases the reactivity of APAF-based 

polyimides compared to analogous HAB-based polyimides, thus yielding 

polyimides with lower molecular weights, all other factors being equal [17, 18].  Higher 

molecular weight often leads to better mechanical properties [13].  By comparing gas 

transport and mechanical properties of copolyimides and their TR polymers, this study 

seeks to elucidate the apparent tradeoff between gas transport and mechanical properties.   
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Figure 5.1:  Chemical structures of monomers, polyimide precursor, and TR polymer 

considered in this study. 

 

5.2 RESULTS AND DISCUSSION 

5.2.1 TR polymer conversion 

 Polyimide samples were converted to PBOs by thermal treatment in a Carbolite 

three-zone hinged tube furnace (Model HZS 12/-/600, Watertown, Wisconsin, USA) for a 

given amount of time (“Time at Rearrangement Temperature” in Table 5.1) at a given 

final temperature (“Rearrangement Temperature” in Table 5.1).  The rearrangement 

conditions were chosen to minimize polymer degradation and to be consistent with earlier 

reports [8, 19, 20].  Chemical structures of PBOs derived from polyimides considered in 

this study are presented in Figure 5.1.  Although linear structures are drawn for PBOs, 
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interchain thermal rearrangement may occur, resulting in a crosslinked PBO structure [6].  

Percent TR conversion, as presented in Table 5.1, is defined as 100 times the ratio of the 

actual mass loss upon thermal rearrangement to the theoretical mass loss: 

              % 𝑇𝑅 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =  
𝐴𝑐𝑡𝑢𝑎𝑙 𝑀𝑎𝑠𝑠 𝐿𝑜𝑠𝑠

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑀𝑎𝑠𝑠 𝐿𝑜𝑠𝑠
 × 100         (5.1) 

This calculation was based on the assumption that any polyimide segment that underwent 

thermal rearrangement was converted to its corresponding polybenzoxazole segment.  

The implications and limitations of this methodology have been discussed by Sanders et 

al. [20].    
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Sample Rearrangement 

Temperature 

(oC) 

Time at 

Rearrangement 

Temperature  

(min) 

TR 

Conversion 

(%) 

HAB-6FDA 

PI - - - 

TR350 350 60 37 

TR400 400 60 59 

TR450 450 30 74 

AH(0.25)* 

PI - - - 

TR350 350 60 43 

TR400 400 60 56 

TR450 450 30 78 

AH(0.5)* 

PI - - - 

TR350 350 60 40 

TR400 400 60 58 

TR450 450 30 72 

AH(0.75)* 

PI - - - 

TR350 350 60 47 

TR400 400 60 58 

TR450 450 30 83 

APAF-6FDA 

PI - - - 

TR350 350 60 40 

TR400 400 60 62 

TR450 450 30 81 

Note:  *AH(x) indicates a copolyimide synthesized with x mole fraction of APAF-

6FDA and (1-x) mole fraction of HAB-6FDA. 

Table 5.1: Thermal rearrangement conditions and percent TR conversions for samples 

considered in this study. 

 

5.2.2 Synthesis and 1H NMR characterization 

 Polyimide precursors were prepared by an initial condensation reaction of 

diamine (HAB and/or APAF) and dianhydride (6FDA) followed by chemical imidization 

[9].  First, a poly(amic acid) intermediate was obtained from the step-growth 

polymerization of the diamine and dianhydride monomers.  In the case of 
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copolymerization, typically only random copolymers result from such one-step 

condensation reaction [21].  Formation of random copolymers occurs because 

polycondensation usually allows extensive interchange among monomers and leads to 

equilibrium-controlled products, in which monomers are randomly distributed in the 

copolymer chains [21].  The resulting poly(amic acid) was subsequently imidized using 

a standard chemical imidization method [9]. 

 1H NMR was used to confirm the chemical structures of polyimides.  

Representative examples of the 1H NMR spectra for HAB-6FDA and APAF-6FDA are 

presented in Figure 5.2.  A peak associated with the NMR solvent, d-DMSO, appears at 

2.5 ppm, and the proton from the acetate functionality appears at 2.2 ppm [22].  The 

aromatic proton resonances are between 7.4 and 8.2 ppm, and the peak assignments are 

shown accordingly.  No peak corresponding to carboxylic acids was observed above 10 

ppm [22], so that the poly(amic acid) was fully imidized.  The composition of the 

copolymers was also confirmed.  1H NMR spectra of the copolyimides are included in 

Applendix B.   
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Figure 5.2: 1H NMR spectra and peak assignments for HAB-6FDA and APAF-6FDA. 

 

5.2.3 TGA characterization 

 Figure 5.3 presents TGA scans for the homopolymers and copolymers.  The 

labels “HAB” and “APAF” indicate HAB-6FDA and APAF-6FDA, respectively, and the 

naming convention for copolymers was defined earlier.  Consistent with earlier studies, 

TGA scans of TR polymers typically display a two-stage mass loss [6, 8, 23].  The first 

stage, in this case between 300 oC and 450 oC, is associated primarily with thermal 

rearrangement.  The second stage, in this case starting at around 500 oC, is attributed 

mainly to thermal degradation.  As shown in Figure 5.3A, TGA scans show similar 

thermal stability for all polymers up to 500 oC.  The slight difference between the 

thermal behavior of HAB-6FDA and APAF-6FDA, as shown in Figure 5.3B, which 

focuses on TGA regions between 200 oC and 450 oC, may be attributed to the slightly 
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higher theoretical mass loss for TR conversion of HAB-6FDA (24.3% mass loss) relative 

to that of APAF-6FDA (20.0% mass loss).  As polymers begin to degrade at higher 

temperatures (e.g., 500 oC), there is a greater mass loss in samples with higher APAF 

content, which may be attributed to the degradation of hexafluoroisopropylidene units in 

APAF [7, 24]. 

 

  

Figure 5.3: Thermogravimetric analysis of polymers considered in this study.  These 

experiments were performed as described in the Experimental section. (A) 

Complete scan up to 800 oC.  (B) Scan focusing on the region between 200 
oC and 450 oC. 

 

5.2.4 DSC characterization 

 The glass transition temperatures of the polyimides considered in this study are 

presented in Table 5.2.  A single Tg was observed for each polyimide, consistent with 

that observed for typical random copolymers [25].  The Tg decreases as APAF content 
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increases.  For example, the Tg of HAB-6FDA (279 oC) is 21 oC and 33 oC higher than 

that of AH(0.5) and APAF-6FDA, respectively.  Adding hexafluoroisopropylidene (i.e., 

6F) units into other polymer backbones has been shown to decrease Tg. Table 5.3 

presents data comparing physical, thermal, and gas transport properties of several linear 

aromatic polymers with and without 6F groups in the repeat unit.  For example, the Tg 

of 6FDA-6FpDA (320 oC) is 41 oC lower than that of BPDA-6FpDA (361 oC) [26], and 

the Tg of HFPSF (192 oC) is 39 oC lower than that of BIPSF (231 oC) [27, 28].   

 

Sample Tg (oC) 

HAB-6FDA 279 

AH(0.25) 265 

AH(0.5) 258 

AH(0.75) 250 

APAF-6FDA 246 

Table 5.2: Glass transition temperatures of polyimides considered in this study. 
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Polymer Tg 

(
oC) 

FFV Permeability 

(Barrer) 

Selectivity Ref. 

CO2 CH4 O2 CO2/CH4 O2/N2 N2/CH4 

HAB-6FDA 

 
 

279 0.157 9.8 0.255 2.76 38 5.7 1.89 This 

Study 

APAF-6FDA 

 
 

246 0.172 15.4 0.363 4.8 42 5.5 2.40 This 

Study 

 

BPDA-6FpDA 

 

361 0.161 27.4 0.76 6.65a 36.0 5.5a 1.60 [26] 

6FDA-6FpDA 

 

320 0.190 63.9 1.60 16.3a 39.9 4.7a 2.17 [26] 

BIPSF 

 
 

231 0.154 5.6 0.25 1.3a 22 5.5a 0.96 [28] 

HFPSF 

 
 

192 0.168 12 0.55 3.4b 22 5.1b 1.22 [27] 

a Data at 2 atm 
b Data at 5 atm 

Table 5.3: Comparison of thermal and gas transport properties of selected polyimides 

from this study with those of some relevant polymers.  Unless otherwise 

noted, all gas transport data are reported at 35 oC and an upstream pressure 

of 10 atm. 

 

 Figure 5.4 presents experimental and estimated values of Tg as a function of 

APAF content (wt. fraction).  The Tg’s were estimated using the Fox equation [29]: 
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1

𝑇𝑔
=

𝑤1

𝑇𝑔1
+

𝑤2

𝑇𝑔2
                          (5.2) 

where w1 and w2 are weight fractions of homopolymer 1 and 2, respectively, and Tg1 and 

Tg2 are the glass transition temperatures of homopolymer 1 and 2, respectively.  As 

shown in Figure 5.4, the experimental and estimated Tg values are in reasonable 

agreement.   

 

 

Figure 5.4: Experimental and predicted values of Tg as a function of APAF content in 

the copolyimide.  Predicted Tg was estimated using the Fox equation 

[Equation (5.2)] [29]. 

 

5.2.5 Gas separation properties 

 Figure 5.5 (A-D) presents gas permeability as a function of upstream pressure for 

AH(0.5) polyimide and its partially rearranged TR analogs.  Permeability coefficients of 
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the more condensable gases, such as CO2 and CH4 [23], generally decrease with upstream 

pressure.  On the other hand, permeability coefficients of the less condensable gases, in 

this case H2, N2, and O2 [23], are essentially independent of feed pressure.  These trends 

are typical of glassy polymers and are consistent with the dual-mode model [30, 31].  

Similar results were also observed for other materials, and figures recording their gas 

permeability coefficients versus feed pressure are included in Appendix B.   
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Figure 5.5:  Permeability as a function of upstream pressure at 35 oC for: (A) AH(0.5) 

polyimide, (B) AH(0.5) TR350 60min (40% TR conversion), (C) AH(0.5) 

TR400 60min (58% TR conversion), and (D) AH(0.5) TR450 30min (72% 

TR conversion).   
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 Table 5.4 presents permeability coefficients of the polymers considered in this 

study at 35 oC and an upstream pressure of 10 atm.  Uncertainties of permeabilities, 

estimated via propagation of errors [32], are included in Applendix B.  As presented in 

Figure 5.5 and Table 5.4, as TR conversion increases, gas permeability increases.  For 

example, CH4 permeability increases by a factor of more than 100, from 0.34 Barrer for 

AH(0.5) polyimide to 37 Barrer for AH(0.5) TR450.  Earlier studies reported increases 

in permeability upon thermal rearrangement and attributed those increases to increases in 

diffusion coefficients [8], which is often characterized by the fractional free volume 

(FFV) of the polymer [33].  FFV of these materials will be discussed in Section 5.2.6.   
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Sample Permeability (Barrer) 

CH4 N2 O2 CO2 H2 

 

HAB-6FDA 

PI 0.255 0.482  2.76  9.8  33.2  

TR350 0.72  1.53  8.2 29.9  90  

TR400 5.9 9.7  42 164  284  

TR450 20.6 27.0  104 410  510 

 

AH(0.25) 

PI 0.31  0.62  3.5  12.4  41  

TR350 0.83  1.92  10.3  36.9  109  

TR400 5.0  8.5  37  143  278  

TR450 41  55  195  730  850  

 

AH(0.5) 

PI 0.34  0.69  3.8  13  41  

TR350 0.71  1.82  10.4 35  108  

TR400 4.6  8.9  40  150  288 

TR450 37  52  175  660  880 

 

AH(0.75) 

PI 0.35  0.77  4.3 14.5  44  

TR350 1.58  3.8  18.8  66  162  

TR400 7.5  14.1  59  220  400  

TR450 91 121 380  1430  1400 

 

APAF-6FDA 

PI 0.363  0.87  4.8  15.4  50  

TR350 0.98  2.68  14.0  48  134  

TR400 13.3  22.7  87  325  510  

TR450 96  128  390  1410  1340 

Table 5.4: Pure-gas permeability for polyimides and their TR polymers at 35 oC and an 

upstream pressure of 10 atm.     

 

 Figure 5.6 presents the experimental and estimated gas permeability coefficients 

in the copolyimides as a function of APAF-6FDA content (in volume percent).  The 

volume fraction of APAF-6FDA, φAPAF, was estimated as follows [34, 35]: 

                                 𝜑𝐴𝑃𝐴𝐹 =  𝑤𝐴𝑃𝐴𝐹
𝜌

𝜌𝐴𝑃𝐴𝐹
                       (5.3) 

where 𝑤𝐴𝑃𝐴𝐹  is the mass fraction of APAF-6FDA in the copolymer, and ρ and 𝜌APAF 

are the measured densities of the copolymer and APAF-6FDA homopolymer, 
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respectively. As shown in Figure 5.6, there is a good correlation of gas permeability with 

APAF-6FDA content.  Permeability coefficients of all gases generally increase with 

APAF content, probably due to disruption of polymer chain packing imparted by the 

bulky 6F units in APAF, leading to an increase of fractional free volume [27, 36].  The 

lines in Figure 5.6 represent estimated permeability of the copolymers, PA, based on the 

following model [37]: 

               𝑙𝑛𝑃𝐴 =  𝜑APAF𝑙𝑛𝑃APAF + (1 − 𝜑APAF)𝑙𝑛𝑃HAB             (5.4) 

where PAPAF and PHAB are the permeability coefficients of HAB-6FDA and APAF-6FDA, 

respectively.  As shown in Figure 5.6, the permeability coefficients of the copolymers 

are in good agreement with the model.   
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Figure 5.6: Experimental and predicted pure-gas permeability coefficients as a function 

of APAF content in polyimides.  Permeability coefficients were measured 

at 35 oC and an upstream pressure of 10 atm.  Lines represent permeability 

values calculated from Equation (5.4).   

 

 Pure-gas selectivities of several gas pairs for polymers considered in this study are 

presented in Table 5.5, and selectivities as a function of APAF content are presented in 

Figures 5.7(A-E).  The lines in Figure 5.7 represent selectivity values based on 

permeability coefficients calculated using Equation (5.4).  Uncertainties in pure-gas 

selectivities were determined based on uncertainties in permeability coefficients using the 

propagation of errors method [32].  Selectivities of AH(0.5) polyimide are not presented 

in Figure 5.7 because the uncertainties in its permeability coefficients were large due to 

thickness variations in the sample used for the permeation measurement.  As shown in 
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Figure 5.7, the estimated selectivity values are in reasonable agreement with the 

experimental values.   

 Pure-gas selectivities of H2/N2 (Figure 5.7A) and CO2/N2 (Figure 5.7B) generally 

decrease as APAF content increases, a trend that is consistent with typical tradeoffs 

between permeability and selectivity in glassy polymers and often reflects decreases in 

diffusion selectivity as free volume increases [38, 39].  This trend is less obvious for 

O2/N2 (Figure 5.7C), as the differences among selectivity values are typically within 

experimental uncertainties, which may be due to the very similar kinetic diameters of O2 

(3.46 Å) and N2 (3.64 Å) [2].  Interestingly, for CO2/CH4 (Figure 5.7D), and to a more 

significant extent N2/CH4 (Figure 5.7E), selectivity increases somewhat with APAF 

content.  For example, selectivities of CO2/CH4 and N2/CH4 in APAF-6FDA are 11% 

and 27% higher, respectively, than those in HAB-6FDA.  Similar behavior was also 

observed for partially rearranged TR polymers, and plots of their pure-gas selectivities as 

a function of APAF content are included in Appendix B. 

 Robeson speculated that fluorinated polymers may suppress hydrocarbon 

solubility, thereby increasing N2/CH4 solubility selectivity [39].  This effect was 

confirmed by Merkel et al. [40] and Prabhakar et al. [41], and it is consistent with 

hydrocarbon solubility depression in fluorinated liquids [42].  Earlier studies by 

Pasternak et al. reported relatively high light-gas (e.g., N2) solubility and low 

hydrocarbon (e.g., CH4) solubility in fluorine-containing tetrafluoroethylene-

hexafluoropropylene copolymer (FEP) [43].  As presented in Table 5.3, N2/CH4 

selectivity of 6FDA-6FpDA is 38% higher than that of BPDA-6FpDA [26], and 6FDA-
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6FpDA has more 6F linkages in its repeat unit than BPDA-6FpDA.  Similarly, N2/CH4 

selectivity of 6F-containing HFPSF is 27% higher than that of BIPSF (cf., Table 5.3), 

which does not contain 6F groups [27, 28].  In this study, as APAF content in the 

copolyimide increases, the relative amount of 6F groups increases.  Therefore, the 

observed increase in N2/CH4 selectivity, and possibly CO2/CH4 selectivity, is likely 

related to the aforementioned sorption effects, since diffusion selectivity is likely 

decreasing as APAF content increases (cf., Figure 5.7A-7B). 

Sample Selectivity 

CO2/CH4 O2/N2 H2/N2 N2/CH4 CO2/N2 

HAB-6FDA 

PI 38  5.7 69  1.89  20.3  

TR350 42  5.4  59  2.13  19.5  

TR400 28  4.3  29  1.64  16.9  

TR450 19.9  3.9  18.9  1.31  15.2  

AH(0.25) 

PI 40  5.7  66  2.00  20  

TR350 44  5.4  57  2.31  19.2  

TR400 29  4.4  33  1.70  16.8  

TR450 18  3.5  15  1.3  13.3  

AH(0.5) 

PI 38  5.5  60  2.0  19  

TR350 49  5.5  59  2.6  19.2  

TR400 33  4.5  32  1.93  16.9  

TR450 18  3.4  17  1.41  12.7  

AH(0.75) 

PI 41  5.6  57  2.2  18.8  

TR350 42  5.0  43  2.4  17  

TR400 29  4.2  28  1.9  16  

TR450 16  3.1  11.6  1.3  11.8  

APAF-6FDA 

PI 42  5.5  57  2.40  17.7  

TR350 48  5.2  50  2.7  17.7  

TR400 24.4  3.8  22.5  1.71  14.3  

TR450 14.7  3.0  10.5  1.33  11.0 

 

Table 5.5: Pure-gas selectivity of common gas pairs for polyimides and their TR 

polymers at 35 oC and an upstream pressure of 10 atm.   



 

 

128 

 

Figure 5.7: Experimental and predicted pure-gas selectivity of (A) H2/N2, (B) CO2/N2, 

(C) O2/N2 , (D) CO2/CH4, and (E) N2/CH4 as a function of APAF content in 

polyimides.  Gas transport properties were measured at 35 oC and an 

upstream pressure of 10 atm.  Lines represent selectivity values calculated 

from Equation (5.4).   
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 Figures 5.8A and 5.8B present pure CO2 permeability and CO2/CH4 selectivity as 

a function of TR conversion.  CO2 permeability becomes increasingly sensitive to TR 

conversion as conversion increases, which is consistent with earlier reports on TR 

polymers [8, 19].  For example, for AH(0.75), CO2 permeability increases from 66 

Barrer at 47% TR conversion to 220 Barrer at 58% TR conversion, and finally to 1430 

Barrer at 83% TR conversion.  As APAF content in partially converted TR polymers 

increases, CO2 permeability generally increases as well.  For example, CO2 permeability 

of APAF-6FDA TR450 is 240% and 110% higher than that of HAB-6FDA TR450 and 

AH(0.5) TR450, respectively.  Similar trends were also observed for other gases.  One 

exception to this trend is that AH(0.5) TR450 has lower CO2 permeability than AH(0.25) 

TR450.  Apparently, at the same treatment conditions, AH(0.5) TR450 has undergone 

less thermal rearrangement (72% TR conversion) than AH(0.25) TR450 (78% TR 

conversion).  Since gas permeability is sensitive to conversion, especially at higher TR 

conversions, small differences in TR conversion can result in large changes in gas 

permeability [20].  Interestingly, AH(0.75) TR450 and APAF-6FDA TR450 have 

similar CO2 permeability values.  This similarity in permeability may be due to a 

slightly higher TR conversion in AH(0.75) TR450 (83% TR conversion) than in APAF-

6FDA TR450 (81% TR conversion).  As will be discussed below, these two samples 

also have similar fractional free volume values, which is consistent with their similar 

permeabilities.   
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Figure 5.8: Pure CO2 permeability (A) and pure gas CO2/CH4 selectivity (B) as a 

function of percent TR conversion for HAB-6FDA ( ), AH(0.25) ( ), 

AH(0.5) ( ), AH(0.75) ( ), and APAF-6FDA ( ) at 10 atm and 35 oC. 

 

 As presented in Table 5.5, for certain gas pairs, such as O2/N2, CO2/N2, and 

H2/N2, selectivities generally decrease monotonically with TR conversion.  For 

example, pure CO2/N2 selectivity of HAB-6FDA decreases monotonically from 20.3 for 

the polyimide to 15.2 for the TR450 sample.  This observation is qualitatively consistent 

with the gas permeability/selectivity tradeoff found in other TR polymers [38, 39].  On 

the other hand, for gas pairs that involve methane, such as CO2/CH4 and N2/CH4, 

selectivities initially increase at low TR conversions (30-40%) before decreasing at 

higher TR conversions.  This trend is clearly demonstrated in Figure 5.8B.   For 

example, CO2/CH4 selectivity of APAF-6FDA initially increases from 42 for the 

polyimide to 48 for the TR350 sample (40% TR conversion), and then decreases 
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monotonically to 24.4 and 14.7 for TR400 (62% TR conversion) and TR450 samples 

(81% TR conversion), respectively.  Sanders et al. reported a similar observation and 

attributed the initial increase in selectivity to changes in free volume distribution at the 

onset of thermal rearrangement that inhibits CH4 diffusion and, therefore, favors 

selectivities of gas pairs involving CH4 [8, 20].  Interestingly, as shown in Figure 5.8B, 

at TR conversions higher than about 50%, CO2/CH4 selectivity values of all materials are 

similar.  Even though CO2/CH4 selectivity for APAF-6FDA TR450 (αCO2/CH4
 = 14.7) 

is 26% lower than that of HAB-6FDA TR450 (αCO2/CH4
 = 19.9), that difference may be 

attributed to differences in percent TR conversions (81% for APAF-6FDA TR450 vs. 

74% for HAB-6FDA TR450).  Apparently, the choice of diamine (HAB or APAF) and 

the polyimide precursor composition do not strongly influence the size-sieving ability of 

these polymers for CO2/CH4 separation at high TR conversions.  Similar trends were 

also observed for other gas pairs presented in Table 5.5. 

 The CO2/CH4 separation performance of materials considered in this study is 

compared with that of several relevant polymers on an upper bound plot, as shown in 

Figure 5.9.  For all samples, TR conversion increases from left to right.  As thermal 

rearrangement proceeds, CO2/CH4 separation performance shifts to the right and 

eventually traverses the 1991 upper bound.  Some samples, such as AH(0.75) TR450 

and APAF-6FDA TR450, approach the 2008 upper bound. In addition, the partially 

converted TR polymers cover a wide range of gas separation characteristics, so desired 
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gas permeability and selectivity can be tuned with APAF content and thermal 

rearrangement conditions.   

 

 

Figure 5.9: Permeability/selectivity tradeoff plot for HAB-6FDA ( ), AH(0.25) ( ),   

AH(0.5) ( ), AH(0.75) ( ), and APAF-6FDA ( ).  Gas transport results 

were measured at 35 oC and an upstream pressure of 10 atm.  TR 

conversion increases from left to right.  Transport data of polysulfone 

(PSF) [44], Matrimid [45], and cellulose acetate (CA) [46] are also included 

for reference.  The lines are the 1991 and 2008 upper bound limits [38, 39]. 

 

5.2.6 Fractional free volume 

 Fractional free volume was estimated as follows [8]: 
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                              𝐹𝐹𝑉 =  
𝑉−𝑉0

𝑉
                           (5.5) 

where V is the measured specific volume of the polymer sample, which is the inverse of 

polymer density.  Vo is the occupied volume of the polymer and was estimated using 

group contribution method as follows [47, 48]: 

                        𝑉0 = 1.3∑𝑉𝑊                     (5.6) 

where Vw is the van der Waals volumes of the various groups comprising the polymer 

backbone [47, 48].  For partially rearranged TR copolymers, V0 was calculated as 

follows [20]: 

𝑉0 = 𝑤𝐴𝑃𝐴𝐹[𝑐𝐴𝑃𝐴𝐹𝑉0,𝐴𝑃𝐴𝐹−𝑃𝐵𝑂 + (1 − 𝑐𝐴𝑃𝐴𝐹)𝑉0,𝐴𝑃𝐴𝐹−𝑃𝐼] + (1 − 𝑤𝐴𝑃𝐴𝐹)[𝑐𝐻𝐴𝐵𝑉0,𝐻𝐴𝐵−𝑃𝐵𝑂 + (1 − 𝑐𝐻𝐴𝐵)𝑉0,𝐻𝐴𝐵−𝑃𝐼]  

(5.7) 

where wAPAF is the mass fraction of APAF-6FDA in the copolymer, and cAPAF and cHAB 

are the fractional TR conversions of APAF-6FDA and HAB-6FDA, respectively, on a 

mass basis (see Equation (5.1)).  V0,APAF-PI and V0,APAF-PBO are the occupied volumes of 

APAF-6FDA polyimide and its corresponding PBO (cm3/g), respectively.  Likewise, 

V0,HAB-PI and V0,HAB-PBO are the occupied volumes of HAB-6FDA polyimide and its 

corresponding PBO (cm3/g), respectively.   

 Calculation of occupied volume using Equation (5.7) was made within the bounds 

of two limiting assumptions.  The first assumption is that any polyimide segments 

remaining in the polymer following partial rearrangement would maintain its initial 
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acetate functionality [8, 20].  During thermal rearrangement, the acetate groups in 

polyimides are generally believed to convert initially to hydroxyl groups before 

rearranging to a final benzoxazole structure [8, 23].  However, since partially converted 

PBOs are typically insoluble in common organic solvents, precise composition of 

partially rearranged structures is difficult to determine.  Serendipitously for HAB-6FDA 

and APAF-6FDA, the occupied volumes of acetate-containing and hydroxyl-containing 

polyimides differ by less than 2% [8].  Therefore, the aforementioned assumption 

regarding polymer structure has a small effect on overall fractional free volume.  A 

more detailed discussion of the implications of this assumption for polyacetylimides and 

PBOs was reported earlier by Sanders et al. [19]. 

 The second assumption employed in estimating FFV is that both APAF-6FDA 

and HAB-6FDA segments in a copolyimide would undergo the same extent of TR 

conversion at a given thermal treatment.  In other words, cAPAF equals cHAB in Equation 

(5.7).  For example, the measured percent TR conversion for AH(0.5) TR400, based on 

mass loss, is 58% (cf., Table 5.1).  Because APAF-6FDA has a lower Tg than HAB-

6FDA, APAF segments in AH(0.5) can potentially begin the rearrangement process at a 

lower temperature and reach a higher TR conversion than HAB segments [49].  

However, because the precise composition of APAF and HAB segments in a partially 

rearranged copolyimide is not known, for the V0 calculation, both APAF and HAB 

segments in AH(0.5) TR400 were simply assumed to achieve 58% conversion to PBOs.  

Table 5.6 presents the occupied volumes of polyimides and selected PBOs considered in 

this study.  Fortuitously, the occupied volumes of HAB-6FDA PI and APAF-6FDA PI 
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differ from their respective PBOs by less than two percent.  For example, the occupied 

volume of APAF-6FDA PI (0.5632 cm3/g) is 1.3% higher than that of APAF-6FDA PBO 

(0.5557 cm3/g), and the occupied volume of HAB-6FDA PI (0.5898 cm3/g) is 0.3% lower 

than that of HAB-6FDA PBO (0.5996 cm3/g).  Because of this similarity in occupied 

volumes between polyimides and their corresponding PBOs, for a particular copolymer at 

a specific rearrangement condition, assuming that both HAB and APAF segments 

achieve the same TR conversion has a small effect on estimated FFV values.    

 

Sample V0 (cm3/g) 

HAB-6FDA PI 0.5980 

AH(0.25) PI 0.5880 

AH(0.5) PI 0.5789 

AH(0.75) PI 0.5707 

APAF-6FDA PI 0.5632 

  

HAB-6FDA PBO 0.5996 

APAF-6FDA PBO 0.5557 

Table 5.6: Occupied volumes of polyimides and selected PBOs considered in this 

study. 

 

 Estimated FFV values of polymers considered in this study are presented in Table 

5.7 and shown graphically in Figure 5.10.  Uncertainties in FFV values were calculated 

according to the propagation of errors method based on uncertainties in the density 

measurements of at least three samples [32].  FFV generally increases as APAF content 

increases.  For example, FFV of APAF-6FDA is 9.6% and 3.6% higher than that of 

HAB-6FDA and AH(0.5), respectively.  This trend is attributed to a disruption in 
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polymer chain packing imparted by the extra 6F groups in APAF.  For all polymers, 

FFV increases as TR conversion increases, which is similar to previous reports in other 

TR polymers [7, 8, 19, 20, 50].  For example, FFV of AH(0.5) increases from 0.166 for 

the polyimide to 0.206 for the TR450 sample.  Depending on the polyimide precursor, 

the total increase in FFV upon thermal rearrangement is in the range of 0.04 to 0.07.   

 

Sample Density (g/cm3) FFV 

HAB-6FDA 

PI 1.409 ± 0.009 0.157 ± 0.006 

TR350 1.415 ± 0.006 0.153 ± 0.003 

TR400 1.372 ± 0.009 0.178 ± 0.007 

TR450 1.343 ± 0.009 0.195 ± 0.008 

AH(0.25) 

PI 1.424 ± 0.009 0.163 ± 0.006 

TR350 1.41± 0.01 0.172 ± 0.004 

TR400 1.387 ± 0.006 0.185 ± 0.005 

TR450 1.345 ± 0.009 0.210 ± 0.008 

AH(0.5) 

PI 1.44 ± 0.01 0.166 ± 0.007 

TR350 1.43 ± 0.01 0.174 ± 0.004 

TR400 1.407 ± 0.006 0.188 ± 0.004 

TR450 1.377 ± 0.006 0.206 ± 0.005 

AH(0.75) 

PI 1.452 ± 0.005 0.171 ± 0.002 

TR350 1.44 ± 0.01 0.182 ± 0.008 

TR400 1.39 ± 0.01 0.211 ± 0.008 

TR450 1.333 ± 0.005 0.245 ± 0.004 

APAF-6FDA 

PI 1.47 ± 0.01 0.172 ± 0.007 

TR350 1.44 ± 0.01 0.193 ± 0.008 

TR400 1.386 ± 0.008 0.226 ± 0.006 

TR450 1.368 ± 0.006 0.238 ± 0.005 

 

Table 5.7: Density and fractional free volume of polyimides and TR polymers 

considered in this study.  Uncertainties of FFV were calculated based on 

uncertainties in density measurements using the propagation of errors 

method [32]. 
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Figure 5.10: Fractional free volume as a function of percent TR conversion for HAB-

6FDA ( ), AH(0.25) ( ), AH(0.5) ( ), AH(0.75) ( ), and APAF-6FDA   

( ).  Uncertainties were estimated based on uncertainties in density 

measurements using the propagation of errors method [32]. 

  

 Figure 5.11 presents CO2 permeability of the copolymers as a function of 

reciprocal FFV.  Both TR conversion and FFV of a given copolyimide increase from 

right to left.  There is a good correlation between FFV and CO2 permeability, suggesting 

that permeability depends strongly on gas diffusivity [8].  Similar behavior was also 

observed for other gases, and plots of their permeabilities as a function of reciprocal FFV 

are included in Appendix B.  Because the precise structure of partially converted 

samples at a given conversion is not known, the calculated FFV values should be viewed 

as approximations, which may contribute to some of the scatter in Figure 5.11.  A 

similar observation has been reported in other TR polymers [8, 19].  In addition, as 
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reported by Sanders et al. [8], other factors, such as changes in free volume distribution 

upon TR conversion, can also influence gas transport properties in ways that are not 

captured by average FFV values alone [6, 8, 19]. 

 

 

Figure 5.11: CO2 permeability as a function of 1/FFV for HAB-6FDA ( ), AH(0.25)       

( ), AH(0.5) ( ), AH(0.75) ( ), and APAF-6FDA ( ).  The permeability 

data were measured at 35 oC and an upstream pressure of 10 atm.   

 

5.2.7 Mechanical properties 

 Mechanical properties of polymer films depend on many factors, such as casting 

procedure, temperature, molecular weight, molecular weight distribution, rate of tensile 

deformation, and extent of any crosslinking or branching [12].  Therefore, it is important 

to adhere to a strict sample preparation method and testing protocol.  All of the films 
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prepared for tensile testing were cut into a dog-bone shape and ranged in thicknesses 

between 80 and 100 µm.  Inherent viscosity was measured to provide a qualitative 

comparison of the samples’ molecular weights.  Mechanical properties, along with 

inherent viscosity, for all polyimides and their TR polymers are presented in Table 5.8. 

  

Sample 
Inherent 

Viscosity 

Tensile 

Stress 

(MPa) 

Elongation 

at break  

(%) 

Young’s 

modulus 

(GPa) 

 

HAB-6FDA 

PI 0.54 153 ± 3 7.1 ± 0.2 3.54 
TR350  107 ± 1 4.9 ± 0.2 2.68 
TR400  85 ± 2 4.0 ± 0.2 2.51 
TR450  62 ± 3 2.9 ± 0.1 2.52 

 

AH(0.25) 

PI 0.40 140 ± 1 5.5 ± 0.1 3.44 
TR350  108 ± 2 5.2 ± 0.1 2.71 
TR400  77 ± 1 3.7 ± 0.1 2.45 
TR450  * * * 

 

AH(0.5) 

PI 0.29 119 ± 3 5.2 ± 0.1 3.07 
TR350  101 ± 6 4.6 ± 0.4 2.54 
TR400  71 ± 3 3.3 ± 0.2 2.41 
TR450  * * * 

AH(0.75) 

PI 0.19 76 ± 3 2.9 ± 0.2 2.93 
TR350  67 ± 4 2.5 ± 0.2 2.88 
TR400  * * * 
TR450  * * * 

APAF-6FDA 

PI 0.18 65 ± 5 2.5 ± 0.2 2.90 
TR350  * * * 
TR400  * * * 
TR450  * * * 

  *Samples were too brittle for tensile testing 

 

Table 5.8: Inherent viscosity and mechanical properties of polyimides and TR 

polymers considered in this study.   

 

 Figure 5.12 presents stress (in MPa) as a function of strain (percent of original 

sample length) for HAB-6FDA polyimide and its TR analogs.  Stress-strain plots for 
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other materials in this study are reported in Applendix B.  Among these samples, HAB-

6FDA polyimide has the highest tensile stress (153 MPa) and elongation at break (7.1%).  

As TR conversion increases, both tensile stress and elongation at break decrease.  For 

example, tensile stress and elongation at break of HAB-6FDA TR450 are both 59% lower 

than those of the polyimide precursor.  Additionally, the Young’s modulus, which 

characterizes sample stiffness [51], also decreases with increasing TR conversion.  For 

example, the Young’s modulus of HAB-6FDA TR450 is about 30% lower than that of 

HAB-6FDA polyimide precursor.  This decrease in mechanical properties is likely due 

to the increased rigidity of TR polymers relative to the polyimide precursor, resulting in 

more brittleness of the sample [11, 52].  Similar behavior was also observed for other 

polyimides and TR polymers in this study.  For copolymers at higher TR conversions, 

some samples were too brittle for tensile testing, as they typically cracked upon mounting 

into the pneumatic grips of the testing machine.  In the case of APAF-6FDA, none of 

the thermally rearranged samples had enough mechanical integrity for tensile testing.   
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Figure 5.12: Stress-strain relationship of HAB-6FDA polyimide and its corresponding 

TR analogs. 

 

 Figure 5.13 presents the stress-strain relationship for all the polyimides in this 

study.  As APAF content increases in the polyimide, both tensile stress and elongation at 

break decrease.  For example, relative to those of HAB-6FDA, tensile stress and 

elongation at break of APAF-6FDA are 58% and 65% lower, respectively.  Similar 

trends are also observed for the Young’s modulus, as presented in Table 5.8.  For 

example, the Young’s modulus of APAF-6FDA is 17% lower than that of HAB-6FDA. 

Because HAB is a more reactive monomer than APAF, as previously discussed, HAB is 

likely to yield polyimides with higher average molecular weight.  As presented in Table 

5.8, inherent viscosity, which qualitatively describes the molecular weight of a sample, 
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decreases as APAF content increases.  Many studies have shown that for low molecular 

weight polymers, mechanical properties generally improve as molecular weight increases 

[12, 53, 54].  At high enough molecular weights, mechanical properties become 

relatively insensitive to molecular weight [13].   

 

 

Figure 5.13: Stress-strain relationship of polyimides considered in this study. 

 

 Table 5.9 compares mechanical properties of selected polymers from this study 

with those of several relevant commercial polymers and other TR polymers.  The tensile 

stress of polyimides in this study is either similar to or higher than that of the selected 

commercial polymers.  On the other hand, polyimides from this study are more brittle 
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than commercial materials.  For example, elongation at break of HAB-6FDA is 85% 

and 58% lower than that of polysulfone and cellulose acetate, respectively [46, 55].   

 

Sample 

Tensile  

Stress  

(MPa) 

Elongation 

at break  

(%) 

References 

Polysulfone (Udel P-1700) 54.2 48 [55] 

Matrimid® 5218 87.1 21.1 [56] 

Cellulose acetate1 14.0 17.0 [46] 

spiroTR-PBO-6F 82.3 20.0 [10] 

spiroTR-PBO-PM 79.2 17.3 [10] 

spiroTR-PBO-BP 94.4 14.9 [10] 

spiroTR-PBO-BPA 69.9 19.7 [10] 

HAB-6FDA TR 137 4.5 [11] 

HAB-6FDA TR (75%) / 4MPD-6FDA 193 13 [11] 

HAB-6FDA TR (50%) / 4MPD-6FDA 238 21 [11] 

HAB-6FDA TR (25%) / 4MPD-6FDA 280 25 [11] 

4MPD-6FDA 390 29 [11] 

HAB-6FDA PI 153 7.1 This study 

HAB-6FDA TR350 107 4.9 This study 

HAB-6FDA TR400 85 4.0 This study 

HAB-6FDA TR450 62 2.9 This study 

AH(0.25) PI 140 5.5 This study 

AH(0.5) PI 119 5.2 This study 

AH(0.75) PI 76 2.9 This study 

APAF-6FDA PI 65 2.5 This study 
 1degree of substitution = 2.84 

 

Table 5.9: Comparison of mechanical properties of selected polyimides and TR 

polymers from this study with those of selected commercial polymers and 

other TR polymers.   

 

 Some recent studies combined TR-able polyimides with other materials in an 

attempt to improve mechanical properties.  Li et al. prepared TR polymers derived from 

spirobisindane-containing polyhydroxyimides and hypothesized that the unique structure 

with a spiro-center induced entanglement of polymer chains and reduced elongational 
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stress [10].  As presented in Table 5.9, these spiro-PBOs demonstrated not only high 

tensile stress (69.9 – 94.4 MPa), but also elongation at break values ranging from 15% to 

20%, which is about four times higher than the TR polymers from this study.  However, 

because molecular weights ranging from 59,100 to 104,000 were reported for the spiro-

containing polyimide precursors, it is not possible to separate the respective contributions 

of chemical structure and molecular weight to mechanical properties [10].  In a separate 

study, Scholes et al. blended a TR-able polyimide (HAB-6FDA) with a non-TRable 

polyimide (4MPD-6FDA) that provided additional flexibility [11].  Mechanical 

properties of HAB-6FDA TR reported by Scholes et al. were different from those 

reported in this study, probably because different polyimide precursors and thermal 

treatment conditions were used.  For example, the TR polymers reported by Scholes et 

al. were derived from polyhydroxyimides and thermally treated at 450 oC for 1 h [11], 

whereas the HAB-6FDA TR polymers from this study were derived from 

polyacetylimides and thermally treated at different conditions.  Nevertheless, Scholes et 

al. demonstrated that mechanical properties could be improved significantly by 

incorporating 4MPD-6FDA in the polymer blend.  For example, with 25 wt.% of 

4MPD-6FDA in the blend, tensile stress and elongation at break increased by 40% and 

190%, respectively, relative to those of HAB-6FDA TR.  However, similar to the study 

by Li et al., Scholes et al. did not quantify the impact of molecular weight on mechanical 

properties.  
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Chapter 6: Influence of toluene on CO2 and CH4 gas transport 

properties of thermally rearranged (TR) polymers based on 3,3'-

dihydroxy-4,4'-diamino-biphenyl (HAB) and 2,2'-bis-(3,4-

dicarboxyphenyl) hexafluoropropane dianhydride (6FDA)1 

 
 Separation of complex gas mixtures, such as natural gas using polymer 

membranes, often involves components with a wide range of condensabilities and 

propensity to interact with the polymer, potentially changing the transport properties of 

all components.  There are few studies of such phenomena in the open literature.  Here, 

the influence of toluene, a surrogate aromatic contaminant in natural gas, on CO2 and 

CH4 gas transport properties at 35 oC was investigated for a thermally rearranged (TR) 

polymer prepared from a polyimide precursor based on 3,3'-dihydroxy-4,4'-diamino-

biphenyl (HAB) and 2,2'-bis-(3,4-dicarboxy-phenyl) hexafluoropropane dianhydride 

(6FDA).  As the polymer was exposed to CO2, CH4, and their equimolar mixture, at a 

toluene activity of about 0.3, CO2 and CH4 permeability coefficients decreased by more 

than 90% due to antiplastization and competitive sorption.  CO2/CH4 selectivity went 

through a maximum as toluene activity increased, reflecting the interplay between 

competitive sorption, antiplasticization, and plasticization.  The recovery of gas 

permeation properties was explored by measuring CO2 and CH4 permeabilities after 

removing toluene from the feed.  These effects were largely reversed when toluene was 

                                                 

1 This chapter has been adapted from: Liu, Q., Galizia M., Gleason, K.L., Scholes, C.A., Paul, D.R., 

Freeman, B.D., Influence of toluene on CO2 and CH4 gas transport properties of thermally rearranged 

(TR) polymers based on 3,3'-dihydroxy-4,4'-diamino-biphenyl (HAB) and 2,2'-bis-(3,4-dicarboxyphenyl) 

hexafluoropropane dianhydride (6FDA) (in preparation). 
. 
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removed from the feed gas mixture.  Toluene vapor sorption was determined as a 

function of toluene activity, and the sorption data were used to help rationalize the 

changes in CO2 and CH4 gas permeability coefficients in the presence of toluene.  A 

qualitative assessment of antiplasticization and competitive sorption effects was provided 

using the partial-immobilization dual mode model.   

 

6.1 INTRODUCTION 

 Contaminants and impurities, such as heavy aliphatic hydrocarbons, water, 

aromatics, and H2S, are often present in natural gas streams.  Raw natural gas, for 

example, typically contains 5 to 15% C2-C6 aliphatic hydrocarbons [1, 2].  In addition, 

up to 1000 ppm of water and 500 ppm of BTEX aromatics (benzene, toluene, 

ethylbenzene, and xylene) can be present in such streams [1].  With typical natural gas 

operating conditions at 50 oC and 20-60 bar, these impurities can approach unit activity 

and even condense onto the membrane surface [1].   

 This study explores the influence of toluene, a model aromatic contaminant in 

natural gas, on CO2 and CH4 permeation properties of a thermally rearranged (TR) 

polymer prepared from a polyimide precursor based on 3,3'-dihydroxy-4,4'-diamino-

biphenyl (HAB) and 2,2'-bis-(3,4-dicarboxy-phenyl) hexafluoropropane dianhydride 

(6FDA).  TR polymers belong to a relatively recent class of materials that, due in part to 

high free volume and favorable free volume distribution, has interesting gas separation 

performance [3, 4].  TR polymers are generally prepared by thermally treating a 
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polyimide precursor in an inert atmosphere to rearrange the polymer structure to a more 

open and highly chemically and thermally stable poly(benzoxazole)-type structure.  

Chemical structures of HAB-6FDA and its TR analog are presented in Figure 6.1. 

 

 

Figure 6.1: Chemical structure of the monomers (HAB and 6FDA), HAB-6FDA 

polyimide precursor (HAB-6FDA PI), and the corresponding 

polybenzoxazole TR polymer (HAB-6FDA TR) after thermal rearrangement 

[3]. 

 

 Several studies have reported structure-property relationships [5-8] and free 

volume and free volume distribution [9-11] of these materials.  However, most TR 
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polymer gas transport studies are based on pure gas experiments.  There are few reports 

of mixed gas permeation properties of TR polymers [4, 12, 13], and to our knowledge, 

influence of aromatic contaminants on mixed gas permeation properties of TR polymers 

has not been reported and is of both fundamental and practical importance [1].    

 Pure gas permeation, diffusion, and sorption properties of HAB-6FDA and its TR 

analogs have been reported elsewhere [3, 14].  Recently, we reported mixed gas 

CO2/CH4 transport properties of HAB-6FDA and its TR analogs [12].  At low CH4 

fugacity (< ~10 atm), relative to pure gas transport properties, mixed gas CH4 

permeability was depressed due to competitive sorption, leading to an increase in 

CO2/CH4 selectivity.  In this study, we seek to elucidate the influence of toluene on pure 

and mixed gas CO2/CH4 permeation properties of a TR polymer prepared from HAB-

6FDA.  Toluene sorption and desorption was investigated, and the dual mode sorption 

model was used to fit the sorption isotherms.  Additionally, the partial-immobilization 

dual mode model was used to provide a qualitative assessment of antiplasticization and 

competitive sorption effects. 

 Table 6.1 compares the physical properties of HAB-6FDA TR450 from this study 

with those reported in literature [3, 12, 14].  A 6-8 µm thick HAB-6FDA film typically 

underwent about 84% TR conversion upon thermal treatment at 450 oC for 30 min.  

Previous studies used thicker films, since all penetrants considered in those studies were 

small gas molecules.  In this study, thinner films were required to give reasonable 

experiment durations, given the large contaminant molecule (toluene) and its slow 
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desorption.  However, if the film thickness is less than 2-3 µm, significant physical 

aging may result in TR polymers [15].  For example, Wang et al. reported that thin 

HAB-6FDA TR polymer films (1.8 µm thick) exhibited an 80% decrease in pure gas CH4 

permeability after about 1000 h of aging [15].  Therefore, thicknesses of 6-8 µm were 

chosen in this study to provide a reasonable compromise between experimental duration 

and physical aging.  Table 6.2 presents the gas composition and nomenclature of 

different gas feed streams considered in this study. 

 

Polymer Thickness 

(µm) 

TR conversion 

(%) 

Density1 

(g/mL) 

Fractional 

free volume2 

Ref. 

HAB-6FDA 

TR450 

6 – 8 84 1.28 0.233 This study 

30-50 76 1.34 0.196 [3, 14] 

~40 79 -- -- [12] 

1Density was determined based on Archimedes’ principle using a Mettler-Toledo balance 

(Mettler-Toledo GmbH, P706039) equipped with a density kit.  N-heptane was used as 

the liquid [3]. 
2Fractional free volume was calculated using Bondi’s method [16], as described in detail 

elsewhere [3].   

 

Table 6.1:   Physical properties of HAB-6FDA TR450 from this study and literature.   
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Gas 
Composition (mol%) 

Nomenclature 
CO2 CH4 Toluene 

CO2 100 0 0 
Pure gas 

CH4 0 100 0 

CO2/CH4 50 50 0 Binary mixed gas 

CO2/Toluene Balance 0 1700, 0* ppm 
Gas/vapor mixed gas 

CH4/Toluene 0 Balance 1700, 0* ppm 

CO2/CH4/Toluene 49.8-50.0 49.8-50.0 0* – 4400 ppm Ternary mixed gas 

*After toluene was removed from the gas feed, the experiment nomenclature was not 

changed both for clarity and because some toluene may still remain in the polymer 

sample, at least at the early stages of the desorption leg of the experiment. 

Table 6.2:   Gas compositions and nomenclature of different feed streams considered in 

this study. 

6.2. RESULTS AND DISCUSSION 

6.2.1. Pure- and mixed-gas permeation properties without toluene 

 Table 6.3 presents pure and binary mixed gas CO2 and CH4 permeability 

coefficients in HAB-6FDA TR450 at 35 oC.  An equimolar (50/50 mol%) CO2/CH4 

mixture was used for the binary mixed gas experiments.  For both pure and mixed gas 

feeds, CO2 and CH4 permeability coefficients decrease as fugacity increases, which is 

consistent with typical dual mode effects [17].  At similar feed fugacities, the difference 

between pure and binary mixed gas CH4 permeability coefficients is greater than that for 

CO2 permeability coefficients.  For example, at around 4.8 atm, pure gas CO2 

permeability (600 Barrer) is 6% higher than binary mixed gas CO2 permeability (565 

Barrer), but pure gas CH4 permeability (28.4 Barrer) is 18% higher than binary mixed gas 

CH4 permeability (24.1 Barrer).  As a result, binary mixed gas CO2/CH4 selectivity 



 

 

156 

(23.4) is about 11% higher than pure gas CO2/CH4 selectivity (21.1).  These trends are 

consistent with those reported by Gleason et al. [12].  The depression of CH4 

permeability in the presence of CO2 is attributed primarily to competitive sorption effects 

[12].  Because CO2 is more condensable than CH4 [18], CO2 absorption in the Langmuir 

domains, i.e., non equilibrium excess volume, is favored relative to that of methane, 

which would reduce CH4 solubility and, in turn, CH4 permeability. 

 

Feed Gas Type 

CO2 CH4 
CO2/CH4 

Selectivity 
Fugacity 

(atm) 

Permeability 

(Barrer) 

Fugacity 

(atm) 

Permeability 

(Barrer) 

Pure-gas 
4.8 600 4.8 28.4 21.1 

9.4 510 9.7 26.3 19.4 

Binary mixed gas 

(50/50 mol%)  

CO2/CH4 

4.7 565 4.9 24.1 23.4 

8.9 490 9.4 22.9 21.4 

Table 6.3: Pure- and binary mixed-gas permeability coefficients of CO2 and CH4 and 

CO2/CH4 selectivity of HAB-6FDA TR450 at 35 oC. 

 

 Pure and binary mixed gas permeabilities in HAB-6FDA TR450 from this study 

are generally higher than those reported previously [3, 12].  For example, at 35 oC and 

an upstream fugacity of about 9-10 atm, pure and binary mixed gas CO2 permeabilities of 

HAB-6FDA TR450 from this study are roughly 20-30% higher than those reported 

earlier [3, 12].  The film thickness in this study (~6-8 µm) is less than that in previous 

studies (~40 µm) (cf., Table 6.1).  As a result, at fixed thermal treatment conditions, 

HAB-6FDA from this study undergoes more extensive TR conversion than that reported 

in thicker films, leading to higher fractional free volume and higher gas permeability.  
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The higher permeability coefficients in thinner TR polymers is consistent with results 

reported by Wang et al., who demonstrated that the extent of thermal rearrangement and 

gas transport properties depend on film thickness [15, 19].  For example, Wang et al. 

reported that upon thermal treatment at 390 oC for 30 min, a 15 µm polyimide precursor 

underwent 48.9% TR conversion, whereas a 1 µm sample underwent 74.9% TR 

conversion [15].  Wang et al. attributed such thickness dependence to the enhanced 

polymer segmental mobility in thin films, which might shift the balance of 

intra/intermolecular reactions that favors more polymer crosslinking, thereby increasing 

TR conversion [19].  Consequently, the initial pure gas CH4 permeability (before 

significant aging) of a thick TR sample (~21 µm) was about 50% lower than that of a thin 

TR film (~2 µm) [15].  The results reported in this study are consistent with these trends 

reported in the literature.   

 

6.2.2 Influence of toluene on gas/vapor mixed gas transport properties 

 Figure 6.2 presents the influence of toluene, at an activity of 0.28 (i.e., 1700 

ppm), on CO2 permeability at 9.4 atm CO2 fugacity and 35 oC.  The actual CO2 

permeability was normalized to its value in a fresh film at the same feed fugacity before 

exposure to toluene (510 Barrer, cf., Table 6.3).  First, pure gas CO2 permeability in a 

toluene-free feed was monitored over time to serve as a control for the experiment.  Any 

change in CO2 permeability with time in this toluene-free feed may be due to factors, 

such as physical aging, that are unrelated to toluene exposure.  Next, a fresh HAB-
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6FDA TR450 sample was loaded into the gas/vapor permeation apparatus, and toluene 

was introduced into the CO2 feed.  Gas/vapor mixed gas CO2 permeability was 

monitored for three days to ensure that pseudo steady-state conditions were reached.  

Then, after three days, toluene was removed from the feed, and CO2 permeability was 

monitored over time to investigate the recovery behavior.  As shown in Figure 6.2, after 

toluene was initially introduced to the feed, CO2 permeability decreased to about 7% of 

its initial value within 12 h and remained stable over the next three days.  After toluene 

was removed, CO2 permeability initially increased to about 135 % of the pre-exposure 

value within 24 h, and then gradually decreased at a rate similar to that of the toluene-free 

control.   
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Figure 6.2:  Influence of toluene (activity = 0.28, 1700 ppm) on gas/vapor mixed-gas 

CO2 relative permeability ( ) of HAB-6FDA TR450 at 9.4 atm CO2 

fugacity and 35 oC.  Toluene-free pure CO2 permeability ( ) was 

monitored over time as a control. 

 

 The observed CO2 permeability decrease in the presence of toluene is consistent 

with antiplasticization and competitive sorption.  Toluene is a known antiplasticizer 

when incorporated into glassy polymers at low concentrations [20-22].  At such 

conditions, toluene can occupy free volume in a polymer matrix and could hinder chain 

motion, both of which could reduce penetrant diffusivity [23].  Additionally, toluene (Tc 

= 591.8 K [24]) is a highly condensable molecule that should compete effectively with 

CO2 (Tc = 304.2 K [24]) for sorption in the Langmuir sites, which would decrease CO2 

solubility in the presence of toluene [14].  Consequently, these potential reductions in 

diffusivity and solubility likely contribute substantially to the observed 93% reduction in 
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gas/vapor mixed gas CO2 permeability.  A qualitative assessment of antiplasticization 

and competitive sorption effects is provided in section 6.2.5.   

 In addition, toluene, perhaps in conjunction with CO2, could potentially swell the 

polymer and plasticize it.  When toluene was present, any plasticization effect on CO2 

permeability was apparently overwhelmed by antiplasticization and competitive sorption.  

However, after toluene was removed from the feed, conditioning (i.e., swelling) of the 

polymer due to penetrant sorption was apparent based on CO2 permeability increasing to 

values beyond that expected based on the initial toluene-free pure gas permeation results. 

 Figure 6.3 presents the influence of toluene, at an activity of 0.28 (i.e., 1700 

ppm), on gas/vapor mixed gas CH4 relative permeability at 9.7 atm CH4 fugacity and     

35 oC.  The CH4 permeability values in Figure 6.3 were normalized by the CH4 

permeability values in a fresh film at 9.7 atm CH4 fugacity (26.3 Barrer, cf., Table 6.3).  

First, pure gas CH4 permeability in a toluene-free feed was monitored over time to serve 

as a control for the experiment.  Interestingly, over a fixed period of time with no 

toluene exposure, pure gas CH4 permeability decreased less than pure gas CO2 

permeability (cf., Figure 6.2).  For example, after seven days of constant exposure to 

CO2 or CH4, the sample experienced a 16% decrease in pure gas CO2 permeability and 

only a 4% decrease in pure gas CH4 permeability.  If physical aging alone were 

responsible for the permeability decrease, then the reduction in permeability coefficient 

of a larger molecule, i.e., CH4, should be more than that of a smaller molecule, i.e., CO2 

[25].  However, more condensable penetrants, i.e., CO2, may plasticize the polymer to a 

certain extent, leading to an increase in polymer free volume and a decrease in Tg, which 
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could accelerate physical aging [26-28].  Such an interplay between CO2-induced 

plasticization and physical aging was observed by Horn et al., who investigated the 

influence of CO2 on physical aging of thin Matrimid polyimide films [28].   

 

 

Figure 6.3: Influence of toluene (activity = 0.28, 1700 ppm) on gas/vapor mixed-gas 

CH4 relative permeability ( ) of HAB-6FDA TR450 at 9.7 atm CH4 

fugacity and 35 oC.  Toluene-free CH4 permeability ( ) was monitored 

over time and served as the control. 

 

 The toluene effect on gas/vapor mixed gas CH4 permeability was similar to that 

observed for CO2.  After toluene was introduced to the feed, CH4 permeability 

decreased to about 3.6% of its initial value within 24 h and remained stable at this value 

for 3 days.  Then, after 3 days, the toluene was removed from the feed, and CH4 
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permeability initially recovered to about 80% of its pre-exposure value within three days, 

and gradually increased to about 90% of its pre-exposure value over the next five days.  

The main differences between the gas/vapor mixed gas CO2 and CH4 permeation 

behavior were the extents of permeability decrease upon toluene exposure and 

permeability recovery after toluene removal.  As already mentioned, CH4 has a larger 

kinetic diameter (3.8 Å) than CO2 (3.3 Å) [23], so CH4 permeability should be more 

sensitive to any free volume changes due to antiplasticization [20].  Moreover, 

competitive sorption in the CH4/toluene mixture should decrease the sorption of CH4 

more than that of CO2, since CH4 is less condensable (Tc = 190.6 K [24]) than either CO2 

(Tc = 304.2 K [24]) or toluene (Tc = 591.8 K [24]) [29, 30].  Therefore, it is reasonable 

that CH4 permeability decreased more than that of CO2 when toluene was present.   

 After toluene was removed, gas/vapor mixed gas CH4 permeability recovered 

more gradually than CO2 permeability.  In addition, within the time frame of the 

experiment and in contrast to CO2, CH4 permeability did not return to a level higher than 

expected based on the control experiment.  Because CO2 is more condensable than CH4 

and, thus, more soluble in HAB-6FDA TR450 [14], the combination of toluene and CO2 

appears to have conditioned (i.e., swelled) the polymer matrix more than the combination 

of toluene and CH4.  As a result, after toluene was removed from the feed, gas/vapor 

mixed gas CO2 permeability recovered more rapidly and to a greater extent than CH4 

permeability.   
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6.2.3 Influence of toluene on ternary mixed gas transport properties 

 Figures 6.4A and 6.4B present the influence of toluene, at an activity of 0.29 (i.e., 

940 ppm), on ternary mixed gas CO2 and CH4 relative permeabilities.  As presented in 

Figure 6.4A, the initial feed gas, prior to introduction of toluene, was a CO2/CH4 (50/50 

mol%) mixture at 35 oC and 8.9 atm CO2 fugacity (19.4 atm total feed pressure).  CO2 

and CH4 permeability coefficients were normalized to their respective binary mixed gas 

values (i.e., 490 Barrer for CO2 and 22.9 Barrer for CH4, cf., Table 6.3) before exposure 

to toluene.  First, binary mixed gas CO2 and CH4 permeabilities in a toluene-free feed 

were monitored over time as a control.  After about ten days of constant exposure to the 

feed mixture, there was little change in binary mixed gas CH4 permeability and a small 

decrease in binary mixed gas CO2 permeability.  Such changes in binary mixed gas 

permeability coefficients were less than those observed in the pure gas cases (cf., Figures 

3 and 4), even though penetrant fugacity values were similar in both cases.  One 

possibility is that at these permeation conditions, CH4 may antiplasticize the polymer to a 

certain extent, occupying the polymer free volume and reducing the aging rate.  Such 

antiplasticization effects may act against CO2-induced plasticization and accelerated 

aging effects, resulting in small changes in gas permeability coefficients.  Most previous 

physical aging studies using CH4 were at lower feed fugacities (~2atm) where CH4 might 

act more as an inert probe penetrant [57].  At the higher fugacities used in this study, 

CH4 may no longer be an inert probe molecule but may interact with (i.e., antiplasticize) 

the polymer matrix.  This effect may also partially explain why CH4 pure gas 
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permeabilities decreased less with time than pure gas CO2 permeabilities (cf., Figures 3 

and 4).  However, this explanation is only a hypothesis, and additional studies are 

needed in this area to clarify and separate these various effects.   

 

Figure 6.4: Influence of toluene (activity = 0.29, 940 ppm) on ternary mixed gas CO2 

and CH4 relative permeabilities of HAB-6FDA TR450.  The toluene-free 

feed gas in (A) was a CO2/CH4 (50/50 mol%) mixture at 8.9 atm CO2 

fugacity (19.4 atm total feed pressure) and 35 oC.  Toluene-free binary 

mixed gas CO2 and CH4 relative permeability coefficients were monitored 

over time as a control. 

 

 Next, the toluene influence on ternary mixed gas permeabilities was investigated 

using a fresh sample.  As shown in Figure 6.4B, after toluene was introduced into the 

feed, both CO2 and CH4 permeabilities decreased to about 6% of their initial values 

within 24 h and remained stable at this value for 3 days.  On Day 4, toluene was 

removed from the feed, and the ternary mixed gas CO2 and CH4 permeabilities increased 
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to roughly 110 % and 120 % of their respective pre-exposure values.  Because larger 

molecules, i.e., CH4, are more sensitive to increases in polymer free volume arising from 

penetrant-induced conditioning effects than smaller molecules [20, 23], i.e., CO2, it is 

reasonable that ternary mixed gas CH4 permeability recovered somewhat more than CO2 

after toluene was removed.  Apparently, the presence of all three penetrants led to 

sufficient conditioning to result in ternary mixed gas CH4 permeability coefficients 

increasing to levels above its pre-exposure value, something not observed in the absence 

of CO2 (cf., Figure 6.3). 

 Figure 6.5 compares the influence of toluene on gas/vapor and ternary mixed gas 

CO2 and CH4 relative permeabilities (Figure 6A) and selectivities (Figure 6B) at 35 oC.  

The CO2 and CH4 data in this figure are from Figures 6.2, 6.3, and 6.4B.  As shown in 

Figure 6.5A, after toluene was removed from the film, ternary mixed gas CH4 

permeability recovered more (~120% of pre-exposure permeability) than gas/vapor 

mixed gas CH4 permeability (~90% of pre-exposure permeability) over the time scale of 

this experiment.  On the other hand, ternary mixed gas CO2 permeability recovered less 

(~110% of pre-exposure permeability) than gas/vapor mixed gas CO2 permeability 

(~135% of pre-exposure permeability).  These differences in permeability recovery 

behavior support the earlier hypothesis that the combination of toluene and CO2 

potentially induces greater conditioning effects than the combination of toluene and CH4.   

As a result, after toluene was removed, CO2 experienced the largest increase in gas/vapor 

mixed gas relative permeability, and CH4 experienced the largest increase in ternary 

mixed gas relative permeability.    
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Figure 6.5: Influence of toluene, at an activity of 0.28-0.29, on gas/vapor (filled 

symbols) and ternary (open symbols) mixed gas CO2 and CH4 (A) relative 

permeability and (B) selectivity at 35 oC.  The CO2 and CH4 data in this 

figure were from Figures 6.2, 6.3, and 6.4B.  In (A), the squares represent 

CH4 relative permeability values, and the triangles represent CO2 

permeability values. 

 

 As shown in Figure 6.5B, after toluene was introduced to the feed, gas/vapor and 

ternary mixed gas CO2/CH4 selectivities initially increased.  Both mixed gas cases 

exhibited similar CO2 permeability reductions, but gas/vapor mixed gas CH4 permeability 

decreased more than ternary mixed gas CH4 permeability in the presence of toluene.  As 

a result, the increase in gas/vapor mixed gas CO2/CH4 selectivity (from 19.5 to 42) was 

greater than that in the ternary mixed gas case (from 21.4 to 24).  After toluene was 

removed, over the time scale of the experiment, gas/vapor mixed gas CO2/CH4 selectivity 

was consistently higher than ternary mixed gas CO2/CH4 selectivity.  Comparison of 
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these transport properties indicates that the influence of toluene on ternary mixed gas 

permeation can be quite different from that on gas/vapor mixed gas transport properties.  

These trends are discussed further below, after a short discussion on toluene vapor 

sorption to assist in explaining these phenomena.   

 

6.2.4 Toluene sorption and desorption  

 Sorption of gases and vapors in glassy polymers is commonly described using the 

dual mode sorption model [2, 23, 32]:  

                       𝐶𝐴 = 𝑘𝐷𝐴
𝑓𝐴 +  𝐶𝐻𝐴

′ 𝑏𝐴𝑓𝐴

1+𝑏𝐴𝑓𝐴
                  (6.1) 

where 𝑓𝐴  is fugacity of A, 𝑘𝐷𝐴
 is the Henry’s law solubility constant, 𝐶𝐻𝐴

′  is the 

Langmuir sorption capacity, and 𝑏𝐴 is the Langmuir affinity parameter. 

 To shed further light on the effect of toluene on the CO2 and CH4 transport 

properties, the sorption of toluene vapor was measured.  Figure 6.6 presents toluene 

sorption and desorption isotherms.  The isotherms are concave to the activity axis, 

which is consistent with dual mode sorption behavior typically observed in glassy 

polymers [17, 23].  The dual mode model (Equation (6.1)) was fit to the sorption data.  

In addition, Equation (6.1) was used to divide sorption into Langmuir and Henry’s law 

contributions.  At low toluene activities (≤ 0.3), the rapid increase in toluene sorption 

with penetrant activity is mainly attributed to toluene’s occupation of Langmuir sites in 

HAB-6FDA TR450, although there is some contribution of Henry’s law sorption, 
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particularly at activities above 0.1.  At higher toluene activities (> 0.3), the Langmuir 

sites were mostly filled, and sorption takes place mainly in the Henry’s law sites. 

Typically, penetrant sorption in the Henry’s law region correlates strongly with polymer 

swelling and conditioning effects [33, 34]. 

 

 

Figure 6.6: Toluene sorption and desorption isotherms in HAB-6FDA TR450 at 35 oC.  

Dual mode parameters were obtained by fitting Equation (6.1) to the 

experimental sorption data.  The Langmuir and Henry’s law contribution to 

the toluene sorption isotherm were determined using Equation (6.1).  The 

saturation fugacity (fsat) of toluene was determined by first calculating the 

toluene vapor pressure using Antoine’s equation [24], and then calculating 

the corresponding fugacity using the second virial coefficient equation of 

state [35].  The resulting value for fsat at 35 oC was 0.0624 bar. 

 

 Figure 6.6 shows some hysteresis, likely due to polymer conditioning, during 

desorption [36].  As the external toluene activity is gradually reduced, penetrant-
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conditioned polymer may not immediately return to its preconditioned state [26, 37].  

Such long-lived changes in polymer structure could persist over the experimental time 

scales of interest in this study.  For example, even after the sample was exposed to 

dynamic vacuum for six days, which was comparable to the time scale of the permeation 

recovery phase in mixed gas tests (cf., Figure 6.4B), some residual toluene (~14 

cm3(STP)/cm3 polymer) remained in the film.  Omole et al. reported a similar 

observation and attributed this behavior to slow toluene desorption [30].  In this case, 

high toluene affinity for the Langmuir sites and the large size of toluene may slow the 

desorption process.   

 Table 6.4 compares toluene dual mode parameters with those of other penetrants 

in HAB-6FDA TR450 [14].  Smith et al. reported sorption isotherms of CO2, CH4, O2, 

and N2 in HAB-6FDA TR450 at 35 oC [14].  Even though a thicker film with a 

somewhat lower TR conversion (cf., Table 6.1) was used by Smith et al., we can at least 

qualitatively compare the dual mode parameters for different penetrants in the polymer.  

Because toluene is more condensable than either methane or carbon dioxide [20], toluene 

sorption in the Langmuir domains will be heavily favored relative to that of the other 

gases due to competitive sorption.  This preferential sorption of toluene is demonstrated 

in Table 6.4, in which the Langmuir affinity parameter, b, of toluene (967 atm-1) is much 

larger than that of CO2 (0.53 atm-1) or CH4 (0.16 atm-1).  Penetrant solubility in 

polymers typically correlates strongly with their condensability (e.g., critical temperature 

or normal boiling point) [38].  When considering penetrants whose critical temperatures 

span broad ranges, solubility coefficients are often correlated with the critical temperature 



 

 

170 

squared [39].  Such a correlation is shown in Figures 6.7A and 6.7B, which present the 

Langmuir affinity parameter and the Henry’s law constant as a function of critical 

temperature squared on semilog scales.  A good correlation of these dual mode 

parameters with Tc
2 is observed, despite the somewhat different thicknesses and 

conversions of the samples used to gather the data. 

 

Sample Penetrant 

Dual-mode sorption parameters  

kd 

(cm3 (STP)/(cm3 

polymer atm)) 

CH′ 

(cm3 (STP)/ 

cm3 polymer) 

b 

(atm-1) 
Reference 

HAB-6FDA 

TR450 

Toluenea 737 38 967 This study 

CO2
b 1.6 62 0.53 

[14] 
CH4

b 0.49 36 0.16 

O2
b 0.34 25 0.11 

N2
b 0.25 21 0.084 

a 6 µm film, 84% TR conversion 
b 40 µm film, 76% TR conversion 

 

Table 6.4: Comparison of dual-mode sorption parameters of gas penetrants in HAB-

6FDA TR450 at 35 oC. 
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Figure 6.7:  (A) The Langmuir affinity constant and (B) the Henry’s law solubility 

constant of HAB-6FDA TR450 as a function of gas critical temperature 

squared.  The dual-mode parameters of CO2, CH4, O2, and N2 are from 

literature [14].   

 

6.2.5 Influence of toluene activity on ternary mixed gas transport properties 

 Figure 6.8 presents the influence of toluene activity on ternary mixed gas CO2 and 

CH4 relative permeabilities in HAB-6FDA TR450 at 35 oC.  Filled symbols indicate 

permeability coefficients measured as toluene activity in the feed was initially increased, 

and open symbols indicate permeability coefficients measured as toluene activity was 

subsequently decreased.  The feed gas was an equimolar CO2/CH4 mixture at 4.7 atm 

CO2 fugacity (9.9 atm total pressure).  At each toluene activity, sufficient time was 

allowed for permeation to reach pseudo-steady state conditions (usually about 24 h, 

except at a toluene activity of 0 after toluene was desorbed from the film, at which 
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permeation required 7 days to reach pseudo-steady state) before any permeation 

measurements were recorded.  Therefore, the time to complete this experiment was 

about 7 days as toluene concentration in the feed increased and about 13 days as toluene 

concentration in the feed decreased.  As presented in Figure 6.8, both ternary mixed gas 

CO2 and CH4 permeability coefficients initially decreased strongly with increasing 

toluene activity, up to an activity of 0.1.  For example, CO2 and CH4 permeability 

coefficients decreased to about 16% of their pre-exposure values at a toluene activity of 

0.03, and they decreased to about 7% at a toluene activity of 0.08.  As shown in Figure 

6.6, over the same range of toluene activity (0 - 0.1), the majority of toluene sorbed into 

the Langmuir sites in the polymer matrix, suggesting that competitive sorption is a 

contributing factor to reduced permeabilities in the presence of toluene.   
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Figure 6.8: Influence of toluene activity on normalized CO2 ( ) and CH4 ( ) 

permeability (50/50 mol% CO2/CH4 feed) at 4.7 atm CO2 fugacity (9.9 atm 

total pressure) and 35 oC.  Filled symbols indicate permeabilities measured 

during toluene sorption, and open symbols indicate permeability measured 

during toluene desorption.   

 

 Another factor potentially contributing to the ternary mixed gas CO2 and CH4 

permeability decrease is antiplasticization [40-43].  To qualitatively describe the relative 

influence of competitive sorption and antiplasticiation by toluene on CO2 or CH4 

permeability, the partial-immobilization dual mode model for binary penetrant mixtures 

was used [44]:  

               𝑃𝐴 =  𝑘𝐷𝐴
𝐷𝐷𝐴

+ 𝐶𝐻𝐴

′ 𝐷𝐻𝐴

𝑏𝐴

1+𝑏𝐴𝑓𝐴+𝑏𝐵𝑓𝐵
              (6.2) 
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where 𝐷𝐷𝐴
 and 𝐷𝐻𝐴

 are the diffusion coefficients associated with penetrant populations 

in the Henry’s law and Langmuir modes, respectively.  PA is the permeability of species 

A, and fA is the fugacity of A.  𝐶𝐻𝐴

′ , 𝑏𝐴, and 𝑘𝐷𝐴
 are the dual mode model parameters 

defined earlier.  Table 6.5 presents projected dual mode parameters for an equimolar 

CO2/CH4 binary mixture in HAB-6FDA TR450 (84% TR conversion).  The projected 

values were estimated based on reported dual mode parameters for HAB-6FDA TR 

polymers at lower TR conversions [12], and a detailed description of the estimation 

strategy is included in Appendix C.   

 

Sample Gas 
𝑘𝐷𝐴

𝐷𝐷𝐴
 

(Barrer) 

𝐶𝐻𝐴

′ 𝐷𝐻𝐴
 

(Barrer atm) 

b 

(atm-1) 

HAB-6FDA TR450 

(84% TR conversion) 

CO2 380 2300 0.16 

CH4 18.9 240 0.038 

 

Table 6.5: Estimated dual mode parameters for an equimolar CO2/CH4 binary mixture 

in HAB-6FDA TR450 (84% TR conversion).  The dual mode values were 

estimated based on reported data for HAB-6FDA TR polymers at lower TR 

conversions [12], and the estimation strategy is described in more detail in 

Appendix C. 

 

 The first term on the right hand side of Equation (6.2) describes gas permeation in 

the Henry’s law mode, and the second term describes gas permeation in the Langmuir 

mode.  If toluene occupied all of the Langmuir sites, CO2 or CH4 would permeate only 

through the Henry’s law mode and, according to Equation (6.2), penetrant permeability 

would approach a value of 𝑘𝐷𝐴
𝐷𝐷𝐴

, which is 380 Barrer for CO2 or 18.9 Barrer for CH4 

(cf., Table 6.5).  For an equimolar CO2/CH4 mixture at 4.7 atm CO2 fugacity, CO2 and 
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CH4 binary mixed gas permeability coefficients (cf., Table 6.3) would decrease by about 

33% and 21%, respectively,    if the Langmuir domains were completely inaccessible 

to CO2 or CH4.  However, as shown in Figure 6.8, at the lowest toluene activity 

considered (0.03), CO2 and CH4 permeability decreased by more than 80%, which is 

much more than might be expected based on competitive sorption alone.  Thus, in 

addition to decreases in sorption coefficients due to toluene competitive sorption, the CO2 

and CH4 diffusion coefficients were also likely decreased due to antiplasticization effects. 

Based on this analysis, at low toluene activities, antiplasticization is more important than 

competitive sorption.   

 Omole et al. reported a similar observation in a study of toluene effect on mixed 

gas CO2 and CH4 permeation properties of a crosslinked polyimide hollow fiber [20].  

Omole et al. postulated that toluene-induced antiplasticization reduced polymer chain 

mobility and hindered the transient gap formation required for penetrants diffusion, 

thereby decreasing diffusion coefficients [20].  In another study investigating the 

contaminant influence on CO2 and CH4 transport properties, White et al. reported that the 

gas permeation properties of a 6FDA-containing polyimide are more sensitive to 

contaminants, at saturation conditions, than that of cellulose acetate (CA) [45].  

Additionally, White et al. speculated that diffusivity, which is sensitive to structural 

changes promoted by contaminant-induced plasticization at high activities, contributed 

more to gas selectivity of the polyimide than that of CA.  Therefore, for highly size- 

selective materials such as the polyimide considered, plasticization appeared to be a more 

important factor than competitive sorption.  This speculation is consistent with our 
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findings, where at low toluene activities, antiplasticization appears to be more important 

than competitive sorption.   

 In any case, determining precise competitive sorption and antiplasticization 

effects on gas transport properties is difficult.  As mentioned earlier, there can be a 

variety of effects on gas permeation properties depending on both the contaminant and 

the polymer of interest [45], which highlights the complexity of the observed gas 

transport behavior.  Additionally, an unambiguous determination of dual mode 

parameters, especially in a ternary mixture, can be difficult. Because verification of the 

dual mode model in such complex cases is not well-established, a quantitative analysis of 

antiplasticization and competitive sorption effects is beyond the scope of this study.   

 As presented in Figure 6.8, as toluene desorbed from the film after reaching the 

maximum activity considered (0.7), ternary mixed gas CH4 permeabilities were slightly 

higher than those measured during toluene sorption, possibly due to conditioning effects 

(i.e., swelling) induced by the ternary gas mixture.  After toluene was removed from the 

feed gas mixture, CO2 and CH4 permeability coefficients returned to about 84% of their 

respective pre-exposure values and remained at that level for the duration of the 

experiment, which was about six days.  Such permeability recovery behavior is 

somewhat different from that presented earlier (cf., Figure 6.4B), where within 24 h of 

toluene (activity ~ 0.28 in the feed gas) removal, both CO2 and CH4 ternary mixed gas 

permeability coefficients increased to levels above their pre-exposure values.  Because 

toluene concentration in the Henry’s law sites is linearly correlated with toluene activity 

(cf., Figure 6.6), toluene-induced conditioning should be more extensive at an activity of 
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0.7 than that at an activity of 0.28.  Additionally, complete toluene desorption from the 

sample may require long time frames, so after reaching an activity of 0.7, some residual 

toluene might remain in the film over the experimental time scale of interest in this study 

(cf., Figure 6.6).  Any residual toluene in the sample could continue to exert competitive 

sorption and antiplasticization effects, thereby inhibiting CO2 and CH4 permeabilities 

from returning to pre-exposure (or higher) values.  

 Figure 6.9 presents the influence of toluene sorption and desorption on ternary 

mixed gas CO2/CH4 selectivity values, which were calculated based on the data presented 

in Figure 6.8.  During toluene sorption, CO2/CH4 selectivity initially increased from 

23.4 for a toluene-free binary mixed gas feed to 25.3 for a ternary mixed gas feed at a 

toluene activity of 0.08, and then decreased monotonically to 20.3 at a toluene activity of 

0.7.  The initial increase in selectivity may be due to antiplasticization and competitive 

sorption effects, both of which would decrease permeability more for the larger, less 

soluble molecule (i.e., CH4) than for the smaller, more soluble molecule (i.e., CO2), 

thereby increasing CO2/CH4 selectivity [12, 40, 46].  At higher toluene activities, the 

Langmuir domains become saturated and additional toluene sorption occurs mainly in the 

Henry’s law mode (cf., Figure 6.6), promoting polymer swelling.  Such swelling would 

tend to weaken the size-sieving ability of the polymer, leading to a decrease in CO2/CH4 

selectivity.  As toluene activity was reduced, the polymer chains remained in a more 

swollen, conditioned state, and selectivity was relatively unchanged.  Finally, as toluene 

activity in the feed decreased to below 0.16 (< 1000 ppm), less toluene would be sorbed 

in the Langmuir sites, and conditioning-induced swelling would begin to relax.  Both of 
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these factors would increase CO2/CH4 selectivity, in this case back to essentially the pre-

exposure level.   

 

 

Figure 6.9: Influence of toluene sorption and desorption on CO2/CH4 selectivity (50/50 

mol% CO2/CH4 feed) at 4.7 atm fugacity of CO2 (9.9 atm total pressure) and 

35 oC.   
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Chapter 7: Effect of UV irradiation and physical aging on O2 and N2 gas 

transport properties of thin glassy poly(arylene ether ketone) films 

based on tetramethyl bisphenol A and 4,4'-difluorobenzophenone 1 

  

 Modification of membranes to improve gas separation properties has been of 

considerable interest.  Crosslinking is one route to modify membranes, but such studies 

need to be performed on thin membranes to quantify the impact of such modifications at 

thicknesses relevant to industrial membranes.  In this study, the influences of UV 

irradiation and physical aging on O2 and N2 gas permeation properties of thin (~ 150 nm) 

glassy poly(arylene ether ketone) (PAEK) films at 35 oC and 2 atm were investigated.  

Thin PAEK films, prepared from tetramethyl bisphenol A (TMBPA) and 4,4'-

difluorobenzophenone (DFBP), were UV irradiated on both sides in air or N2 at 254 nm 

or 365 nm, which induced crosslinking and, in some cases, photooxidation.  Gas 

permeability decreased and O2/N2 selectivity increased as UV irradiation and aging time 

increased.  At 254 nm, samples irradiated in air have lower permeability coefficients 

and higher selectivities than samples irradiated in N2, which was ascribed to additional 

decreases in free volume due to photooxidation in samples irradiated in air.  

Additionally, samples irradiated in air at 254 nm exhibit less physical aging than 

uncrosslinked and samples irradiated in N2at 254 nm, possibly due to interactions among 

                                                 

1 This appendix has been adapted from: Liu, Q., Shaver, A.T., Chen, Y., Miller, G., Paul, D.R., Riffle, J.S., 

McGrath, J.E., Freeman, B.D., Effect of UV irradiation and physical aging on O2 and N2 gas transport 

properties of thin glassy poly(arylene ether ketone) films based on tetramethyl bisphenol A and 4,4′-

difluorobenzophenone (in preparation). 
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photooxidative polar products that may restrict polymer chain mobility, thereby lowering 

the aging rate.  The influence of water vapor on physical aging of samples irradiated in 

air was examined.  Finally, irradiation at 254 nm leads to more extensive crosslinking 

and/or photooxidation than irradiation at 365 nm, possibly due to greater UV absorption 

by the polymer and the higher probability of radical formation at the lower wavelength. 

 

7.1 INTRODUCTION 

 Polymers with high permeability, high selectivity, and long term stability are 

desired for gas separation applications, and glassy polymers are typically used.  

However, the inherent non-equilibrium state of glassy polymers causes physical 

properties, including gas transport properties, to drift with time towards a seemingly 

unattainable equilibrium in a process known as physical aging [1, 2].  As film thickness 

decreases into the range (~ 0.1 µm [3-5]) relevant for commercial gas separation 

membranes, gas permeability decreases more rapidly, suggesting accelerated aging in 

thin films [6-8].  While this phenomenon is not completely understood, it is believed to 

be connected to differences in polymer chain mobility at the surface versus the bulk of 

the films.  As thickness decreases, from the tens of microns often used in initial 

screening of gas transport properties to 100 nm or less, surface to volume ratio increases 

enormously, so the influence of surface properties of such thin films on other properties 

(e.g., gas permeability) becomes much more important.   
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 One route to modifying existing polymers to achieve better gas separation 

properties is via crosslinking.  Introducing crosslinks into some polymers can improve 

selectivity without significant losses in permeability [9].  Crosslinking reactions may 

occur by either step-growth polymerization, such as reaction of an amine with an epoxy 

at elevated temperature [10, 11], or by chain-growth polymerization, which can be 

activated thermally or by irradiation, such as exposure to UV light [12, 13].  For 

example, Kita et al. studied the effect of UV irradiation on gas transport properties of a 

benzophenone-containing polyimide prepared from 3,3′, 4,4′-benzophenone 

tetracarboxylic dianhydride (BTDA) and 2,4,6-trimethyl-1,3-phenylene-diamine (TMPD) 

[9].  After 30 minutes of irradiation in air, the H2/CH4 selectivity of BTDA-TMPD 

increased by a factor of 50, whereas H2 permeability decreased by a factor of only 5.  

Kita et al. concluded that the selectivity increase upon UV exposure was mainly due to 

changes in gas diffusion coefficients [9].  Similar observations were reported in a study 

involving polyarylates [14].  In these studies, polymer film thicknesses on the order of 

tens of microns were used.  However, for thick aromatic polymer films absorbing 

significantly in the UV range, the radiation penetration depth may be small, thereby 

promoting crosslinking at and near the film surface but not much at the center of a film, 

yielding non-uniform crosslinking throughout the film [14, 15].  McCaig et al. 

investigated the influence of UV irradiation in N2 and physical aging on gas transport 

properties of thin polyarylate films (≤ 1 µm).  Both crosslinking and aging decreased 

gas permeability and increased selectivity, but the gain in selectivity from crosslinking 

was more pronounced than that due to aging.  In addition, crosslinked samples exhibited 
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slower aging than uncrosslinked samples, and this effect was attributed to the lower free 

volume of the crosslinked samples [16].  From a fundamental perspective, it is of 

interest to study uniformly irradiated samples, but the thicknesses required (<1 µm) can 

be in the range where physical aging effects become significant, so careful experimental 

design is required to separate these effects. 

 The irradiation environment can also influence gas transport properties.  Meier et 

al. investigated the effect of UV irradiation in air or N2 on permeation properties of a an 

uncrosslinkable polyimide [17, 18].  Pure-gas O2/N2 selectivity increased by 80% after 

the sample was irradiated in air for 30 minutes.  However, the O2/N2 selectivity did not 

change after UV irradiation in N2.  FTIR analysis revealed that photooxidation products, 

such as hydroxyl and carbonyl groups, formed in the sample irradiated in air, but not in 

the sample irradiated in N2.  Meier et al. concluded that photooxidation induced polymer 

densification and found polar groups at the surface.  These polar groups can interact via 

hydrogen bonding, lower polymer free volume, and increase gas selectivity.  Similar 

photooxidative effects were observed in other studies involving both uncrosslinkable and 

crosslinkable polyimides [19-21].   

 This study investigated the influence of UV irradiation and physical aging on gas 

transport properties of ultra-thin glassy poly(arylene ether ketone) (PAEK) films (l ~ 150 

nm) prepared from tetramethyl bisphenol A (TMBPA) and 4,4'-difluorobenzophenone 

(DFBP).  The chemical structure and bulk properties of TMBPA-BP are presented in 

Table 7.1 [22].  This polymer was chosen because the tetramethyl substitution helps to 

reduce the efficiency of polymer chain packing, thereby increasing the polymer free 
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volume and improving gas permeability and provides an abundant source of benzylic 

methyl groups for crosslinking reactions [23].  In addition, the benzophenone moiety is 

a well-known photosensitizer that can be excited upon irradiation at 250-370 nm to 

initiate crosslinking between polymer chains [24, 25].  The uniformity of irradiation 

throughout the sample depth was estimated using UV-Vis spectroscopy, and the progress 

of crosslinking and photooxidation was monitored using Fourier transform infrared 

spectroscopy (FTIR).  The effects of irradiation time, irradiation environment (air vs. 

N2), and irradiation wavelength (254 nm vs. 365 nm) on gas transport properties and 

aging behavior were explored.  

 

Polymer 
Tg 

(oC) 

Density 

(g/mL) 
FFV 

Permeability 

(Barrer)1 Selectivity 

O2/N2
1 O2 N2 

TMBPA-BP 

 
 

215 1.092 0.167 4.5 0.84 5.4 

1Gas transport properties measured at 35 oC and 10 atm.   

Table 7.1: Bulk material properties of uncrosslinked TMBPA-BP.  

 

7.2 RESULTS AND DISCUSSION 

7.2.1 UV irradiation uniformity 

 One general question of interest in UV crosslinking is the crosslinking uniformity 

through the sample.  In the thin films considered in this study, we cannot directly 
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measure the extent of crosslinking as a function of depth into the sample.  However, we 

can estimate the uniformity of UV irradiation throughout the sample.  Presumably, more 

uniform irradiation throughout the sample will contribute to more uniform crosslinking.  

The UV intensity at any point in a film, I, can be estimated using the Beer-Lambert law 

[14]: 

                       𝐼 = 𝐼0 × 10−𝐸𝐶𝐷 =  𝐼0 × 10−𝐴                  (7.1) 

where I0 is the incident UV intensity, E is the extinction coefficient, C is the 

concentration of photoactive species in the film, D is the path length, and A is the 

absorbance.  As UV irradiation penetrates deeper into these aromatic polymer films, its 

intensity will decrease due to absorption of light by the polymer.  If there is a sharp 

gradient of UV intensity between the surface and the center of a film, the resulting 

crosslinking may not be uniform.  For such a non-uniform crosslinked material, the 

measured gas permeability would not represent the intrinsic property of a homogeneously 

crosslinked polymer and, therefore, could not be directly compared with the permeability 

of uncrosslinked samples or other non-uniform crosslinked samples.   

 Fig. 7.1A presents the UV-VIS spectra of TMBPA-BP films of different 

thicknesses.  A strong band at ~200 nm represents the π→π* transition associated with 

the benzophenone excitation, and a weaker band at ~280 nm represents the n→π* 

transition [24].  As film thickness decreases, the absorbance at 254 nm (i.e., one of the 

crosslinking wavelengths considered) decreases.  Because the product EC in Equation 

(7.1) is a material property and is, therefore, independent of film thickness, absorbance 
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should be linearly correlated with film thickness, as shown in Fig. 7.1B.  Using 

Equation (7.1), relative UV intensity at any depth in a film can be calculated.  Fig. 7.1C 

shows a calculated profile of relative UV intensity for TMBPA-BP films of different 

thicknesses.   Normalized film thickness values of 0 and 1 correspond to the two 

surfaces of a film.  Because each film was irradiated for the same amount of time on 

each side, the calculated UV intensity profile has a parabolic shape.  To increase the 

uniformity of an irradiated sample, the film needs to be thin enough so that the UV 

intensity at the center of the film is as similar as possible to that at the surface.  As 

shown in Fig. 7.1C, the profile becomes more uniform as film thickness decreases.  For 

example, for a 259 nm TMBPA-BP film, there is a 32% difference between the UV 

intensity at the surface and the center of the film.  For a 145 nm film, there is only a 

14% difference between the UV intensity at the surface and the center of the film.  

Hypothetically, films thinner than 145 nm would have an even more uniform irradiation, 

but to consistently make defect-free films at such thicknesses is very difficult.  As a 

result, films of around 145 nm were used for this study to balance the competing needs 

for relatively uniform irradiation and the practicality of making very thin, defect-free 

films. 
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Figure 7.1: (A) Effect of film thickness on UV-Vis spectra of TMBPA-BP films. (B) 

Effect of film thickness on UV absorbance at 254 nm.  (C) Calculated UV 

intensity profile at 254 nm in TMBPA-BP films of various thicknesses. 
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 Because PDMS is coated onto the glassy polymer to prevent pinholes from 

affecting the transport results, one question is whether the PDMS layer may significantly 

shield the UV light from the underlying glassy polymer, thereby affecting the irradiation 

uniformity in the glassy polymer.  Fig. 7.2A presents the UV-Vis spectrum of a 

TMBPA-BP film (l=145 nm) and a crosslinked PDMS film (l = 6 µm).  The absorbance 

for PDMS is very low at wavelengths above 250 nm.  At an irradiation wavelength of 

254 nm, the PDMS absorbance (0.069) is 85% lower than that of the TMBPA-BP thin 

film (0.475).  Fig. 7.2B presents the calculated UV intensity profile at 254 nm for 

TMBPA-BP films with or without PDMS coating.  Because the PDMS coating is 

applied to only one side of the film (at a normalized film thickness = 1 in Fig. 7.2B), the 

addition of PDMS skews the UV profile slightly away from the center.  The maximum 

difference in UV intensity between the film surface and the interior is 14% for the 

TMBPA-BP film without a PDMS coating and 17% for the film with a PDMS coating.  

Therefore, the influence of the PDMS layer on UV irradiation uniformity is believed to 

be small. 
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Figure 7.2: (A) UV-Vis spectra for TMBPA-BP and PDMS. (B) Calculated UV 

intensity profile at 254 nm in TMBPA-BP films (l = 145 nm) with and 

without a PDMS coating. 

 

 Additionally, UV treatment at 254 nm and 365 nm is not expected to change the 

physical and gas transport properties of PDMS.  PDMS is generally stable against UV 

irradiation at wavelengths above 200 nm [26, 27].  Below 200 nm, UV irradiation in air 

can promote ozone formation, which may induce polymer chain scission and oxidation of 

PDMS to SiO2 at the polymer-air interface, thereby affecting PDMS physical properties 

[27-29].  However, at the wavelengths considered in this study (i.e., 254 nm and 365 

nm), UV absorbance in PDMS is small (cf., Fig. 7.2A).  Because light must be absorbed 

for photochemical reactions to occur (i.e., the Grotthuss-Draper law) [30], little 

photochemical activity, and thereby physical property changes, are expected at 254 nm 

and 365 nm.   
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 Because UV absorbance at 365 nm is much lower than that at 254 nm (cf., Fig. 

7.1A), irradiation at 365 nm is more uniform than at 254 nm.  For example, the 

absorbance of a 145 nm thick TMBPA-BP film at 365 nm (0.112) is 76% lower than that 

at 254 nm (0.475).  As a result, at 365 nm, the difference between the UV intensity at 

the surface and center of a 145 nm thick film is less than 1%, resulting in a relatively 

uniformly irradiated sample.    

    

7.2.2 Crosslinking and photooxidation  

 Crosslinking and photooxidation reactions via UV irradiation of benzophenone-

containing polymers have been reported [17, 18, 31].  Based upon previous studies, Fig. 

7.3 presents several reaction pathways that may occur to various extents.  Upon 

irradiation at 250-370 nm, benzophenone (BP) can be excited and abstract a labile 

hydrogen to yield carbon-centered radicals and benzylic radicals (reaction 1).  If oxygen 

is present, benzylic radicals (D) can react with oxygen to form peroxy radicals (E), which 

can then abstract another hydrogen to form peroxides (F).  Further UV irradiation and 

subsequent hydrogen abstraction decompose the peroxides to generate alkoxy radicals 

(G) and hydroxides (H) (reaction 2).   
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Figure 7.3: Expected mechanism of UV-induced crosslinking and photooxidation [17, 

18, 31]. 
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 Radicals can couple according to either the crosslinking or photooxidation 

pathways, as outlined in Fig. 7.3.  For crosslinking reactions, benzylic radicals can 

couple with carbon-centered radicals derived from the benzophenone (reaction 3) or 

benzylic radicals (reaction 4) to form crosslinks between polymer chains.  McCaig et al. 

speculated, based on CPK models, that steric hindrance might limit the benzylic-carbon 

radical coupling (reaction 3) [16], although this has not been proven.   

 Photooxidation reactions can occur via coupling of oxidized intermediates, 

according to reactions 5-7.  For example, benzylic radicals (D) can couple with either 

alkoxy (G) or peroxy (E) radicals to form aliphatic ethers (reaction 5) or peroxides 

(reaction 6), respectively.  However, because peroxides are typically not stable, they 

tend to rapidly dissociate to yield more alkoxy radicals (reaction 6).  Finally, alkoxy 

radicals (G) can couple with other alkoxy radicals (G) to form aldehydes, which can be 

subsequently oxidized to carboxylic acids (reaction 7).  Interactions among these polar 

groups, e.g., hydrogen bonding, etc., can potentially increase interchain cohesion, thereby 

decreasing polymer free volume and increasing gas selectivity [18]. 

 

7.2.3 FTIR characterization 

 Figs 7.4A-7.4C present FTIR spectra of TMBPA-BP films before and after UV 

irradiation under different conditions.  The peak at around 1650 cm-1 corresponds to the 

carbonyl group in the benzophenone moiety, and the peak near 1600 cm-1 is attributed to 

the stretching of substituted benzene moieties [31, 32].  The intensity of each spectrum 
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was normalized using the peak at 1600 cm-1 as an internal reference, which was assumed 

to remain unchanged with UV irradiation.   As shown in Fig. 7.4A and 7.4B, the 

carbonyl peak intensity at 1650 cm-1 decreases with increasing UV irradiation time.  

Concomitantly, a broad band at around 3500 cm-1, attributed to the stretching of hydroxyl 

groups generated via crosslinking and/or photooxidation [19, 32], forms and increases 

with increasing UV irradiation time.  In the spectra of samples irradiated in air at 254 

nm (Fig. 7.4A and 7.4C), a broad absorption at ~1730 cm-1, which is attributed to C=O 

stretching from aldehydes and carboxylic acids generated from photooxidation, emerges 

and increases in intensity with increasing irradiation time.  Interestingly, this band was 

also observed in the spectra of certain samples irradiated in N2 (e.g., “20, N2”, Fig. 7.4B).  

As described in the Experimental section, the glove box was purged with N2 until the O2 

level was below 0.1% by volume.  Thus, low levels of residual oxygen in the 

predominantly N2 atmosphere might have caused low levels of photooxidation, especially 

for samples irradiated for relatively long times.  Interestingly, as shown in Fig. 7.4C, 

samples irradiated in air and N2 at 365 nm have similar IR spectra to the uncrosslinked 

sample, suggesting that the irradiation dose at 365 nm may not have been sufficient to 

cause significant crosslinking or photooxidation for the irradiation times considered.   
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Figure 7.4: FTIR spectra of TMBPA-BP films before and after UV irradiation.  

Samples in (A) and (B) were irradiated at 254 nm and are designated by the 

total irradiation time (in min) and the irradiation environment.  Samples in 

(C) were irradiated for 10 min (5 min/side) and are designated by the 

irradiation environment and irradiation wavelength.  All samples were 150-

170 nm thick. 
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 The progress of crosslinking and/or photooxidation can be monitored by 

observing the decrease in the benzophenone ketone absorption (1650 cm-1) in the FTIR 

spectra with irradiation.  Fig. 7.5 presents the relative BP absorption as a function of 

irradiation time.  The relative amount of absorption at 1650 cm-1 was calculated by 

dividing the BP absorption of irradiated samples by that of an uncrosslinked sample.  

Because variations in sample thickness were small (< 10%), they are not expected to 

significantly affect the FTIR absorption intensities.  As irradiation time and energy 

increase, the relative BP absorption decreases as BP undergoes excitation and forms 

crosslinks or photooxidation products.  Samples irradiated in air undergo photooxidation 

in addition to crosslinking, so they experience a greater reduction in BP absorption than 

samples irradiated in N2.  For example, after irradiation at 254 nm for 10 min, the 

relative BP intensity of a sample irradiated in air is 33% lower than that of a sample 

irradiated in N2.   
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Figure 7.5: Relative FTIR intensities of the benzophenone peak at 1650 cm-1 as a 

function of irradiation time, irradiation wavelength, and irradiation 

environment.  The ratio of A1650 to A1600 for the uncrosslinked sample is 

normalized to unity.   

 

 As shown in Fig. 7.5, for a fixed irradiation environment and exposure, irradiation 

at 254 nm results in lower BP intensities than at 365 nm, so UV irradiation at 254 nm 

may cause a greater extent of crosslinking and/or photooxidation than irradiation at 365 

nm.  In general, the amount of radicals generated via UV irradiation depends on the 

amount of UV energy absorbed by the polymer and the efficiency of the absorbed energy 

to form radicals [12, 33].  Table 7.2 characterizes the different UV irradiation methods 

considered in this study.  After undergoing irradiation for 10 min, polymers irradiated at 

254 nm absorbed more energy per unit area than those irradiated at 365 nm.  Moreover, 

because photons at 254 nm (472 kJ/mol) are more energetic than those at 365 nm (328 
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kJ/mol), photons at 254 nm are more likely to overcome the energy barrier (310 kJ/mol) 

required to promote the n→π* transition of benzophenone (cf.,  Fig. 7.1) [34, 35], which 

leads to more radicals available for photochemical reaction.  Consequently, due to 

greater UV energy absorption and a higher probability of radical formation, irradiation at 

254 nm may lead to more crosslinking and/or photooxidation than irradiation at 365 nm. 

 

 
Irradiation at 

254 nm 

Irradiation at 

365 nm 

Absorbancea 0.475 0.112 

UV intensity  

(mW/cm2) 
6.55 16.7 

Emitted energy per area  

after 10 min irradiation  

(mJ/cm2) 

3900 10,000 

Absorbed energy per area 

after 10 min irradiation  

(mJ/cm2)b 

2600 2300 

Irradiation dose  

After 10 min irradiation 

(kGy)c 

1.6×105 1.4×105 

 

a cf., Figure 7.1 
b determined using Equation (7.2) 
cestimated using the film thickness and the bulk film density (cf., Fig. 7.1),                                

1kGy = 1 kJ absorbed/kg of polymer 

 

Table 7.2: Characteristics of UV irradiation methods at 254 nm and 365 nm.  Films 

aretypically 150-170 nm thick.   

 

7.2.4 Influence of irradiation and environment on physical aging and gas transport 

properties 

 Fig. 7.6 presents O2 permeability (Fig. 7.6A) and relative O2 permeability             

(Fig. 7.6B) as a function of aging time for uncrosslinked and irradiated TMBPA-BP films 
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with thicknesses ranging from 150 to 170 nm.  The relative O2 permeability was 

calculated by dividing the O2 permeability coefficient (P) at a given aging time by its 

initial value (P0) at about 1 h of aging, which was the time at which the first permeation 

measurement could be conducted.  The films were irradiated at 254 nm, and they are 

designated by the total irradiation time and environment.  For example, “20, N2” 

indicates a sample irradiated in N2 at 254 nm for 20 min (10 min/side).  The initial O2 

permeability of the uncrosslinked thin film is higher than that of the bulk film (cf., Table 

7.1), indicating that additional free volume may have been captured in the thin film due 

to rapid quenching from above Tg [6-8, 16].  As aging time increases, free volume of 

glassy polymers typically decreases [36], leading to permeability decreases.  For 

example, the O2 permeability of the uncrosslinked sample decreases by almost 50% after 

about 1000 h of aging.       
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Figure 7.6: Influence of physical aging on: (A) oxygen permeability and (B) normalized 

oxygen permeability of uncrosslinked and irradiated TMBPA-BP films.  In 

(B), relative O2 permeability was calculated by dividing the O2 permeability 

(P) at a given aging time by its initial value (P0) at ~ 1 h of aging time.  

Samples were irradiated at 254 nm and they are designated by the total time 

(in min) and the environment of UV irradiation.  Lines are drawn to guide 

the eye. 

 

 The oxygen permeability also decreases with UV irradiation in either N2 or air, 

which may be due to a loss in polymer free volume with crosslinking and/or 

photooxidation [16, 19].  Interestingly, as shown in Fig. 7.6B, samples irradiated in N2 

display similar rates of permeability loss as that of the uncrosslinked sample.  Materials 

having different permeability coefficients yet similar aging rates have been reported in 

earlier studies [7, 37, 38].   For example, Kim et al. observed that a chemically 

crosslinked thin polyimide film (281 nm thick) had a similar aging rate as its 

uncrosslinked analog (312 nm thick), even though the initial O2 permeability of the 
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crosslinked sample was 57% lower than that of the uncrosslinked film [38].  Similar 

observations were also reported for thin films of polysulfone (annealed vs. non-annealed) 

[37] and poly(2,6-dimethyl-1,4-phenylene oxide) (semicrystalline vs. amorphous) [7].   

 The aging rate, according to the self-retarding aging model developed by Struik, 

can be expressed as the ratio of the driving force, i.e., the displacement of the specific 

volume at time t away from that at equilibrium, to a characteristic relaxation time, 𝜏, 

which is a function of the polymer’s current free volume state, glass transition 

temperature, Tg, and experimental temperature [2]: 

                      Aging rate ≡  
d𝑣

dt
=  

−(𝑣−𝑣∞)

𝜏 (𝑣,𝑇𝑔−𝑇)
                    (7.2) 

where v and 𝑣∞ are the specific volumes of the polymer at time t and at equilibrium, 

respectively.  One possible explanation for the similar aging rates of the uncrosslinked 

and samples irradiated in N2 is that the decrease in polymer free volume due to 

crosslinking may not be significant enough to considerably decrease the driving force, 

(i.e., lower 𝑣 − 𝑣∞), for aging.  In addition, the distance between crosslinks in samples 

irradiated in N2 may be large enough that local polymer segmental mobility is not 

significantly restricted by crosslinking, leading to small changes in relaxation time (i.e., 

higher 𝜏).  The net effect of these factors (i.e., lower 𝑣 − 𝑣∞ and higher 𝜏) should 

reduce the aging rate (cf., Equation (7.2)).  However, because samples irradiated in N2 

and the uncrosslinked polymer exhibit similar aging rates, the changes to the driving 

force and the relaxation time are likely minor.    
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 For a fixed UV irradiation time, samples irradiated in air have lower O2 

permeability than samples irradiated in N2.  In addition to crosslinking, photooxidation 

can occur due to irradiation in air, which introduces polar groups into the polymer matrix 

(cf., Fig. 7.4B).  Interactions among these polar groups, such as hydrogen bonding, etc., 

can increase interchain cohesion, thereby lowering free volume and gas permeability [17, 

18].  Moreover, such interactions may also restrict polymer chain mobility, increasing 

Tg, and according to Equation (7.2), increase the relaxation time, thereby decreasing the 

aging rate.  Consistent with this hypothesis, as shown in Fig. 7.6B, samples irradiated in 

air have lower aging rates than uncrosslinked polymer and samples irradiated in N2, and 

the aging rate of samples irradiated in air decreases as irradiation time increases.   

 In addition to the interactions described above, polar groups introduced by 

photooxidation can potentially increase polymer hydrophilicity [39].  Particularly in 

more hydrophilic polymers, water can influence physical aging [40].  To explore the 

potential influence of water on physical aging of polymers irradiated in air considered in 

this study, two fresh thin film samples were prepared and irradiated in air for 10 min (5 

min/side).  One film was kept in a permeation apparatus for up to 1000 hours.  Except 

during permeation measurements, which used dry O2 and N2, that film was aged in 

vacuum at 35 oC and, consequently, had minimal contact with water vapor.  The other 

sample was aged in a dark GC, which had a relative humidity of about 25%, at 35 oC.  

The relative humidity was measured using a VWR electronic digital humidity meter (P/N 

35519-055, VWR, Radnor, PA, USA).  After each permeation measurement, the sample 

was immediately removed from the permeation apparatus and continued aging in the 
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ambient atmosphere.  The aging behavior of these samples is presented in Fig. 7.7.   

During the first 21 h, each sample was kept in its respective permeation apparatus, so the 

samples were not exposed to water vapor, and the initial change in relative O2 

permeability with time is essentially identical for both samples.  After about 21 h, one 

sample was removed from its permeation system and aged in the ambient environment, as 

described above.  As shown in Fig. 7.7, the sample aged in the ambient environment, 

which contained water vapor at about 25% relative humidity, underwent accelerated 

aging relative to the sample aged in vacuum, which were not exposed to water.   
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Figure 7.7: Influence of aging environment on aging rate of air-irradiated TMBPA-BP 

thin films.  Relative O2 permeability was calculated by dividing the O2 

permeability (P) at a given aging time by its initial value (P0) at ~ 1 h of 

aging time.  The films were irradiated in air for 10 min (5 min/side) and 

were around 170 nm thick.  One sample was aged in vacuum at 35 oC, and 

the other sample was aged in vacuum for 21 hours before being 

subsequently aged in the ambient environment, which had a relative 

humidity of about 25%, at 35 oC. 

  

 This accelerated aging in the presence of water is similar to a phenomenon 

reported by Horn et al., who investigated the influence of long term CO2 exposure on 

aging behavior of thin Matrimid films (~200 nm) [41].  For a fixed feed pressure and 

temperature, CO2 permeability in Matrimid initially increases until a maximum is 

reached, then decreases for the remainder of the experiment.  Initially, CO2 plasticizes 

the polymer and increases gas permeability.  As the polymer is plasticized, its free 
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volume increases and Tg decreases, leading to an increase in the driving force for 

physical aging and a decrease in the relaxation time (cf., Equation (7.2)), which increases 

the aging rate.  Consequently, the influence of aging on permeability becomes more 

important, resulting in a decrease in CO2 permeability with time [41, 42].  A similar 

interplay between plasticization and physical aging may also be at work in this study.  

Because water (Tc = 647 K [43]) is a more condensable penetrant than CO2 (Tc = 304 K 

[43]), water can potentially plasticize the more hydrophilic air-irradiated samples, leading 

to accelerated aging process, as shown in Figure 7.7.  Of course, other components in 

the ambient environment, such as carbon dioxide or other species, may also have an 

impact on physical aging.  A more detailed and controlled study of aging environment 

influence on aging behavior deserves further investigation but it is beyond the scope of 

this study.  In any case, the observed dependence of aging rate on the aging environment 

highlights the importance of maintaining consistent aging conditions and reporting how 

samples are stored in between gas permeation measurements during aging studies.   

 Figure 7.8 presents the absolute (A) and relative (B) O2/N2 selectivity of 

uncrosslinked and irradiated samples as a function of aging time.  Relative selectivity 

was determined by dividing selectivity at time t by the initial selectivity, which was 

measured after about 1 h of aging.  The uncertainty for the 10 min, air-irradiated sample 

is presented, calculated based on uncertainties in permeability coefficients using 

propagation of errors [44].  The initial O2/N2 selectivity of the uncrosslinked sample is 

similar to that of the bulk film (cf., Table 7.1), indicating that the PDMS-coated thin film 

is essentially defect-free.  Selectivity generally increases with irradiation time and aging 
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time, although increases in selectivities from UV irradiation are greater.  This increase 

in selectivity can be attributed to potential densification of the polymer accompanying 

UV irradiation and physical aging, which should reduce free volume and increase the 

size-sieving ability of the polymer [16].  At a fixed irradiation time, air-irradiated 

samples have higher O2/N2 selectivity than N2-irradiated samples.  As mentioned earlier, 

air-irradiated samples undergo both crosslinking and photooxidation, which can 

effectively lower polymer free volume, restrict chain mobility, and improve selectivity [9, 

17, 20].  As a result of lower aging rates of air-irradiated samples (cf., Figure 7.6B), the 

O2/N2 selectivities of air-irradiated samples do not change much with aging time.   
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Figure 7.8: Influence of physical aging on: (A) O2/N2 selectivity and (B) normalized 

O2/N2 selectivity of uncrosslinked and crosslinked TMBPA-BP films.  In 

(B), data were normalized based on permeability at ~ 1 h of aging time.  

Samples were irradiated at 254 nm and they are designated by the total 

irradiation time (in min) and the irradiation environment.  Lines are drawn 

to guide the eye. 

 

 Fig. 7.9 presents the influence of UV irradiation and physical aging on O2/N2 

separation performance of TMBPA-BP thin films relative to the upper bound [45].  

Transport data for thin polysulfone (PSF) films (125 nm) are also included for 

comparison [8].  As polymers are UV-irradiated and undergo physical aging, the 

ensuing decrease in gas permeability and increase in selectivity moves transport 

properties in a direction parallel to but slightly away from the upper bound.  Similar 

trends were observed in previous studies of physical aging of uncrosslinked and non-

irradiated glassy polymers [7, 8, 46].   
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Figure 7.9: Influence of physical aging and UV irradiation on O2/N2 separation 

performance of uncrosslinked and UV-irradiated TMBPA-BP samples 

relative to the 1991 upper bound [45].  Samples were irradiated at 254 nm.  

All samples were 150-170 nm thick.  Transport data of ultra-thin 

polysulfone (125 nm thick) are also included for reference [8]. 

 

7.2.5 Influence of irradiation wavelength on physical aging and gas transport 

properties 

 Fig. 7.10 presents the influence of UV irradiation wavelength and environment on 

aging behavior of TMBPA-BP thin films.  Each crosslinked sample was irradiated for 

10 min total (5 min/side) and is designated by the irradiation environment and 

wavelength.  Similar to transport properties observed for samples irradiated at 254 nm, 

the sample irradiated in air at 365 nm has lower O2 permeability than that irradiated in N2 

at 365 nm, presumably due to some photooxidation in the sample irradiated in air, which 

can decrease the free volume.  However, the extent of photooxidation in the sample 
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irradiated in air at 365 nm is probably small (relative to that for samples irradiated at 

254nm), as is evident from the similar FTIR spectra of samples irradiated in air or N2 at 

365 nm (cf., Fig. 7.4C) and similar reductions in their benzophenone peak intensities 

after irradiation (cf., Fig. 7.5).  Consequently, films irradiated in air and N2 at 365 nm 

have similar O2/N2 selectivities, as shown in Fig. 7.10B.   

 

 

Figure 7.10: Influence of crosslinking wavelength and environment on: (A) O2 

permeability and (B) O2/N2 selectivity of uncrosslinked and irradiated 

TMBPA-BP thin films.  Each crosslinked sample was irradiated for 10 min 

total (5 min per side) and is designated by the irradiation environment and 

wavelength.  All samples were 150-170 nm thick.  Lines are drawn to 

guide the eye. 

 

 Samples irradiated at 254 nm have lower O2 permeabilities and higher O2/N2 

selectivities than samples irradiated at 365 nm.  This difference in transport properties, 
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as well as the lower benzophenone peak intensities for samples irradiated at 254 nm 

relative to those at 365 nm (cf., Fig. 5), supports the earlier hypothesis that irradiation at 

254 nm may lead to more extensive crosslinking and/or photooxidation than irradiation at 

365 nm. 

 Fig. 7.11 presents the influence of irradiation wavelength, irradiation 

environment, and physical aging on O2/N2 separation performance relative to the 1991 

upper bound [45].  Each crosslinked sample was irradiated for 10 min (5 min per side).  

Transport properties of polysulfone as well as uncrosslinked and crosslinked (irradiated 

in N2 at 365 nm for 7 min) tetramethyl bisphenol A benzophenone dicarboxylic acid 

(TMBPA-BnzDCA) are included for comparison [8, 16].  As shown in Fig. 7.11, at 365 

nm, the properties of samples irradiated in air are somewhat farther away from the upper 

bound than those of the samples irradiated in N2, because the samples irradiated in air 

have lower O2 permeability coefficients yet similar O2/N2 selectivities as those of the 

samples irradiated in N2.  On the other hand, at 254 nm, the samples irradiated in air 

have higher selectivities and lower O2 permeabilities than the samples irradiated in N2, 

presumably due to more extensive photooxidation at 254 nm.  In addition, as observed 

earlier, physical aging and UV irradiation move transport properties to the upper-left 

direction on paths that are parallel to but slightly away from the upper bound.   
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Figure 7.11: Influence of irradiation wavelength, irradiation environment, and physical 

aging on O2/N2 separation performance of uncrosslinked and crosslinked 

TMBPA-BP samples relative to the 1991 upper bound [45]. All TMBPA-BP 

samples were 150-170 nm thick.  Each crosslinked sample was irradiated 

for 10 min total (5 min per side) and is designated by the UV irradiation 

environment and wavelength.  Physical aging of polysulfone (125 nm) [8] 

as well as uncrosslinked and crosslinked (irradiated in N2 at 365 nm for 7 

min) TMBPA-BnzDCA (380-860 nm thick)  [16] are also included for 

comparison.   
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Chapter 8: Conclusions and Recommendations 

8.1 CONCLUSIONS 

8.1.1 Gas permeation properties of thermally rearranged (TR) isomers and their aromatic 

polyimide precursors 

 Aromatic polyhydroxyimides based on HAB-6FDA were synthesized via solution 

imidization using an ester-acid monomer.  Some of these polyhydroxyimides were acetylated to 

form polyacetylimides.  Polyacetylimides began thermal rearrangement at a lower temperature 

relative to the polyhydroxyimides.  The para- and meta-connected isomers showed similar 

thermal stability.  Regardless of the ortho-position functionality, meta-linked polyimides had 

higher Tgs than their para-linked analogs.  This observation is opposite to that commonly 

reported in literature for linear aromatic polymers that have no substituents on the aromatic rings 

that can be inserted into the polymer structure in either the meta or para configuration.  In those 

cases, para-linked isomers typically have substantially higher Tg values than meta-linked 

isomers [1-3].  One potential explanation is that the presence of either more polar hydroxyl or 

less polar acetate groups on the aromatic rings that can be in the meta vs. para configuration may 

influence the meta/para effect in ways not possible in polymers where the aromatic rings do not 

have such substituents. 

 The influence of ortho-position functional group structure on single gas permeability and 

selectivity was investigated.  Polyacetylimides have higher gas permeability and lower 

selectivity than polyhydroxylimides.  Similar results were also observed for TR polymers.  As 
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TR conversion increases, TR polymers derived from polyacetylimides consistently showed 

higher gas permeability than those derived from polyhydroxyimides.  

 The influence of para vs. meta-linked structure on gas transport properties was also 

explored.  For polyhydroxyimides and the corresponding TR polymers, p-HAB-6FDA had 

higher free volume than m-HAB-6FDA.  As a result, the para-linked isomer had higher gas 

permeability than the meta-linked isomer for the polyimide precursor and TR analogs.  

Interestingly, the opposite trend was observed for polyacetylimides, where m-HAB-6FDA-Ac 

was more permeable than p-HAB-6FDA-Ac.  The acetate groups may provide steric hindrance 

that frustrates the rotational mobility of the phenylene groups in the para-connected polyimide.  

As a result, the acetate group on these aromatic rings may reduce the importance of the 

meta/para connectivity on properties of these polymers 

 Finally, there was a reasonable correlation between free volume and single gas 

permeability.  At higher TR conversions, however, TR isomers derived from either 

polyhydroxyimides or polyacetylimides had similar FFVs, so other factors, such as free volume 

distribution, may also affect gas transport properties.   

 

8.1.2 Gas permeation properties and mechanical properties of thermally rearranged (TR) 

copolyimides 

 Thermally rearranged (TR) copolymers were prepared from a series of random 

copolyacetylimide precursors based on HAB-6FDA and APAF-6FDA.  Structures of the 

homopolyimides and copolyimides were confirmed by 1H NMR, and thermogravimetric analysis 

(TGA) showed similar thermal stability for all samples.  A single glass transition temperature 

(Tg) was observed for the copolyimides, which is consistent with that observed for typical 
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random copolymers.  Pure-gas permeabilities of CH4, H2, N2, O2, and CO2 were measured in 

that order at 35 oC and an upstream pressure ranging from 3 atm to 17 atm.  As polyimides 

undergo thermal rearrangement, gas permeability increases and becomes increasingly sensitive 

to conversion at higher TR conversions.  In addition, as APAF content increases, gas 

permeability coefficients increase.  The bulky hexafluoroisopropylidene units in APAF help 

disrupt polymer chain packing, resulting in higher fractional free volume (FFV) and gas 

permeability.  As percent TR conversion increases, samples traverse the 1991 CO2/CH4 upper 

bound and approach the 2008 upper bound.  For all samples, both tensile stress and elongation 

at break decreased as percent TR conversion increased, as a result of the increased rigidity of 

PBOs.  This decrease in mechanical properties was also observed with increasing APAF 

content, which is attributed to the lower molecular weight of the samples as a result of the lower 

reactivity of APAF relative to HAB.  At higher TR conversions, some samples were too brittle 

to undergo tensile testing.   

 

8.1.3 Influence of toluene on CO2 and CH4 gas transport properties of thermally 

rearranged (TR) polymers based on 3,3'-dihydroxy-4,4'-diamino-biphenyl (HAB) 

and 2,2'-bis-(3,4-dicarboxyphenyl) hexafluoropropane dianhydride (6FDA) 

 

 The influence of toluene on gas/vapor and ternary mixed gas CO2 and CH4 transport 

properties for HAB-6FDA TR450 was investigated.  For toluene-free pure and mixed gas feed, 

CO2 and CH4 permeability coefficients decreased as fugacity increased, which is consistent with 

typical dual mode effects.  As a result of competitive sorption, CH4 permeability was depressed 

in mixtures with CO2, which increased selectivity.  Gas/vapor mixed gas CO2 and CH4 

permeability coefficients decreased significantly in the presence of toluene, due to a combination 
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of antiplasticization and competitive sorption effects.  After toluene was removed from the 

feed, gas/vapor mixed gas CO2 permeability recovered more rapidly than that of CH4 and to a 

level higher than the pre-toluene exposure level, which is attributed to polymer conditioning (i.e., 

matrix swelling) induced by the CO2/toluene mixture.  Upon removing toluene from the feed, 

CH4 permeability in a ternary gas mixture recovered more quickly and increased to a higher level 

than in a gas/vapor mixture, indicating that the presence of all three penetrants led to more 

extensive polymer conditioning than in the CH4/toluene mixture alone.  Polymer conditioning 

was also observed via hysteresis in the toluene vapor sorption and desorption isotherms.  Gas 

transport properties also depend strongly on toluene concentration in the feed.  As toluene 

activity in the feed increased, ternary mixed gas CO2 and CH4 permeabilities decreased by more 

than 80% at toluene activities as low as 0.03.  CO2/CH4 selectivity values in the ternary mixture 

initially increased from 23.4 to 25.3 at low toluene activities, and they then decreased to 20.3 at 

higher toluene activities.  However, such negative impacts on gas permeation properties in the 

ternary mixture were mostly reversed after toluene was removed from the feed. 

 

8.1.4 Effect of UV irradiation and physical aging on O2 and N2 gas transport properties of 

thin glassy poly(arylene ether ketone) films based on tetramethyl bisphenol A and 

4,4'-difluorobenzophenone 

 

 The influences of UV irradiation and physical aging on O2 and N2 transport properties of 

thin TMBPA-BP films were explored at 35 oC and a feed pressure of 2 atm.  To investigate the 

influence of UV irradiation on instrinsic polymer properties, achieving a uniform dose of 

irradiation throughout the polymer is desired, which required using very thin films (thickness     

~ 150-170 nm).  Both UV irradiation and physical aging decrease gas permeability coefficients 
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and increase O2/N2 selectivity.  Changes in transport properties became more significant as 

irradiation time increased, likely due to a loss in polymer free volume associated with 

crosslinking and/or photooxidation.  For irradiation at 254 nm, samples irradiated in air have 

lower permeability and higher selectivities than samples irradiated in N2.  FTIR spectra of 

samples irradiated in air at 254 nm showed the appearance of absorption bands ascribed to 

carbonyl groups, which were believed to be present in photooxidation products that were 

generally absent in the spectra of samples irradiated in N2.  Interactions among these polar 

groups can potentially decrease polymer free volume, leading to further decreases in 

permeability and gains in selectivity.   

 The influence of irradiation wavelength on transport properties was also explored.  

Samples were irradiated at 254 nm or 365 nm.  In a fixed irradiation environment (air or N2), 

samples irradiated at 254 nm were less permeable and more selective than those irradiated at 365 

nm.  This difference is attributed to greater UV absorption by the polymer and a higher 

probability of radical formation at 254 nm, both of which contribute to greater extents of 

crosslinking and/or photooxidation than irradiation at 365 nm.  Finally, comparisons to the 

upper bound showed that UV irradiation and physical aging moved the transport properties 

mainly parallel to but slightly away from the upper bound line, a trend similar to that reported in 

previous aging studies on non-irradiated polymer samples.   

 

8.2 RECOMMENDATION FOR FUTURE WORK 

 This research has focused on investigating gas transport properties of TR polymers and 

poly(arylene ether ketone)s in more realistic conditions (e.g., use of submicron thick films and 
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gas/vapor mixed-gas feeds).  Building upon what we learned through these studies, a list of 

specific recommendations for future work is as follows: 

 1) Chapter 6 explored toluene influence on HAB-6FDA TR450 gas transport properties.  

Toluene was used as a representative aromatic compound in natural gas.  However, other 

contaminants, such as n-heptane, water, H2S, etc., can also be present in natural gas streams.  

Therefore, one recommendation for future work is to investigate how other contaminants affect 

TR polymer gas transport properties.  For example, because n-heptane is less condensable (Tc = 

540 K [4]) than toluene (Tc = 591 K [4]), one hypothesis is that n-heptane may not cause as large 

permeability decrease as toluene does (Chapter 7).  Additionally, one noteworthy experiment is 

to have multiple contaminants present in a single feed and observe whether influence of each 

contaminant on gas transport properties is additive or synergistic.   

 2) Chapter 7 described the influence of UV irradiation on physical aging and gas 

transport properties of thin TMBPA-BP films (thickness ~ 150 nm).  TMBPA-BP was chosen 

because its thick film gas transport properties were the best among several PAEK materials we 

studied (Appendix C).  However, there is still no way to infer gas transport properties of thin 

films from those observed in thick films.  Therefore, the best performing thick-film polymer 

may not be the best performing material with sub-micron thickness.  One recommendation for 

future work is to investigate thin film gas transport properties of other PAEKs that were 

considered in the thick film study.  The ultimate goal would be to find a relationship between 

thick film and thin film gas permeation properties.   
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Appendix A: Supporting Information for Chapter 45 

 

 This appendix provides the supporting information for the TR isomer study 

discussed in Chapter 4.   

 

  

                                                 

5 This appendix has been adapted from:  Liu, Q., Borjigin, H., Paul, D.R., Riffle, J.S., McGrath, J.E., 

Freeman, B.D., Gas permeation properties of thermally rearranged (TR) isomers and their aromatic 

polyimide precursors (in preparation). 



 

 

226 

  

  
 

Figure A.1:  Permeability as a function of upstream pressure at 35 oC for (A) m-HAB-

6FDA PI, (B) m-HAB-6FDA TR 350 60min (16% TR conversion), (C) m-

HAB-6FDA TR400 30min (83% TR conversion), and (D) m-HAB-6FDA 

TR400 60min (92% TR conversion).   
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Figure A.2: Permeability as a function of upstream pressure at 35 oC for (A) m-HAB-

6FDA-Ac PI, (B) m-HAB-6FDA-Ac TR 350 60min (35% TR conversion), 

(C) m-HAB-6FDA-Ac TR400 60min (47% TR conversion), and (D) m-

HAB-6FDA-Ac TR450 60min (72% TR conversion).   
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Figure A.3: Permeability as a function of upstream pressure at 35 oC for (A) p-HAB-

6FDA PI, (B) p-HAB-6FDA TR 350 60min (20% TR conversion), (C) p-

HAB-6FDA TR400 30min (82% TR conversion), and (D) p-HAB-6FDA 

TR400 60min (88% TR conversion).   
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Figure A.4: Permeability as a function of upstream pressure at 35 oC for (A) p-HAB-

6FDA-Ac PI, (B) p-HAB-6FDA-Ac TR 350 60min (35% TR conversion), 

(C) p-HAB-6FDA-Ac TR400 60min (54% TR conversion), and (D) p-HAB-

6FDA-Ac TR450 30min (74% TR conversion).   



 

 

230 

 

Figure A.5: CH4 permeability measured at 35 oC and an upstream pressure of 10 atm as a 

function of inverse free volume for m-HAB- and p-HAB-based polyimides 

and TR polymers. 

 

Figure A.6: H2 permeability measured at 35 oC and an upstream pressure of 10 atm as a 

function of inverse free volume for m-HAB- and p-HAB-based polyimides 

and TR polymers. 
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Figure A.7: N2 permeability measured at 35 oC and an upstream pressure of 10 atm as a 

function of inverse free volume for m-HAB- and p-HAB-based polyimides 

and TR polymers. 

 

Figure A.8: O2 permeability measured at 35 oC and an upstream pressure of 10 atm as a 

function of inverse free volume for m-HAB- and p-HAB-based polyimides 

and TR polymer
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Appendix B: Supporting Information for Chapter 56 

 

 This appendix provides the supporting information for the TR copolymer study 

discussed in Chapter 5.   

 

  

                                                 

6 This appendix has been adapted from:  Liu, Q., Paul, D.R., Freeman, B.D., Gas permeation and 

mechanical properties of thermally rearranged (TR) copolyimide (in preparation). 
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Sample 
Permeability (Barrer) 

CH4 N2 O2 CO2 H2 

HAB-6FDA 

PI 0.255 ± 0.002 0.482 ± 0.009 2.76 ± 0.05 9.8 ± 0.2 33.2 ± 0.6 

TR350 0.72 ± 0.01 1.53 ± 0.03 8.2 ± 0.2 29.9 ± 0.6 90 ± 2 

TR400 5.9 ± 0.2 9.7 ± 0.3 42 ± 1 164 ± 5 284 ± 8 

TR450 20.6 ± 0.6 27.0 ± 0.8 104 ± 3 410 ± 10 510 ± 20 

AH(0.25) 

PI 0.31 ± 0.01 0.62 ± 0.02 3.5 ± 0.1 12.4 ± 0.5 41 ± 1 

TR350 0.83 ± 0.02 1.92 ± 0.04 10.3 ± 0.2 36.9 ± 0.8 109 ± 2 

TR400 5.0 ± 0.2 8.5 ± 0.3 37 ± 1 143 ± 4 278 ± 9 

TR450 41 ± 2 55 ± 3 195 ± 9 730 ± 30 850 ± 40 

AH(0.5) 

PI 0.34 ± 0.04 0.69 ± 0.08 3.8 ± 0.4 13 ± 1 41 ± 5 

TR350 0.71 ± 0.02 1.82 ± 0.06 10.4 ± 0.3 35 ± 1 108 ± 3 

TR400 4.6 ± 0.1 8.9 ± 0.3 40 ± 1 150 ± 5 288 ± 9 

TR450 37 ± 2 52 ± 2 175 ± 7 660 ± 30 880 ± 40 

AH(0.75) 

PI 0.35 ± 0.01 0.77 ± 0.03 4.3 ± 0.1 14.5 ± 0.5 44 ± 1 

TR350 1.58 ± 0.06 3.8 ± 0.2 18.8 ± 0.8 66 ± 3 162 ± 6 

TR400 7.5 ± 0.3 14.1 ± 0.6 59 ± 3 220 ± 10 400 ± 20 

TR450 91 ± 5 121 ± 6 380 ± 20 1430 ± 80 1400 ± 70 

APAF-6FDA 

PI 0.363 ± 0.009 0.87 ± 0.02 4.8 ± 0.1 15.4 ± 0.4  50 ± 1 

TR350 0.98 ± 0.03 2.68 ± 0.07 14.0 ± 0.4 48 ± 1 134 ± 4 

TR400 13.3 ± 0.3 22.7 ± 0.6 87 ± 2 325 ± 8 510 ± 10 

TR450 96 ± 4 128 ± 5 390 ± 10 1410 ± 50 1340 ± 50 

 

Table B.1: Pure-gas permeability for polyimides and their TR polymers.  Permeability 

was measured at 35 oC and an upstream pressure of 10 atm.  Uncertainties 

were determined using the propagation of errors method [1].  
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Sample 
Selectivity 

CO2/CH4 O2/N2 H2/N2 N2/CH4 CO2/N2 

HAB-6FDA 

PI 38 ± 1 5.7 ± 0.1 69 ± 2 1.89 ± 0.05 20.3 ± 0.6 

TR350 42 ± 1 5.4 ± 0.2 59 ± 2 2.13 ± 0.05 19.5 ± 0.5 

TR400 28 ± 1 4.3 ± 0.2 29 ± 1 1.64 ± 0.08 16.9 ± 0.7 

TR450 19.9 ± 0.8 3.9 ± 0.2 18.9 ± 0.8 1.31 ± 0.05 15.2 ± 0.6 

AH(0.25) 

PI 40 ± 2 5.7 ± 0.2 66 ± 3 2.00 ± 0.09 20 ± 1 

TR350 44 ± 1 5.4 ± 0.2 57 ± 2 2.31 ± 0.07 19.2 ± 0.6 

TR400 29 ± 1 4.4 ± 0.3 33 ± 2 1.70 ± 0.09 16.8 ± 0.8 

TR450 18 ± 1 3.5 ± 0.3 15 ± 1 1.3 ± 0.1 13.3 ± 0.9 

AH(0.5) 

PI 38 ± 5 5.5 ± 0.9 60 ± 10 2.0 ±  0.3 19 ± 3 

TR350 49 ± 2 5.5 ± 0.3 59 ± 2 2.6 ± 0.1 19.2 ± 0.8 

TR400 33 ± 1 4.5 ± 0.2 32 ± 1 1.93 ± 0.08 16.9 ± 0.8 

TR450 18 ± 1 3.4 ± 0.2 17 ± 1 1.41 ± 0.09 12.7 ± 0.8 

AH(0.75) 

PI 41 ± 2 5.6 ± 0.3 57 ± 2 2.2 ± 0.1 18.8 ± 0.9 

TR350 42 ± 2 5.0 ± 0.3 43 ± 2 2.4 ± 0.2 17 ± 1 

TR400 29 ± 2 4.2 ± 0.3 28 ± 2 1.9 ± 0.1 16 ± 1 

TR450 16 ± 1 3.1 ± 0.2 11.6 ± 0.9 1.3 ± 0.1 11.8 ± 0.9 

APAF-6FDA 

PI 42 ± 2 5.5 ± 0.2 57 ± 2 2.40 ± 0.08 17.7 ± 0.6 

TR350 48 ± 2 5.2 ± 0.2 50 ± 2 2.7 ± 0.1 17.7 ± 0.6 

TR400 24.4 ± 0.8 3.8 ± 0.1 22.5 ± 0.7 1.71 ± 0.06 14.3 ± 0.5 

TR450 14.7 ± 0.8 3.0 ± 0.1 10.5 ± 0.6 1.33 ± 0.08 11.0 ± 0.6 

 

Table B.2: Pure-gas selectivity of common gas pairs for polyimides and their TR 

polymers.  Gas transport data was measured at 35 oC and an upstream 

pressure of 10 atm.  Uncertainties were determined via propagation of 

errors [1]. 

   

[1] P.R. Bevington, D.K. Robinson, Data reduction and error analysis for the physical 

sciences, Third ed., McGraw-Hill, 2003. 
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Figure B.1: 1H NMR spectrum and peak assignments for AH(0.25) polyimide. 

 

Figure B.2: 1H NMR spectrum and peak assignments for AH(0.5) polyimide. 
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Figure B.3: 1H NMR spectrum and peak assignments for AH(0.75) polyimide. 

  



 

 

 

237 

  

  
 

Figure B.4: Permeability as a function of upstream pressure at 35 oC for: (A) HAB-

6FDA polyimide, (B) HAB-6FDA TR 350 60min (37% TR conversion), (C) 

HAB-6FDA TR400 60min (59% TR conversion), and (D) HAB-6FDA 

TR450 30min (74% TR conversion).   
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Figure B.5: Permeability as a function of upstream pressure at 35 oC for: (A) AH(0.25) 

polyimide, (B) AH(0.25)  TR 350 60min (43% TR conversion), (C) 

AH(0.25) TR400 60min (56% TR conversion), and (D) AH(0.25) TR450 

30min (78% TR conversion).   
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Figure B.6: Permeability as a function of upstream pressure at 35 oC for: (A) AH(0.75) 

polyimide, (B) AH(0.75)  TR 350 60min (47% TR conversion), (C) 

AH(0.75) TR400 60min (58% TR conversion), and (D) AH(0.75) TR450 

30min (83% TR conversion).   
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Figure B.7: Permeability as a function of upstream pressure at 35 oC for: (A) APAF-

6FDA polyimide, (B) APAF-6FDA TR 350 60min (40% TR conversion), 

(C) APAF-6FDA TR400 60min (62% TR conversion), and (D) APAF-

6FDA TR450 30min (81% TR conversion).   
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Figure B.8: Pure-gas selectivity of (A) H2/N2, (B) CO2/N2, (C) O2/N2, (D) CO2/CH4, and 

(E) N2/CH4 of TR400 samples as a function of APAF content.  Gas 

transport properties were interpolated based on TR conversion of AH(0.25) 

TR400 (56%). 
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Figure B.9: CH4 permeability as a function of 1/FFV for HAB-6FDA ( ), AH(0.25)       

( ), AH(0.5) ( ), AH(0.75) ( ), and APAF-6FDA ( ).  The permeability 

data were measured at 35 oC and an upstream pressure of 10 atm.   

 

Figure B.10: H2 permeability as a function of 1/FFV for HAB-6FDA ( ), AH(0.25) ( ), 

AH(0.5) ( ), AH(0.75) ( ), and APAF-6FDA ( ).  The permeability data 

were measured at 35 oC and an upstream pressure of 10 atm.   
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Figure B.11: N2 permeability as a function of 1/FFV for HAB-6FDA ( ), AH(0.25) ( ), 

AH(0.5) ( ), AH(0.75) ( ), and APAF-6FDA ( ).  The permeability data 

were measured at 35 oC and an upstream pressure of 10 atm.   

 

Figure B.12: O2 permeability as a function of 1/FFV for HAB-6FDA ( ), AH(0.25) ( ), 

AH(0.5) ( ), AH(0.75) ( ), and APAF-6FDA ( ).  The permeability data 

were measured at 35 oC and an upstream pressure of 10 atm.   
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Figure B.13: Stress-strain relationship of AH(0.25) polyimide and its converted TR 

analogs.  Mechanical property data for the TR450 sample is not available 

because the sample was too brittle for tensile testing. 

 

Figure B.14: Stress-strain relationship of AH(0.5) polyimide and its converted TR 

analogs.  Mechanical property data for the TR450 sample is not available 

because the sample was too brittle for tensile testing. 
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Figure B.15: Stress-strain relationship of AH(0.75) polyimide and TR350 sample.  

Mechanical property data for the TR400 and TR450 samples is not available 

because these samples were too brittle for tensile testing. 

 

Figure B.16: Stress-strain relationship of APAF-6FDA polyimide.  Mechanical property 

data for the TR polymers is not available because the samples were too 

brittle for tensile testing.
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Appendix C: Supporting Information for Chapter 6 

 Figures C.1-C.10 present toluene kinetic sorption and desorption mass uptake as a 

function of time and time1/2 for HAB-6FDA TR450 samples (thickness ~ 7 µm) 

considered in Chapter 6. 

 

 

Figure C.1: Mass uptake of toluene in HAB-6FDA TR450 at 35 oC as a function of (A) 

time and (B) time1/2.  Initial activity = 0.0, final activity = 0.04, Minf = 

0.089 g toluene / g polymer.  Permeation time scale (i.e., time waited 

before permeability was recorded) at toluene activity of 0.03 (permeation 

taken as toluene activity increased in the feed, i.e., filled symbols in Figure 

6.8) was 19 h.   
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Figure C.2: Mass uptake of toluene in HAB-6FDA TR450 at 35 oC as a function of (A) 

time and (B) time1/2.  Initial activity = 0.04, final activity = 0.08, Minf = 

0.115 g toluene / g polymer.  Permeation time scale at toluene activity of 

0.08 (permeation taken as toluene activity increased in the feed, i.e., filled 

symbols in Figure 6.8) was 23 h.   
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Figure C.3: Mass uptake of toluene in HAB-6FDA TR450 at 35 oC as a function of (A) 

time and (B) time1/2.  Initial activity = 0.08, final activity = 0.13, Minf = 

0.129 g toluene / g polymer.   

 

Figure C.4: Mass uptake of toluene in HAB-6FDA TR450 at 35 oC as a function of (A) 

time and (B) time1/2.  Initial activity = 0.13, final activity = 0.20, Minf = 

0.142 g toluene / g polymer.  Permeation time scale at toluene activity of 

0.19 (permeation taken as toluene activity increased in the feed, i.e., filled 

symbols in Figure 6.8) was 20 h.   
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Figure C.5: Mass uptake of toluene in HAB-6FDA TR450 at 35 oC as a function of (A) 

time and (B) time1/2.  Initial activity = 0.20, final activity = 0.29, Minf = 

0.158 g toluene / g polymer.   

 

Figure C.6: Mass uptake of toluene in HAB-6FDA TR450 at 35 oC as a function of (A) 

time and (B) time1/2.  Initial activity = 0.29, final activity = 0.41, Minf = 

0.175 g toluene / g polymer. Permeation time scale at toluene activity of 

0.35 (permeation taken as toluene activity increased in the feed, i.e., filled 

symbols in Figure 6.8) was 28 h.   
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Figure C.7: Mass uptake of toluene in HAB-6FDA TR450 at 35 oC as a function of (A) 

time and (B) time1/2.  Initial activity = 0.41, final activity = 0.51, Minf = 

0.196 g toluene / g polymer.  Permeation time scale at toluene activity of 

0.50 (permeation taken as toluene activity increased in the feed, i.e., filled 

symbols in Figure 6.8) was 40 h.   
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Figure C.8: Mass uptake of toluene in HAB-6FDA TR450 at 35 oC as a function of (A) 

time and (B) time1/2.  Initial activity = 0.51, final activity = 0.70, Minf = 

0.221 g toluene / g polymer.  Permeation time scale at toluene activity of 

0.68 (permeation taken as toluene activity increased in the feed, i.e., filled 

symbols in Figure 6.8) was 32 h.   
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Figure C.9: Toluene desorption in HAB-6FDA TR450 at 35 oC as a function of (A) time 

and (B) time1/2 for various activity ranges. Minf (activity from 0.70 to 0.51) = 

0.218 g toluene / g polymer, Minf (activity from 0.51 to 0.32) = 0.208 g 

toluene / g polymer, Minf (activity from 0.32 to 0.094) = 0.168 g toluene / g 

polymer.  Permeation time scale at toluene activities of 0.49, 0.34, 0.23, 

and 0.065 (permeation taken as toluene activity decreased in the feed, i.e., 

open symbols in Figure 6.8) was 36 h, 49 h, 31 h, and 38 h, respectively.   
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Figure C.10: Toluene desorption in HAB-6FDA TR450 at 35 oC as a function of (A) time 

and (B) time1/2.  Initial activity = 0.038, final activity = 0.0003, Minf = 

0.015 g toluene / g polymer.  Permeation time scale at toluene activity of 0 

(permeation taken as toluene activity decreased in the feed, i.e., open 

symbols in Figure 6.8) was 156 h.   

 

 The dual mode parameters presented in Table 6.5 were extrapolated based on 

values reported by Gleason et al. [1], who investigated the CO2 and CH4 pure and mixed 

gas permeation properties in HAB-6FDA TR polymer with TR conversions up to 79%.  

Figures D.11-D.12 present the dual mode parameters reported by Gleason et al. [1] and 

the projected values for this study.   
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Figure C.11: Reported [1] and projected CO2 dual mode parameters as a function of 

HAB-6FDA percent TR conversion.  The polyimide precursor is not 

included in these fits.  The projected values of kDDD (A) and C′HDH (B) 

were estimated by extrapolating the values reported by Gleason et al. using 

an empirical exponential fit.  The projected value of b (C) was estimated 

by extrapolating the values reported by Gleason et al. using an empirical 

linear fit.   
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Figure C.12: Reported [1] and projected CH4 dual mode parameters as a function of 

HAB-6FDA percent TR conversion.  The projected values of kDDD (A) and 

C′HDH (B) were estimated by extrapolating the values reported by Gleason 

et al. using an empirical exponential fit.  The projected value of b (C) was 

estimated by extrapolating the values reported by Gleason et al. using a 

empirical linear fit.   
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 Table C.1 presents the experimental and projected binary mixed gas CO2 and CH4 

permeability coefficients at 35 oC and a feed pressure of 4.7 atm CO2 fugacity.  The 

projected values were calculated using Equation 6.2 and projected dual mode parameters 

presented in Table 6.5.  As presented in Table C.1, the experimental and projected 

permeability coefficients are in good agreement.   

 

Table C.1.  Experimental and projected binary mixed gas CO2 and CH4 permeability 

coefficients at 35 oC and a feed pressure of 4.7 atm CO2 fugacity.   

 
Permeability (Barrer) 

CO2 CH4 

Experimentala 565 24.1 

projectedb 570 23.6 

 acf., Table 6.3 

 bestimated using Equation 6.2 and projected dual mode parameters (cf., Table 6.5) 

 

[1] K.L. Gleason, Z.P. Smith, Q. Liu, D.R. Paul, B.D. Freeman, Pure- and mixed-gas 

permeation of CO2 and CH4 in thermally rearranged polymers based on 3,3'-dihydroxy-

4,4'-diamino-biphenyl (HAB) and 2,2'-bis-(3,4-dicarboxyphenyl) hexafluoropropane 

dianhydride (6FDA), Journal of Membrane Science, 475 (2015) 204-214. 
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Appendix D: Supporting Information for Chapter 7 

 Chapter 7 explored the influence of UV irradiation and physical aging on 

transport properties of a poly(arylene ether ketone) (PAEK) based on tetramethyl 

bisphenol A (TMBPA) and benzophenone (BP).  The tetramethyl substitution in the 

bisphenol A moiety helps reduce the efficiency of polymer chain packing, thereby 

increasing the free volume of the polymer and improving gas permeability [1].  The 

benzophenone moiety helps initiate photocrosslinking process upon exposure to UV 

light.  TMBPA-BP was chosen from several candidate PAEK polymers based on its 

superior bulk film gas transport properties.  This appendix describes the synthesis and 

characterization of these PAEK materials.  In addition, gas transport properties at 35 oC 

and various feed pressures for uncrosslinked and crosslinked samples were characterized.   

D.1 SYNTHESIS AND FILM CASTING OF PAEKS 

 Chemical structures of poly(arylene ether ketones) (PAEKs) considered in this 

study are shown in Figure D.1.  Tetramethyl bisphenol A (TMBPA), alpha,alpha'-bis(4-

hydroxy-3,5-demethylphenyl)-1,4-diisopropylbenzene (TMDBPA), 4,4'-

difluorobenzophenone (DFBP), and 1,3-bis(4-fluorobenzoyl)benzene (MBFB) were 

purchased from TCI America.  1,4-bis(4-fluorobenzoyl)benzene (PBFB) was 

synthesized as reported [2].  N-methyl-2-pyrrolidone (NMP), toluene, K2CO3, and 

chloroform were purchased from Fisher Scientific and used as is.   
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Figure D.1: Chemical structures of poly(arylene ether ketone)s considered in this study. 

 

 An example of the synthesis method used is shown in Figure D.2.  Tetramethyl 

bisphenol-A (TMBPA) (15.82 mmol) and 4,4'-difluorobenzophenone (DFBP) (15.82 

mmol) were added to a three-neck 250 mL round bottom flask equipped with a 

mechanical stirrer, a condenser, a nitrogen inlet and a Dean-Stark trap.  NMP (60 mL) 

was added to the flask, and the mixture was stirred to obtain a clear solution. Afterwards, 

18.96 mol of K2CO3 was added, followed by 30 mL of toluene. The reaction bath was 

first set to 150 oC for 4 h to dehydrate the system, raised to 170 oC to remove the toluene, 

kept at 170 oC for 12 h, and finally cooled to room temperature. The reaction mixture was 

filtered to remove the salt and precipitated into 1000 mL of water. The resulting polymer 

was stirred overnight in water and then dried under vacuum at 120 oC for at least 48 h. 

The yield of TMBPA-BP was 6.94 g.  Other poly(arylene ether ketone)s considered this 

study were synthesized using an analogous method. 

 



 

 

 

259 

 

Figure D.2: Synthesis of TMBPA-BP.   

 

 Thick polymer films (> 5 µm) were solution-cast using chloroform as the solvent.  

About 0.5 g of polymer was dissolved in 10-15 mL of chloroform.  After the solution 

was well mixed, it was filtered through a 1.0 µm polytetrafluoroethylene (PTFE) syringe 

filter to remove any dust or particulates.  The filtered solution was poured onto a clean 

and leveled glass plate, and was then covered to control evaporation of chloroform and 

prevent any particles from contaminating the film.  A paper clip was inserted between 

the cover and the glass plate to allow chloroform to slowly evaporate and result in a film 

with uniform thickness.  After about 5 h at ambient temperature, the glass plate was 

heated at 120 oC under vacuum for 12 h.  The film was carefully peeled off the glass 
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plate, and thermogravimetric analysis was carried out to ensure complete solvent 

removal.   

 

D.2 NMR CHARACTERIZATION 

 1H NMR analysis was conducted on a Varian INOVA spectrometer operating at 

400 MHz. Spectra were recorded from 1 mL solutions of approximately 15% (w/v) of 

PAEK in deuterated chloroform (CDCl3).  Figures D.3-D.6 present the NMR spectrum, 

along with peak assignments, of PAEKs considered in this study.  The NMR solvent, 

deuterated chloroform (CDCl3), appears at 7.26 ppm [3].  No peaks associated with 

organic side groups, starting monomers, or solvent from synthesis were detected, 

indicating high purity of the polymer.   
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Figure D.3: 1H NMR spectrum of TMBPA-BP.  

 

 

Figure D.4: 1H NMR spectrum of TMBPA-PBFB. 
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Figure D.5: 1H NMR spectrum of TMBPA-MBFB. 

 

Figure D.6: 1H NMR spectrum of TMDBPA-PBFB. 
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D.3 PHYSICAL AND THERMAL CHARACTERIZATION 

 Polymers with high thermal stability are desired in separation applications such as 

production of syngas, hydrogen separation, and pre-combustion carbon capture [4, 5].  

TGA analysis was performed in nitrogen to characterize the thermal stability of 

uncrosslinked and crosslinked PAEK samples.  As shown from TGA scans in Figure 

D.7, both uncrosslinked and crosslinked TMBPA-BP polymers exhibited high thermal 

stabilities, showing no mass loss until ~ 400 oC.  TGA scans of other materials in this 

study displayed similar trends and are presented in Figures C.8-C.10.  In addition, no 

mass loss was observed below 200 oC, indicating that solvent was removed to a level 

below the detection limit of TGA.   

 

Figure D.7: TGA scans of uncrosslinked and crosslinked TMBPA-BP.  The scans were 

conducted at a ramp rate of 5 oC/min in a N2 atmosphere.   
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Figure D.8: TGA scans of uncrosslinked and crosslinked TMBPA-PBFB.  The scans 

were conducted at a ramp rate of 5 oC/min in a N2 atmosphere.   

 

Figure D.9: TGA scans of uncrosslinked and crosslinked TMBPA-MBFB.  The scans 

were conducted at a ramp rate of 5 oC/min in a N2 atmosphere. 
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Figure D.10: TGA scans of uncrosslinked and crosslinked TMDBPA-PBFB.  The scans 

were conducted at a ramp rate of 5 oC/min in a N2 atmosphere. 

 

 Table D.1 presents some physical and thermal properties of uncrosslinked and 

crosslinked PAEKs considered in this study.  Crosslinking was achieved by irradiating 

films in air using a UV crosslinker (XL-1000, Spectronics, Westbury, NY, USA) 

equipped with 254-nm bulbs (BLE-8T254, Spectronics, Westbury, NY, USA).  

According to the manufacturer, all bulbs are ozone-free and narrow-ranged.  Polymer 

samples were placed at a distance of 12 cm from the bulbs and were exposed to UV light 

for 1 h each side.  UV intensity was about 6.5 mW/cm2, measured using a radiometer 

(Model UVX-25, Spectronics, Westbury, NY, USA).  In this study, crosslinked samples 

will be designated as polymer–XL.  For example, TMBPA-BP-XL indicates a UV-

treated TMBPA-BP sample. 
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 The Tg’s of uncrosslinked samples range from 206 oC – 222 oC, which are higher 

than that of polysulfone (186 oC) [6], a common commercial polymer used in gas 

separation applications.  The Tg of TMBPA-PBFB (222 oC) is 7 oC higher than that of 

TMBPA-BP (215 oC).  Because TMBPA-PBFB has an extra phenyl and carbonyl group 

in the polymer unit relative to TMBPA-BP, the effect of flexible ether linkage in 

TMBPA-PBFB may be slightly diluted, resulting in a slight increase in rigidity for 

TMBPA-PBFB.  The Tg of para-linked TMBPA-PBFB is 28 oC higher than that of 

meta-linked TMBPA-MBFB.  Such trend is consistent with that observed for para/meta 

configurations in other linear polymers with aromatic backbones [7, 8].  For example, 

Aitken et al. found that the Tg of a para-linked polysulfone was 51 oC higher than that of 

a meta-linked polysulfone [7].  In another study, Pessan et al. observed that the Tg of a 

para-connected polyester based on bisphenol A and phthalic acid was 31 oC higher than 

that of its meta-connected analog [9].  Finally, the Tg of TMDBPA-PBFB (206 oC) is 16 

oC lower than that of TMBPA-PBFB.  Apparently, adding an extra 

phenylisopropylidene group in the bisphenol A moiety dilutes the influence of the 

tetramethyl substitution and increases the flexibility of polymer chains.  This 

observation is consistent with that observed in previous structure/property study on 

polysulfones [7].   
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Sample 

Film 

thickness 

(µm) 

Tg (oC) 
Density 

(g/cm3) 

Gel 

Fraction 

(%) 

Vw  

(cm3/g) 

Fractional 

free volume 

TMBPA-BP 35 215 1.104  0.763 0.158 

TMBPA-BP-XL 32 215 1.107 49   

TMBPA-PBFB 38 222 1.132  0.749 0.153 

TMBPA-PBFB-XL 29 222 1.150 99   

TMBPA-MBFB 34 194 1.144  0.749 0.143 

TMBPA-MBFB-XL 31 193 1.150 93   

TMDBPA-PBFB 31 206 1.118  0.760 0.150 

TMDBPA-PBFB-XL 31 205 1.123 98   

Table D.1: Physical properties of PAEKs considered in this study.  Van der Waals 

volume, Vw, was calculated using the group contribution method proposed 

by Bondi [10-12] 

 

 Interestingly, despite the high gel fraction of crosslinked samples, the Tg does not 

change with UV crosslinking.  The slight difference in Tg between uncrosslinked and 

crosslinked samples for TMBPA-MBFB and TMDBPA-PBFB is well within the 

experimental uncertainty.  As will be discussed later, for a bulk film with thickness of 

around 30 µm, majority of the incident UV is absorbed near the surface of the film.  As 

a result, the bulk of the film may be only slightly crosslinked, as in PAEKs with two 

carbonyl groups in the repeating unit, or not crosslinked at all, as in TMBPA-BP.  

Because the Tg is a measure of the bulk property of a polymer, it may not be affected 

much if majority of crosslinking occurs at the surface of a polymer.  Similar observation 

was also reported by Wright et al., who reported a change in Tg of just 1 oC between an 

uncrosslinked and a UV-crosslinked (88% gel fraction) polyarylate [13].   
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 The fractional free volume (FFV) was calculated as follows: 

                               𝐹𝐹𝑉 =  
𝑉−𝑉0

𝑉
                          (D.1) 

where V is the measured specific volume of the polymer, and Vo is the theoretical 

occupied volume of the polymer that was estimated using the group contribution theory 

described by Bondi [10]: 

                              𝑉0 = 1.3 ∑𝑉𝑊                          (D.2) 

where VW is the van der Waal’s volume [10-12].  Both FFV and Vw of uncrosslinked 

samples are presented in Table D.1.  In general, bulky side groups, in this case the 

tetramethyl substitution in the bisphenol A moiety, can help disrupt the chain packing and 

improve the free volume of a glassy polymer [14].  However, by incorporating either 

more carbonyl and phenyl groups (TMBPA-PBFB and TMBPA-MBFB) or 

phenylisopropylidene groups (TMDBPA-PBFB) into a polymer backbone, the influence 

of the tetramethyl substitution on free volume can be diluted.  As a result, TMBPA-BP 

has the highest fractional free volume.  In addition, chain mobility is generally impeded 

in polymers with meta-connected phenyl rings since a concerted multi-segment motion is 

required, whereas not as much co-operative motion is needed for rotational mobility in 

para-linked analogs [15].  As a result, para-linked TMBPA-PBFB has greater rotational 

mobility around the phenyl rings than meta-linked TMBPA-MBFB, leading to higher 

FFV for TMBPA-PBFB.   
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D.4 FTIR CHARACTERIZATION 

 FTIR was performed to monitor the progress of UV-induced crosslinking and 

oxidation.  Figure D.11 presents the FTIR spectra of uncrosslinked and crosslinked 

TMBPA-BP.  In both spectrum, the peak at 1650 cm-1 corresponds to the carbonyl 

group in the benzophenone moiety, and the peak near 1600 cm-1 is attributed to the 

stretching of substituted benzene [3, 16].  The intensity of the spectra was normalized 

using the peak at 1600 cm-1 as an internal reference, which was assumed to not change 

with UV irradiation.  As shown in Figure D.11, the intensity of the carbonyl peak at 

1650 cm-1 decreased with UV exposure.  On the other hand, broad band at around 3500 

cm-1, which is attributed to the stretching of hydroxyl groups generated via crosslinking 

and oxidation [3, 17], increased.  In addition, a broad feature at ~1720 cm-1, which 

corresponds to C=O stretching from aldehydes and carboxylic acids that arise from 

photooxidation, emerged in the spectrum after UV treatment.  Complete FTIR spectra of 

TMBPA-BP and other PAEKs considered in this study are presented in Figure D.12 – 

D.15. 
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Figure D.11:  FTIR spectra of uncrosslinked and crosslinked TMBPA-BP films.   

 

 

Figure D.12:  Full FTIR spectra of uncrosslinked and crosslinked TMBPA-BP films.   
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Figure D.13:  Full FTIR spectra of uncrosslinked and crosslinked TMBPA-PBFB films.   

 

 

Figure D.14:  Full FTIR spectra of uncrosslinked and crosslinked TMBPA-MBFB films.   
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Figure D.15:  Full FTIR spectra of uncrosslinked and crosslinked TMDBPA-PBFB 

films.   

 

D.5 GAS TRANSPORT PROPERTIES OF UNCROSSLINKED PAEKS 

 Pure-gas permeability coefficients of H2, CH4, O2, N2, and CO2 were measured in 

that order at 35 oC and various feed pressures for both uncrosslinked and crosslinked 

PAEKs considered in this study.  Figure D.16 presents gas permeabilities as a function 

of upstream pressure at 35 oC for all uncrosslinked samples.  Permeability coefficients 

follow trends consistent with that predicted by the dual-mode model [18, 19].  That is, 

permeabilities of more condensable penetrants, such as CO2 and CH4, decrease with 

upstream pressure, whereas permeabilities of less condensable species, such as O2, N2, 

and H2, are essentially independent with feed pressure.   
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Figure D.16: Pure gas permeability as a function of upstream pressure at 35 oC for 

uncrosslinked (A) TMBPA-PBFB, (B) TMBPA-PBFB, (C) TMBPA-

MBFB, and (D) TMDBPA-PBFB. 
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 Table D.2 and Table D.3 present pure-gas permeabilities and selectivities of 

uncrosslinked and crosslinked PAEKs, along with those of several relevant polymers, at 

35 oC and an upstream pressure of 10 atm.  Uncertainties were determined using the 

method of propagation of errors [20].  TMBPA-PBFB has lower gas permeabilities and 

higher selectivities than TMBPA-BP.  For example, O2 and CO2 permeabilities of 

TMBPA-BP are 33% and 25% higher than those of TMBPA-PBFB, respectively.  On 

the other hand, pure-gas selectivities of CO2/CH4 and O2/N2 of TMBPA-PBFB are 28% 

and 12% higher, respectively, than those of TMBPA-BP.  Because TMBPA-PBFB 

contains an extra ketone and phenyl group in a repeat unit relative to TMBPA-BP, the 

ability of tetramethyl substitution in the bisphenol A moiety to interrupt polymer chain 

packing is weakened, leading to lower free volume and higher size-sieving ability.  For 

similar reasons, TMBPA-PBFB has higher gas permeabilities and lower selectivities than 

TMDBPA-PBFB.  Because TMDBPA-PBFB has an extra phenylisopropylidene group 

in the bisphenol A moiety, the high free volume element imparted by the tetramethyl 

substitution is diluted, resulting in lower free volume and, thus, lower permeability.   
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Sample 

Permeability (Barrer) 

CO2 O2 H2 N2 CH4 

TMBPA-BP 20 ± 1 5.6 ± 0.3 51 ± 3 1.08 ± 0.05 1.13 ± 0.06 

TMBPA-BP-XL 4.3 ± 0.2 1.75 ± 0.08 38 ± 2 0.207 ± 0.009 0.173 ± 0.008 

TMBPA-PBFB 16 ± 1 4.2 ± 0.3 33 ± 2 0.73 ± 0.05 0.70 ± 0.05 

TMBPA-PBFB-XL 10.2 ± 0.6 3.0 ± 0.2 33 ± 2 0.39 ± 0.02 0.22 ± 0.01 

TMBPA-MBFB 5.8 ± 0.3 1.74 ± 0.09 24 ± 1 0.27 ± 0.02 0.26 ± 0.01 

TMBPA-MBFB-XL 4.3 ± 0.5 1.3 ± 0.2 21 ± 3 0.19 ± 0.02 0.14 ± 0.02 

TMDBPA-PBFB 11 ± 1 3.1 ± 0.4 32 ± 4 0.55 ± 0.07 0.56 ± 0.07 

TMDBPA-PBFB-XL 8.9 ± 0.6 2.5 ± 0.2 29 ± 2 0.42 ± 0.03 0.39 ± 0.03 

Polysulfone[6] 5.6 1.4 14.0 0.24 0.29 

Matrimid[6] 10.0 2.12 23.7 0.32 0.28 

Tetramethyl 

Polycarbonate[18] 
17.6 5.59  1.09 0.80 

Ultem[19]  0.41  0.053  

 

Table D.2: Pure gas permeability (Barrer) of PAEKs considered in this study at 35 oC 

and an upstream pressure of 10 atm. 
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Sample 

Selectivity 

CO2/CH4 O2/N2 H2/N2 H2/CH4 CO2/N2 

TMBPA-BP 18 ± 1 5.2 ± 0.4 47 ± 4 45 ± 4 19 ± 1 

TMBPA-BP-XL 25 ± 2 8.5 ± 0.5 180 ± 10 220 ± 20 21 ± 1 

TMBPA-PBFB 23 ± 2 5.8 ± 0.6 45 ± 4 47 ± 4 22 ± 2 

TMBPA-PBFB-XL 46 ± 3 7.7 ± 0.6 85 ± 6 150 ± 10 26 ± 2 

TMBPA-MBFB 22 ± 1 6.4 ± 0.6 89 ± 5 92 ± 5 22 ± 2 

TMBPA-MBFB-XL 31 ± 6 6.8 ± 0.9 110 ± 20 150 ± 30 23 ± 4 

TMDBPA-PBFB 20 ± 3 5.6 ± 0.9 60 ± 10 60 ± 10 20 ± 3 

TMDBPA-PBFB-XL 23 ± 2 6.0 ± 0.6 69 ± 7 74 ± 8 21 ± 2 

Polysulfone[6] 19 5.8 58 48 23.3 

Matrimid[6] 36 6.6 74 85 31.3 

Tetramethyl 

Polycarbonate[18] 
22 5.1 --- --- 16.1 

Ultem[19]  7.7    

Table D.3: Pure gas selectivity of common gas pairs in PAEKs at 35 oC and an 

upstream pressure of 10 atm. 

 

 As presented in Table D.2 and D.3, changing aromatic structure from para 

linkage in TMBPA-PBFB to meta-linkage in TMBPA-MBFB decreases gas permeability 

coefficients and increases selectivity.  For example, permeabilities of O2 and CH4 in 

TMBPA-MBFB are 59% and 63% lower, respectively, than those in TMBPA-PBFB.  

On the other hand, selectivities of O2/N2 and H2/CH4 for TMBPA-MBFB are 10% and 

96% higher, respectively, than those for TMBPA-PBFB.  As mentioned earlier, 

typically for linear glassy polymers with aromatic backbones, changing the structure from 
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meta- to para-configuration increases free volume [7, 9, 21], which leads to higher gas 

permeability and lower selectivity for para-linked polymers.  Coleman et al. 

investigated the effect of structural isomerism on gas transport properties of 6FDA-based 

polyimides [22].  The Tg of para-connected polyimide was 66 degrees higher than that 

of the meta-connected polyimide.  In addition, para-linked 6FDA-6FpDA had higher 

gas permeability and lower selectivity than meta-linked 6FDA-6FmDA.  For example, 

CO2 permeability of 6FDA-6FpDA is more than 11 times higher than that of 6FDA-

6FmDA, and pure-gas CO2/CH4 selectivity of 6FDA-6FmDA is 60% higher than that of 

6FDA-6FpDA.  Similar trends in para/meta relationship were also observed for other 

classes of polymer, such as polyesters [23], polysulfones [7, 24], and 

poly(phenolphthalein phthalates) [25].   

 For glassy polymers, free volume can provide a fundamental understanding of gas 

transport properties.  Gas permeability is often directly correlated with fractional free 

volume (FFV) as follows: 

                              𝑃 = 𝐴𝑒−𝐵/𝐹𝐹𝑉                         (D.3) 

where A and B are empirical constants that vary based on gas penetrant and polymer.  

Figure D.17 present gas permeability coefficients and selectivities of several common gas 

pairs as a function of reciprocal fractional free volume on a semi-log scale.  For all 

gases considered, there appears to be a good correlation between free volume and gas 

transport properties, i.e., permeabilities increase and selectivities decrease with increasing 

FFV.  This correlation suggests that gas transport properties of PAEKs in this study are 
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strongly influenced by diffusivity coefficients of the polymer.  This trend is also 

consistent with previous reports on gas transport properties of poly(arylene ether ketone)s 

[1].    

 

 

Figure D.17: Gas permeability coefficients (A) and selectivity (B) measured at 35 oC and 

an upstream pressure of 10 atm as a function of reciprocal fractional free 

volume for uncrosslinked PAEKs considered in this study. 

 

D.6 EFFECT OF UV CROSSLINKING ON GAS TRANSPORT PROPERTIES 

 The influence of UV irradiation on gas transport properties was investigated.  

Figure D.18 presents gas permeabilities at 35 oC and 10 atm as a function of kinetic 

diameter of gas penetrants for both uncrosslinked and crosslinked PAEKs considered in 

this study.  Gas permeabilities and selectivities of these materials are presented in Table 
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C.2 and C.3.  For the gases tested, the kinetic diameter increases in the sequence of CH4 

< N2 < O2 < CO2 < H2 [26].  In general, gas permeability decreases as kinetic diameter 

of penetrant increases [15].  As shown in Figure D.18, after polymers are irradiated in 

air for 1 h per side, gas permeability decreases, with the effect being greater for larger 

penetrants, such as N2 and CH4.   For example, after exposure to UV, TMBPA-BP 

experienced a 25% decrease in H2 permeability, a 69% decrease in O2 permeability, and 

an 85% decrease in CH4 permeability.  Pure-gas selectivities generally increase with UV 

irradiation, the extent of which depends on the size difference between penetrants.  

Again using TMBPA-BP as an example, after UV irradiation the sample experiences an 

increase of 63% in O2/N2 selectivity, 280% in H2/N2 selectivity, and 390% in H2/CH4 

selectivity.  This decrease in permeability and increase in selectivity can be attributed in 

part to densification of the polymer as a result of crosslinking (cf., Table D.1), which has 

been reported to decrease inter-chain spacing and increase size-sieving ability of the 

polymer [17, 27].  In addition, photooxidation, which was confirmed from FTIR spectra, 

can introduce additional polar groups (e.g., hydroxyl, carbonyl, aldehyde, carboxylic 

acid, etc.) on the surface of the film.  Interaction among these polar groups, such as 

hydrogen bonding, can “pull” polymer chains closer and effectively reduce inter-chain 

spacing, leading to a decrease in gas permeability and increase in selectivity [17, 28, 29].  

The influence of crosslinking environment (crosslinking in air vs. crosslinking in N2) on 

gas transport properties of ultra-thin (~ 145 nm) TMBPA-BP films will be explored in a 

future publication.   
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Figure D.18: Pure gas permeability coefficients measured at 35 oC and an upstream 

pressure of 10 atm as a function of kinetic diameter of gas penetrants for (A) 

TMBPA-BP, (B) TMBPA-PBFB, (C) TMBPA-MBFB, and (D) TMDBPA-

PBFB.  Open symbols indicate uncrosslinked samples, and filled symbols 

indicate crosslinked samples.   
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 To show a clear comparison of gas transport properties, upper bound plot for 

O2/N2 separation is presented in Figure D.19.  Uncrosslinked samples are shown in open 

symbols, and crosslinked samples are shown in filled symbols.  Each PAEK material 

has its distinct shape and color.  In addition, gas transport properties of several relevant 

commercial polymers, such as Ultem [19], Matrimid [6], tetramethyl polycarbonate 

(TMPC) [18], and polysulfone (PSF) [6], are included for comparison.  As shown in 

Figure D.19, gas transport properties of PAEKs move toward the 1991 upper bound upon 

UV irradiation, with two of the polymers, TMBPA-BP and TMBPA-PBFB, even 

surpassing the upper bound.  Because the crosslinked TMBPA-BP and TMBPA-PBFB 

have higher O2/N2 selectivity than some of the main commercial polymers in O2/N2 

separation, including polysulfone and Ultem, it may be advantageous to employ UV 

irradiation on these PAEKs in applications where high selectivities is desired.   
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Figure D.19: O2/N2 upper bound plot for PEAKs and selected commercial polymer 

materials.  Gas transport results were measured at 35 oC and 10 atm.  For 

PAEK materials, the open symbols represent the uncrosslinked samples, and 

the filled symbols represent the crosslinked samples.  The line representing 

the 1991 upper bound is from the literature [30]. 

 

 Even though UV irradiation appears to decrease gas permeability and increase 

selectivity for PAEKs in this study, one should exercise caution before directly 

comparing gas transport properties of crosslinked samples with those of homogeneously 

uncrosslinked samples or other crosslinked polymers because the crosslinking may not be 

uniform throughout the polymer.  To obtain a more uniformly crosslinked sample, the 

film needs to be thin enough so that the UV intensity at the center of the film is similar to 

that at the surface.  Gas transport properties of such thin films would undoubtedly 

represent more of the material property of a crosslinked TMBPA-BP polymer than those 
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of a bulk film.  However, many studies have documented that submicron glassy 

membranes experiences an accelerated aging rate relative to bulk films [6, 31, 32].  

Therefore, to explore the influence of UV irradiation on gas transport properties of ultra-

thin PAEK films, physical aging must also be carefully monitored and documented as 

well.  Such effort was described in detail in Chapter 7.   
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