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Abstract 

 

Polyphthalonitrile (PPN) has emerged as a promising candidate for high-performance 

polymeric and carbon materials for various applications due to its excellent thermal 

stability, char yield, and versatile molecular design. However, the microstructure 

characteristics and gas permeation behavior of PPN-based polymeric and carbon 

materials has been rarely understood, hindering their potential on emerging sustainable 

and energy-efficient membrane gas separations (CO2/N2, O2/N2, H2/CO2, and H2/N2). 

This thesis systematically investigates the adjustability of the microstructure and gas 

transport properties of resorcinol-based PPN and the derived carbon materials in the 

context of membrane. It was demonstrated that metal-ion doping and thermal curing 

could significantly adjust the molecular arrangement and gas separation performance of 

the PPN network as well as the derived carbon molecular sieve (CMS) membranes. The 

carbonization of the PPN network formed CMS membranes with superior ideal gas 

separation performance comparable to state-of-the-art gas permeability-selectivity trade-

off relationship of membranes. Notably, the stacking arrangement and interchain spacing 

of the PPN precursor were identified as key factors in shaping the pore size distribution 

and molecular sieving ability of the PPN-CMS membranes. Furthermore, incorporating 

PPN with polyimide (PI) formed charge-transfer complexes that narrowed the free 

volume distribution, enhancing H2 solubility, solubility selectivity, and permselectivity of 

the PPN/PI blend membranes. These findings provide crucial insights into the 

microstructure-property relationships of PPN-based materials and demonstrate their great 

potential as advanced membrane materials for membrane gas separation applications. 
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Lay Summary 

 

Polyphthalonitrile (PPN) is a unique class of heterocyclic polymer resin known for its 

good processibility, exceptional thermal stability, and high char yield. Despite the rapid 

development of PPN-derived high-performance polymeric and carbonaceous materials, 

there has been a lack of fundamental understanding of their microstructure characteristics 

and gas permeation behavior. This thesis aims to investigate the adjustability of the 

microstructure characteristics of PPN-based polymeric/carbonaceous materials and 

demonstrate the potential of PPN-based membranes on energy-efficient membrane gas 

separation applications, i.e., CO2 capture, O2-fuel enrichment, and H2 purification. 

 

The first objective was to understand the relationship between microstructure 

characteristics and gas permeation behavior of PPN and PPN-derived microporous 

carbon materials in the context of membranes. It was demonstrated that doping metal ions 

or curing treatment could adjust the molecular arrangement of the PPN network. The 

microporosity of PPN-derived microporous carbon materials was identified to be 

generated from the thermal decomposition of the nonporous PPN network. 

 

To further obtain in-depth insights into microstructure evolution from PPN precursors to 

derived microporous carbon materials, PPN networks with various molecular 

arrangement adjusted by curing treatment and the derived carbon molecular sieve (CMS) 

membranes were characterized. It was found that the enhanced aromatic-aromatic 

stacking of the PPN network was a key factor in generating small-sized, narrow-
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distributed ultramicropores in the derived carbon materials. The cured PPN network with 

enlarged average chain spacing and promoted π-π stacking could produce PPN-CMS 

membranes with increased average interchain distance and enhanced molecular sieving 

ability. Notably, it was demonstrated that the PPN-derived carbon molecular sieve 

membranes possessed promising gas separation performance comparable to that of state-

of-the-art membranes. 

 

The third aim was to explore PPN as an advanced membrane material via adjusting the 

microstructure characteristics of PPN and a commercially available polyimide resin. 

Incorporating PPN into polyimide enabled the formation of intermolecular charge-

transfer complexes, resulting in narrowed free volume cavity size and distribution. 

Consequently, the hydrogen solubility and selectivity of the novel PPN/polyimide blend 

membranes was significantly improved, leading to enhanced hydrogen separation 

performance surpassing the state-of-the-art polymeric membranes. 

 

In summary, this thesis advances the understanding of microstructure characteristics and 

gas permeation behavior of PPN-based materials and extends their potential applications 

to membrane gas separation. The microstructure-property relationship of PPN-based 

polymeric and carbon materials was established. The microstructure evolution from PPN 

precursor to the derived microporous carbon was elucidated. The potential of PPN as an 

advanced membrane material for various gas separation applications was demonstrated. 

The insights gained from this work pave the way for further development of high-

performance PPN-based polymeric and carbon materials. 
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Chapter 1  

 

Introduction 

 

Though PPN resin and its derived microporous carbon materials are 

regarded as outstanding gas barriers and absorbents in various emerging 

vital applications, there is a lack of understanding of their microstructure 

characteristics and gas permeation behavior. Furthermore, previous studies 

treat PPN as an excellent carbon source but generally overlook the 

fundamental mechanism of the microstructure evolution of the polymer 

toward microporous carbon. This chapter introduces the rationale, 

hypothesis, objectives, and scope of this study and provides an overview of 

the chapters in this dissertation.  
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1.1 Background 

 

Polyphthalonitrile (PPN) resin has attracted intensive research interest as a high-

temperature polymeric barrier and high char yield carbon precursor for various 

applications [1, 2]. In particular, resorcinol-based PPN resin has been widely studied as a 

precursor to fabricate carbon materials [3-5]. This is due to the commercially available 

PPN resin possessing high decomposition temperature and high char yield as an excellent 

carbon source [5, 6]. Many techniques have been reported to introduce porosity in the 

PPN network to produce PPN-derived hierarchical carbon, supposedly composed of 

micropores, mesopores, and macropores for various application purposes [2-5]. However, 

the nature of microporosity (< 2 nm) of resorcinol-based PPN-derived carbon has not 

been fully revealed. Besides, the microstructure evolution from the PPN precursor to the 

derived carbon materials require a comprehensive understanding for developing high-

performance materials. The understanding of the microstructure-property relationship of 

PPN and PPN-derived carbon materials might extent their application as thin-film or 

composite materials for barrier or separation at the molecular level, such as gas molecules 

with kinetic diameters less than 4 Å . 

 

Compared to traditional distillation techniques, gas separation via membrane has become 

a promising way to address various environmental challenges, including carbon capture 

and energy issues. The advancement of polymeric materials enabled the thrilling 

development of contemporary membrane gas separation technology. For decades, 

polymers, such as polyimide, played a critical role in the fabrication of membranes due to 

their good availability, scalability, and mechanical and gas separation properties. 
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Polymeric membranes follow the solution-diffusion gas transport mechanism to achieve 

the ability to differentiate gas molecules. However, the polymeric membranes generally 

were facing the trade-off effect on gas separation performance.  

 

Recently, the development of carbon molecular sieve (CMS) membranes derived from 

polymeric materials holds promise to become another large-scalable membrane 

fabrication for gas separation. The CMS membranes derived from heterocyclic polymers 

often possess gas permeability that is several magnitudes higher than their polymeric 

counterparts while maintaining outstanding molecular sieving ability due to their unique 

carbon microstructure. However, those heterocyclic resins generally require organic 

solvents for membrane fabrication. The monomer (oligomer) of thermosetting PPN resins 

can be potentially processed without the use of organic solvent, which holds the promise 

of achieving solvent-free fabrication of CMS membranes. However, the lack of 

understanding of the microstructure characteristics and gas permeation behavior of PPN 

and the derived carbon materials hindered the application of these high-performance 

materials in the context of membranes. 

 

1.1 Problem statement/Hypothesis 

 

PPN resin has been described as a class of thermally stable polymeric materials for gas 

barrier applications [1]; however, its gas permeation behavior has seldom been reported. 

Similarly, PPN-derived hierarchical carbon has been developed for various applications, 

but its intrinsic microstructure characteristics remain unclear in published literature. 

Moreover, there is a lack of insights into the relationship between microstructure 
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characteristics and gas permeation properties of the PPN-based materials. Understanding 

the microstructure-property relationship can benefit the development of PPN-based 

materials for membrane applications. 

 

Problem statement 

 

Most reported studies on PPN resins are mainly focused on their 

thermal/mechanical properties and carbon yield. The formation mechanism 

of carbon structure from PPN resin has been intensively studied. However, 

the lack of insights into the microstructure characteristics and gas 

permeation properties of the PPN network and the derived carbon materials, 

particularly their microstructure-property relationships, hinders these 

materials from being useful for gas separation applications. 

 

Most previous studies focused on curing treatment to enhance the thermal stability and 

char yield of PPN resins. However, most works based on carbon materials pyrolyzed 

from PPN resins ignored studying their fundamental microporous structure. Instead, the 

focus was on introducing extra porosity (i.e., micro-, meso-, and macropores) via post-

treatment of the PPN precursors. Tay hypothesized that PPN-derived carbon materials 

might be microporous due to their rigid moieties, such as phthalocyanine [7]. However, 

Weng et al. [4] observed no apparent microporosity in PPN-derived carbon via typical 

microstructure analysis. The controversy pointed out the insufficient understanding of the 

fundamental microstructure characteristics of PPN and the derived carbon materials. This 
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work systematically studied the microstructure-property relationship of PPN and PPN-

derived carbon to advance their application in the context of membrane materials. 

 

Hypothesis 

 

This thesis proposes that the adjustment of the microstructure arrangement of 

thermosetting PPN resin can alter that of the derived carbon materials; thus, 

the gas permeation behavior of the carbon membranes shall change with 

subtle differences in microstructure characteristics. 

 

Despite the complicated nature of PPN polymerization, the heterocyclic moieties 

dominate the microstructure of the cured PPN resins. Intuitively, the crosslinking of the 

phthalonitrile group might be the main effect on the microstructure arrangement of the 

polymer network and the derived carbon matrix. Metal-ion doping was utilized to test the 

hypothesis that metal-ion-doped phthalocyanine moieties might facilitate the aromatic-

aromatic stacking of planar heterocyclic moieties. Besides, the microstructure 

arrangement of the PPN network should be subjected to curing history or thermal 

treatment, which is also essential to achieve high glass transition temperature and 

molecular chain rigidity of the polymer network. Lastly, the heterocyclic moieties with 

electron donor/acceptor properties might be able to adjust the microstructure 

characteristics of other types of heterocyclic polymers, such as polyimide. 
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1.2 Objectives and scope 

 

There are three main objectives addressed sequentially in this thesis. This work aims to: 

1) To understand the relationship between microstructure characteristics and gas 

permeation behavior of PPN and PPN-derived microporous carbon materials in the 

context of membranes. 

 

2) To provide in-depth insights into the microstructure evolution of the PPN-derived 

carbon from its polymeric precursor. 

 

3) To explore PPN as an advanced membrane material for adjusting the microstructure 

characteristics of membranes fabricated from commercially available polyimide resin. 

 

Previous studies on the microstructure characteristics of PPN and its derived carbon were 

limited to typical gas adsorption analysis (i.e., cryogenic N2 adsorption), which might 

have limited ability to determine microporosity less than 2 nm. PALS, CO2 adsorption, 

and gas permeation analyses revealed the existence and distribution of micropores and 

ultramicropores of PPN-derived microporous carbon materials. 

 

The fabrication of PPN and the derived carbon in the context of membranes enabled gas 

permeation analysis using small gas molecules of various sizes to probe the subtle 

differences in the microstructure arrangement of the materials. More importantly, the gas 

permeation analysis on PPN-based membranes provided a solid foundation for these 

materials in gas barrier or separation applications. 
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By revealing the relationship between microstructure characteristics and gas permeation 

behavior of PPN-based polymer and carbon membranes, the fundamental understanding 

of how to adjust their pore size distribution was established for future applications. 

 

Incorporating PPN with existing polymeric membrane materials reveals the potential of 

the heterocyclic polymer to shape the pore size distribution and intrinsic gas transport 

properties. 

 

Based on the understanding and insights gained from the microstructure study of PPN 

and the derived carbon materials, the potential of these materials on various gas 

separation applications has been demonstrated. 

 

1.3 Dissertation Overview 

 

The thesis addresses the lack of insights into the microstructure characteristics and gas 

permeation behavior of PPN resin and its derived carbon materials in published literature. 

The thesis consists of seven chapters, which are summarized as follows. 

 

Chapter 1 introduces the problem statement, hypothesis, and outlines of this work. 

 

Chapter 2 reviews the literature concerning thermoset PPN resin, PPN-derived carbon 

materials, polymeric membrane materials, carbon membrane materials, and gas 

permeation mechanisms involving polymeric and carbon membranes. This chapter 



Introduction  Chapter 1 

8 

identified the knowledge gap from relevant published literature addressed in this thesis. 

 

Chapter 3 introduces the experimental methodology, including instruments to address the 

proposed research objective and scope. The working principles of instruments were 

described, and possible experimental errors were discussed. 

 

Chapter 4 presents the adjustment of microstructure characteristics and gas permeation 

behavior of the PPN network and its derived carbon materials via metal-ion doping. This 

section identified the potential of PPN-derived materials on membrane gas separation. 

 

Chapter 5 systematically investigates the mechanism of microstructure evolution of PPN 

and PPN-CMS membranes. It was revealed that the effects of curing treatment and 

pyrolysis temperature play critical roles in shaping pore size distribution and gas 

permeation behavior of PPN-derived microporous carbon membranes. 

 

Chapter 6 presents the blending of PPN to adjust the microstructure characteristics of 

polyimide membranes and identified the effects of charge-transfer complex and thermal 

treatment on the free volume characteristics and gas transport properties of the blends. 

 

Chapter 7 summarizes the research findings and includes recommendations for further 

investigations. 
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1.4 Findings and Outcomes/Originality 

 

This study presents novel findings and impactful outcomes as follows: 

 

1) Explored the adjustability of microstructure characteristics and gas permeation 

behavior of PPN and the derived carbon materials. 

 

2) Demonstrated PPN and the derived carbon materials as promising candidates for gas 

separation membranes. 

 

3) Proposed and tested a mechanism for the microstructure evolution of PPN to the 

derived microporous carbon materials at the angstrom level. 

 

4) Established the relationship between microstructure characteristics and gas 

permeation behavior of PPN and the derived microporous carbon membranes. 

 

5) Identified the impact of incorporating PPN in commercially available polyimide on 

the microstructure characteristics and gas transport properties of the blend 

membranes. 
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Chapter 2  

 

Literature Review 

 

PPN is a unique class of heterocyclic resin with high thermal stability and char yield. In 

spite of the rapid development of PPN to high-performance carbon materials, which 

generally requires an in-depth understanding of microporosity, previous works lack an 

understanding of the microstructural relationship between polymeric precursor and 

PPN-derived carbonaceous materials at the sub-nanometer level. A review of gas 

separation membrane materials of heterocyclic polymers and carbons has also been 

presented to evaluate the potential of PPN materials on this energy-efficient separation 

application that requires size-sieving resolution at sub-0.1 nm. This chapter will review 

the microstructure characteristics of PPN-based polymeric and carbon materials to 

identify knowledge gaps regarding polymeric and carbonaceous gas separation 

membrane materials.  
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2.1 Polymerization and carbonization of the heterocyclic PPN resin 

 

The chemical reaction of phthalonitrile to form heterocyclic structures has been 

intensively studied [6, 8, 9]. The nitrile groups can form isoindolenine, triazine, and 

phthalocyanine moieties via addition-polymerization (Figure 2.1) [1, 3]. With organic or 

inorganic catalysts, the PPN resin can be obtained from polymerizing phthalonitrile 

monomers in melting form or organic solution [6, 10]. The mixture of phthalonitrile 

monomer and catalyst was firstly melted into liquid state above its melting temperature, 

followed by the polymerization of phthalonitrile moieties above 200 ℃ into oligomers [3] 

and thermosetting polymer networks [11, 12]. That is to say, the process window of PPN 

depends on the melting temperature of the monomers. Furthermore, a meltable and 

thermally stable catalyst is preferred to form a uniform mixture of monomers and 

catalysts [6, 8]. For instance, it required heating the monomers and the organic diamine 

catalyst above their melting temperatures of 186 ℃ and 173 ℃, respectively, to promote 

a homogeneous reaction to form a resorcinol-based polyphthalonitrile oligomer or a 

polyphthalonitrile network [3, 5, 13]. However, the insoluble inorganic catalyst could not 

be homogeneously dispersed in the polymer matrix [13]. Another synthesis approach is to 

dissolve phthalonitrile monomers with organic catalysts in a high boiling temperature 

solvent (i.e., NMP) [10]. The use of solvent can also well disperse insoluble inorganic 

catalysts to facilitate PPN polymerization [10].   
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Figure 2.1  Scheme of PN monomer and its derived polymer network [3] 

 

The polar solvent can dissolve some inorganic metal salts, allowing metal ions to react 

with phthalonitrile to form metal-ion-doped phthalocyanine moieties [9, 14]. The 

incorporation of metal ions may be able to adjust the molecular arrangement of the PPN 

network by introducing cation-aromatic interactions [15]. Details of the microstructure 

characteristics of PPN will be discussed in Chapter 2.1.1. 

 

The phthalonitrile-derived heterocyclic moieties were the main reason for the exceptional 

thermal stability of PPN resins [6]. There is little doubt that PPN requires progressive 

thermal treatment with elevated curing temperature to achieve exceptional thermal 

stability [9]. This was because the higher curing temperature can kinetically facilitate the 

crosslinking reaction of pendant phthalonitrile groups, resulting in a more stable PPN 

network [16]. 
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Due to the excellent thermal stability and outstanding char yield of the PPN network, the 

thermosetting resin is a promising candidate for obtaining high-performance carbon 

materials [4, 5, 7, 9, 17-24]. The abundant heterocyclic structure with nitrogen atoms can 

form a nitrogen-doped carbon structure after the pyrolysis process [20]. For resorcinol-

based polyphthalonitrile, the carbonization of the polymer network can occur as low as 

500 ℃ by cleavage of oxygen-containing moieties to form a sp2/sp3 hybrid carbon 

structure [25]. Above 550 ℃, the PPN-derived carbon matrix becomes electrically 

conductive, indicating the formation of more graphitic (sp2) carbon structures [4, 5]. The 

increase in pyrolysis temperatures resulted in more graphitic components in the PPN-

derived carbon [5]. Meanwhile, the nitrogen content decreases with increasing pyrolysis 

temperatures due to the decomposition of heterocyclic moieties [4, 5, 25]. The PPN-

derived carbon can transfer from straticulate-like to graphitic-like amorphous 

carbonaceous microstructure in the temperature range from 500 ℃ to 1000 ℃ [5, 20]. 

However, the evolution of carbon microstructure from the microstructure characteristics 

of PPN resin is absent in published literature. The microstructure characteristics of PPN-

derived carbon are discussed in Chapter 2.1.2. 
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2.1.1 Microstructure characteristics of PPN resins 

 

Snow et al. [15] systematically studied the microstructure characteristics of PPN 

networks in comparison to phthalocyanine monomers and model polyphthalocyanine 

networks (Figure 2.2). It was found that the polymerization of bisphthalonitrile monomer 

was able to form a semi-crystalline polymer network with a distinguished π-π stacking 

crystallinity peak at 2θ = 26∘ (d-spacing = 3.4 Å ). This was mainly attributed to the 

stacking of planar phthalocyanine moieties in the polymer network.  

 

Figure 2.2 Molecular structure and microstructure arrangement of 

polyphthalocyanine network derived from phthalonitrile resin [15]. (a) Modeled 

polyphthalocyanine network (b) XRD pattern of PPN network. 

 

Zhang’s group [26-30] observed that an increase in curing temperature resulted in slightly 

decreased d-spacing values of pyrimidine and vinylpyridine-based phthalonitrile resins. It 

was proposed that the crosslinking of phthalonitrile could narrow the average 

intermolecular distance of the polymer chain. Mushtaq et al. [31] reported that the 
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thermal curing of poly(thioether ether imide)s containing terminal phthalonitrile groups 

resulted in decreased d-spacing due to crosslinking of the polymer network. However, the 

thermal curing of poly(thioether ether imide)s containing pendant nitrile groups resulted 

in slightly increased d-spacing, which might be attributed to the formation of bulky 

triazine groups. Liu et al. [32] proposed that the crosslinking of phthalonitrile that was 

end-capped onto poly(aryl ether ketone) might increase the intermolecular distance of 

ball-milled clay after thermal curing, resulting in the exfoliation of clay. Zhang et al. [5] 

exanimated the XRD spectrum of resorcinol-based polyphthalonitrile against thermal 

treatment. They observed that graphite-like molecular arrangement was promoted at 

elevated thermal treatment temperature, though the d-spacing values of π-π stacking about 

0.34 to 0.36 nm were not clearly observed. Given the complicated nature of the PPN 

network derived from resorcinol-based phthalonitrile monomer, the stacking of planar 

phthalonitrile-derived moieties might be hindered by other moieties, resulting in the 

amorphous nature of the polymer network [15]. 

 

Many researchers initially hypothesized that phthalocyanine moieties might form 

intrinsic microporosity in the phthalonitrile-derived covalent network [7, 15, 33, 34]. 

McKeown et al. [35] demonstrated that the metal-ion-doped and neat phthalocyanine 

network can possess intrinsic microporosity with a rigid and twisted spirocyclic 

molecular chain (Figure 2.3). It was identified that the origination of microporosity of 

the PPN network with the spirocyclic linker was due to the rigid and nonlinear molecular 

chain structure instead of phthalonitrile-derived moieties [34]. Adopting rigid and twisted 

molecular chains into polymer systems was the key to the successful development of the 

polymer of microporosity (PIM), which possesses high gas permeability due to its 
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intrinsically high content of micropores or free volume [34]. The superior gas separation 

performance of PIM membranes is due to their microporous molecular structure that 

simultaneously favors the sorption and diffusion of gas molecules. For the resorcinol-

based polyphthalonitrile network, Liu [9] demonstrated that the polymerization of 

phthalonitrile monomers might occur in between vacancies constructed by those rigid 

phthalocyanine or triazine blocks, resulting in limited or no microporosity in PPN 

networks. However, there are limited insights on the gas transport behavior of PPN-

derived membranes in published literature. The gas permeation analysis on resorcinol-

based polyphthalonitrile materials in the context of membranes might reveal the intrinsic 

microstructure characteristics of the thermosetting network. 

 

 

Figure 2.3 PPN-derived microporous polymer network [35]. 
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2.1.2 PPN-derived microporous carbon materials and microstructure characteristics 

thereof 

 

Phthalonitrile-derived porous carbon materials have been widely studied. Many efforts 

have focused on functionalizing the PPN-derived carbon materials via introducing 

porosity in the scale range from nano to micrometer. Zhang et al. [5] used the bubble 

foaming method to obtain resorcinol-based PPN foam, followed by carbonization of the 

porous polymeric foam into carbon foam. The meso- and microporous carbon materials 

showed superior EMI shielding effectiveness compared with their polymeric counterparts. 

It was also found that the PPN-derived carbon foam possessed outstanding mechanical 

strength in comparison to graphene foams. More recently, Xiao et al. [21] demonstrated 

that incorporating graphene in PPN-derived porous carbon could further improve the 

mechanical strength and EMI shielding performance of the carbon materials. The 

extrinsic porosity (mesopore (2-50 nm), macropore (50-100 nm), and macrovoid (>100 

nm)) was identified as the key factor to EMI shielding effectiveness of the PPN-derived 

porous carbon materials. 

 

Introducing microporosity into PPN-derived carbon materials enabled more applications. 

Weng et al. [4] developed activated hierarchical carbon derived from resorcinol-based 

PPN via co-doping of KOH and urea as activators. The addition of urea only in the PPN 

matrix could create mesopores or larger pores. It was identified that the reaction of KOH 

and PPN-derived carbon created abundant meso- and microporosity (< 2 nm), providing 

high performance for supercapacitor and gas absorbent applications. The blend of PPN 

with another immiscible polymer (i.e., polyaniline) could also introduce mesopores in the 
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derived hierarchical carbon materials [17, 36]. The formation of mesopores was possibly 

due to the aggravated decomposition of the thermally liable polyaniline phases, while the 

micropores were mainly created by KOH activation [17, 36]. The resorcinol-based 

polyphthalonitrile/polyaniline-derived carbon materials with high porosity and surface 

area showed outstanding electrocatalytic decomposition on organic matter in 

pharmaceutical wastewater [17]. There is, however, no clear evidence in the published 

literature for the existence of intrinsic microporosity of PPN-derived carbon materials 

without any modification or activation. 

 

PPN-derived dense carbon materials also widely attract interest for their high char yield. 

Vladislav Aleshkevich et al. [18] improved the mechanical strength of PPN-based carbon 

materials via carbon fiber reinforcement. It was found that the micrometer scale cracks 

appeared in the millimeter scale composite materials, possibly resulting from the 

difference in thermal expansion of the PPN resin and carbon fiber during thermal 

treatment above 400 ℃. It was proposed that the cracking of the PPN might be beneficial 

by reducing the internal stress of the composite carbon materials during thermal treatment 

and improving the overall mechanical performance. Liu [9] reported that the 

carbonization of PPN-derived composite carbon thin-films above 800 ℃ might form 

unfavorable micrometer-sized defects. The unstable morphological properties of 

materials formed by carbonization at high temperatures might hinder the development of 

defect-free PPN-based carbon membranes for small molecule separation. However, no 

apparent defects in the PPN thin-films carbonized at 500 ℃ were found. These results 

indicated that the pyrolysis temperature is a key factor in designing defect-free 

resorcinol-based polyphthalonitrile-derived carbon thin-films. 
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Overall, there is a lack of understanding of the intrinsic microporosity of PPN-derived 

carbon materials. Furthermore, the gas transportation properties of the carbon materials 

were surprisingly absent from published literature. Investigating the microstructure 

characteristics and gas permeation behavior of PPN-derived carbon materials may open 

new opportunities for using PPN-derived carbon materials for membrane gas separation. 

 

2.2 Polymeric materials for gas separation membrane 

 

Membrane gas separation is a promising technique since this process has unique 

advantages like low capital and operational cost, ease of operation, good scalability, 

excellent reliability, and low energy requirement. Typically, no phase change is required 

in the membrane gas separation process. Membrane gas separation is considered a 

sustainable technology and is gaining more and more interest in replacing traditional 

thermal separation processes, such as distillation [37]. 

 

Numerous materials and membrane designs have been discovered and used in membrane 

separation, including polymers[38-40], ceramics[41-45], carbon-based materials[46-51], 

and other novel nanomaterials [52-56] developed recently. Among the above, polymeric 

membranes were intensively studied due to their excellent mechanical properties, 

flexibility, processability, scalability, reproducibility, separation performance, and 

feasible adjustability [57]. These features make such materials candidates for industrial-

scale gas separation. Table 2.1 lists polymeric membrane-based gas separation 

applications in industrial applications and future interest. 
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Table 2.1 Current and emerging applications of membrane-based gas separation in 

industries [58, 59].  

Gas pair Area of application Materials 

H2/hydrocarbon Refinery hydrogen recovery polysulfone, polyimides 

H2/N2 Ammonia purge gas polysulfone, polyimides 

H2/CO Syngas ratio adjustment polysulfone, polyimides 

CO2/hydrocarbon Acid gas treatment, 

greenhouse gas capture 

cellulose acetates, polyimides 

H2S/hydrocarbon Sour gas treating cellulose acetates, polyimides 

He/hydrocarbon Helium separation cellulose acetates, polyimides 

Hydrocarbon/air Hydrocarbon recovery silicone rubber 

O2/N2 Oxygen enrichment, inert gas 

generation 

polyimides, polysulfone, 

polyphenylene oxide, substituted 

polycarbonates 

CO2/CH4 CO2 removal from natural or 

biosynthesized gas 

cellulose acetates, polyimides 

Gas pair Emerging area of application Selectivity Permeance (GPU) 

C2
=/C2

0 olefin/paraffin separation >5  >50 

CO2/CH4 CO2 removal from natural or 

biosynthesized gas 

20−30 >100 

H2/CO2 

CO2/H2 

Syngas purification >10 

>20 

>200 

CO2/N2 CO2 capture from power and 

industrial exhaust gases; 

Direct carbon dioxide capture 

30−50 1000−5000 

H2O/ethanol, 

H2O/IPA 

vapor/vapor organic solvent 

dehydration 

50−100 1000−3000 

aromatic/aliphatic, 

polar/nonpolar 

vapor/vapor organic solvent 

separation 

>10 >500 
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2.2.1 Gas transport mechanisms for nonporous and microporous membranes 

 

Typically, the solution-diffusion model can be used to describe the separation behavior of 

nonporous membranes [60]. The gas molecules are first absorbed into the nonporous 

membrane substance, followed by diffusion cross the membrane subjected to 

concentration gradient from feed to permeate. That is to say, the gas permeability mainly 

depends on gas solubility and diffusivity in specific polymers [61]. Robeson [60] first 

proposed a general trade-off relationship between gas permeability and selectivity of 

polymeric membranes (Figure 2.4). The improvement in selectivity is accompanied by 

the sacrifice of permeability and vice versa. Rubbery polymers with low Tg and flexible 

chain structure generally show high permeability but low selectivity [58]. This is mainly 

due to the high diffusivity but low solubility of the rubbery polymers. On the other hand, 

a glassy polymer with high Tg and rigid backbone structure usually shows high selectivity 

but low permeability. The abundant free volumes constructed by rigid polymer chains 

favor the sorption of gas molecules despite the limited polymer chain mobility, which 

may compromise the diffusivity coefficient. Given the fact that the solubility selectivity 

of a glassy polymer is generally similar to that of a rubbery polymer, the improvement of 

diffusivity selectivity is the main reason for the overall high gas selectivity of glassy 

polymer membranes. More recently, PIM materials with high free volume improved the 

gas solubility and diffusivity coefficient of the glassy polymer membranes. As a result, 

glassy polymers generally possess superior gas permeation performance than rubbery 

polymers due to their higher gas solubility coefficients (Figure 2.4) [62]. However, the 

scalability of these high-performance PIM materials hindered its wide application. 



Literature Review  Chapter 2 

22 

Modifying commercially available polymers, such as polyimide, remains critical in 

pursuing high-performance gas separation membranes. 

 

 

Figure 2.4 The relationship between permeability and selectivity of rubbery and 

glassy polymer membranes in terms of Robeson-type upper bounds [62, 63]. 

 

2.2.2 Heterocyclic polymeric materials for gas separation membranes 

 

Glassy polymers with heterocyclic molecular structures are of particularly interest for gas 

separation because their rigid polymer chain creates a precise pore size distribution for 

fractionating small gas molecules. Heterocyclic polymer membranes have been 

intensively studied to design high-performance gas separation membranes in past decades 

[64]. Polyimide is one of the most studied high-performance polymers for gas separation 

membranes because of its good adsorption selectivity and favorable molecular chain 
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packing for achieving high diffusion selectivity [38]. Furthermore, polyimide also 

possesses high thermal stability, chemical and solvent resistance, flexibility, and 

membrane formability.  

 

Polyimide resins can be synthesized via condensation polymerization of diamines and 

diphthalic anhydrides, which release small molecules such as H2O during chemical 

reactions (Figure 2.5) [40]. The uncontrollable release of condensable small molecules 

makes obtaining defect-free polyimide thin-films from direct monomer synthesis difficult. 

The use of a solvent mitigates the problem [40]. The monomers can be either directly 

polymerized into polyimides or synthesized into a poly(amic acid), followed by 

imidization into polyimides [65]. Polyimide is a copolymer with a phthalimide ring 

connected to the dianhydride. For instance, Matrimid® 5218 is a copolymer of 5(6)-

amino-1-(4-aminophenyl)-1,3,3-trimethylindane (DAPI) and 3,34,4-benzophenone 

tetracarboxylic dianhydride (BTDA). This type of polyimide has outstanding 

physicochemical properties and excellent thermal stability (Tg > 315 ℃) due to the rigid 

imide group. Besides, the high intrinsic selectivity of polar gas molecules over other gas 

species makes this commercial polyimide a promising candidate for many gas separation 

applications. 
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Figure 2.5 Typical synthesis routes of heterocyclic polyimide resins [66]. 

 

From the perspective of molecular engineering, the flexibility in the chemical synthesis 

of polyimide materials allowed tremendous advancement in gas separation membranes 

[59, 67-70]. However, due to the physiochemically stable nature of polyimide, the 

development of a new type of polyimide for gas separation faces challenges in balancing 

the gas separation performance and processability of the polyimide-based membranes [38, 

40, 64, 69, 71]. From the perspective of membrane fabrication, the polyimide resins could 

be fabricated into thin-films via phase inversion or solvent evaporation methods. 
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However, the increasing demand for environmental-friendly membrane fabrication 

requires reducing or eliminating the use of harsh organic solvents [69], making it difficult 

to process polyimide-based resins with intrinsically high physicochemical and thermal 

stability. It was recognized that using liquid or melting processable monomers to directly 

polymerize and fabricate defect-free polymeric membranes without using any solvents 

might hold great promise in reducing the use of harsh organic solvents [69]. Developing 

new membranes from heterocyclic polymer systems based on addition polymerization, 

i.e., PPN, might be a potentially sustainable way to fabricate next-generation gas 

separation membranes. However, no publications were available for gas separation 

membranes based on PPN-based materials. 

 

2.2.3 Relationship between microstructure characteristics and gas permeation 

behavior of polymeric membranes 

 

The gas permeation behavior of polymeric membranes is mainly dependent on their 

microstructure characteristics [72]. In principle, polymeric materials comprise mobile 

polymer chain segments [73]. The randomly packed polymer chain segment can 

accommodate small molecules, such as gas molecules, in the intermolecular space, 

conceptionally called free volume [74-76]. At the same time, the movement of polymer 

chains creates a pathway for the migration of gas molecules inside the polymeric 

membrane [62]. 

 

The packing and mobility of the polymer chain segment are the key factors for gas 

transportation through a dense polymeric substance [62, 72]. For rubbery polymers, the 
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high mobility of the polymer chain allows faster diffusion of gas molecules inside the 

membrane. For glassy polymers, the intermolecular distance between the polymer chain 

and intrinsic sub-nanovoids created by the insufficient packing of polymer dominates the 

gas transport behavior. Figure 2.6 demonstrates the general relationship between glass 

transition temperature related to polymer chain mobility and free volume related to 

intrinsic vacancy inside the polymeric solid substance [77]. The high extent of polymer 

chain rigidity and excess free volume in glassy polymer allows high gas selectivity and 

permeability of the glassy polymer membranes. 

 

 

Figure 2.6 Relationship between glass transition temperature and free volume [77]. 

 

As polyimide holds a great share of the market in membrane gas separation, it becomes 

important to modify commercially available polyimide to enhance its intrinsic gas 

transport properties. Chung’s group [72] summarized that the diffusion and solution of 

gas molecules in polymeric membranes mainly depend on intermolecular distance and 
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free volume characteristics, respectively. Moreover, the intrinsic free volume distribution 

and gas affinity of the polymer matrix are critical to achieving high gas diffusivity 

selectivity and solubility selectivity. The adjustment of microstructure characteristics of 

membranes plays an essential role in developing precise pore size distribution of the 

membrane materials to achieve high separation performance of molecules with a size 

difference of less than 0.1 nm. An enormous effort has been made to improve gas 

separation performance by exploring new membrane material designs [34, 37, 78, 79]. 

Gas permeability and selectivity of glassy polymeric membranes can be improved by the 

adjustment of the intermolecular space of the polymer matrix [76]. Incorporating a bulky 

side group with low electron affinity can enlarge the free volume of polymers, thereby 

improving the gas separation performance of membranes [80, 81]. More recently, 

incorporating rigid and twist polymer chain units enabled the design of polymers of 

intrinsic microporosity [34, 73, 82, 83]. The improvement in the amount of free volume 

brings the gas permeability of PIM membranes about 3-4 orders of magnitude higher than 

conventional polyimide membranes [84, 85]. Nonetheless, considerable investment and 

time are required to design new polymer systems and translate polymeric materials into 

practical membranes [34]. Furthermore, the physical and chemical stability of newly 

designed materials might not always match the need for practical use [59, 69]. 

 

The polymer blending method is a promising way to create new materials by combining 

commercially available polymers with high-performance polymers to enhance the gas 

transport properties of membranes [86]. Mixing polymeric materials with distinct 

properties can impart new microstructure characteristics to the blend [87]. Numerous 

polymers have already been designed and published, and the opportunity to combine two 
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or more polymers into a new system can be considered endless [86]. However, due to 

thermodynamic limitations, the polymer pairs require molecular structural compatibility 

or strong intermolecular interactions to form fully miscible blends [88]. In general, 

polymer blends can be classified by their miscibility into three groups: miscible 

(homogeneous), partially miscible, and immiscible (heterogeneous) [86]. The 

permeability of a homogeneous blend membrane (no phase separation) follows the 

prediction of semi-logarithmic law: 

 

ln 𝑃𝐵 = ∅1 ln 𝑃1 + ∅2 ln 𝑃2             (2.1) 

 

where 𝑃𝐵 , 𝑃1  and 𝑃2  are referred to the permeability of the blend and pure polymer 

membranes, ∅𝑖  to the volume fraction of polymer 1 and polymer 2, respectively. The 

selectivity of a homogeneous blend membrane can be predicted following the general 

rule of the semi-logarithmic equation: 

 

ln (
𝑃1

𝑃2
) = ∅1 ln (

𝑃1

𝑃2
) +  ∅2 ln (

𝑃1

𝑃2
)            (2.2) 

 

The permeability of heterogeneous (phase-separated) blend membranes is difficult to 

predict by the semi-logarithmic equation. The phase separation behavior of most polymer 

blend systems resulted in distinct gas permeation behavior compared to homogeneous 

polymer blend systems. The Maxwell equation is often utilized to predict the gas 

permeation behavior of the heterogenous (immiscible) blend membranes. This model 

assumes that the dispersed polymer phase with spherical droplet-like morphology is 
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uniformly distributed in the continuous phase. Maxwell's equation for gas permeability is 

described as: 

 

𝑃𝑏  =  𝑃𝑐 [
𝑃𝑑+2𝑃𝑐−2∅𝑑(𝑃𝑐−𝑃𝑑)

𝑃𝑑+2𝑃𝑑+∅𝑑(𝑃𝑐−𝑃𝑑)
]             (2.3) 

 

where 𝑃𝑏  refers to the permeability coefficient of the blend, 𝑃𝑐  and 𝑃𝑑  are to the 

continuous and dispersed phases, respectively. ∅𝑑  is referred to the dispersed phase’s 

volume fraction. Bruggeman model is another empirical model that can predict gas 

transport properties of heterogenous blends. This model is based on a similar assumption 

of continuous and dispersed phases like the Maxwell equation, but it differently assumes 

the morphology of the disperse phase is ellipse instead of the spherical droplets. 

Bruggeman model is described as follows: 

 

𝑃𝑏 =  𝑃𝑐  [

𝑃𝑑
𝑐

−
𝑃𝑏
𝑃𝑐

∅𝑐(
𝑃𝑑
𝑃𝑐

−1)
]

3

              (2.4) 

 

where ∅𝑐 is the continuous phase’s volume fraction. 

 

Apart from morphology, the miscibility between the two components generally plays an 

important role in fine-tuning the gas separation performance of polymer blend 

membranes. There is little doubt that the thermodynamically miscible nature of polymer 

pairs is the key to the predictable gas separation performance according to additive law 

[58, 86, 87]. However, it was identified that it was difficult to overcome the selectivity-
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permeability trade-off relationship by the blending of typical polymers with moderate gas 

separation performance below the Robeson upper bound relationship. In contrast, 

immiscible blends of polymers with moderate gas separation performance may possibly 

create new blends with superior gas separation performance. For instance, when the less 

permeable but more selective PBI forms a continuous phase in the blend, the dispersed 

phase of more permeable PI can improve the gas permeability of the blend (Figure 2.7). 

On the contrary, when PI forms the continuous phase, the dispersed phase of more 

selective PBI can only slightly enhance the gas selectivity of the blend membrane [86, 

89]. The miscibility of the immiscible polymer blend membranes can be improved by 

adding compatibilizers [89, 90]. It was speculated that the compatibilizer would be 

released from the compatibilized blend membranes during the membrane fabrication 

process, altering the free volume characteristics of the membranes to achieve superior gas 

separation performance over model predictions. The true reason for this phenomenon is 

unclear; however, it becomes more practical to design high-performance membrane 

materials from commercially available polymers with gas separation performance lower 

than the Robeson upper bound relationship [89]. The polymer chain arrangement and 

intermolecular interaction between the two components become more critical to 

achieving an outstanding polymer blend membrane for gas separation. Many studies have 

reported that the synergistic effect of the partially miscible polymer blend system may 

bring unexpected gas performance, which will be discussed in Chapter 6.1 in detail. In 

short, the polymer blend method has become one of the promising approaches to 

overcoming the trade-off challenge in gas separation. 
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Figure 2.7 Additive model and Maxwell model for PBI/PI blends comparing to 

Robeson upper bounds [89]. (Percentage represents the concentration of HAB-6FDA-Cl 

in the Celazole(PBI)/HAB-6FDA-Cl(PI) blend; the dashed line with diamond represents 

the prediction of ideal gas separation performance by additive model; the solid line with 

square and short dash line with circle represent the prediction of ideal gas separation 

performance by Maxwell model.) 

 

2.3 Carbon molecular sieve membranes derived from polymeric materials 

 

Carbon molecular sieve membranes have been historically studied for their promising gas 

separation performance and excellent chemical and mechanical stabilities [69]. 

Scientifically, a carbon membrane that follows molecular sieving behavior can be 

categorized as a carbon molecular sieve membrane (Figure 2.8) [91]. The smaller 

micropores (ultramicropores, < 7 Å ) provide the molecular sieving ability to molecules 

with similar size, while the larger micropores (> 7 Å ) enable gas molecules to transport in 
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ways of surface diffusion or Knudsen diffusion, which gives gas selectivity equal to the 

square root of inverse molecular weight ratio of gas pairs (α1/2 = (M2/M1)
0.5) [69]. 

Adjusting microstructure characteristics, especially ultramicropores, is critical to 

developing high-performance carbon molecular sieve membranes for fractionating small 

gas molecules. 

 

 

Figure 2.8 Typical gas transport mechanisms through porous, microporous, and 

dense membranes [91]. (a) bulk pore flow; (b) Knudsen flow; (c) molecular sieving; (d) 

solution-diffusion. 

 

 CMSM membranes are generally fabricated from the pyrolysis of polymer materials 

below its graphitization temperature (c.a. 1500 ℃) to form turbostratic carbon with 

amorphous microstructure (Figure 2.9) [69, 92]. Intuitively, the pyrolysis temperature 

plays a vital role in the microstructure characteristics and gas separation performance of 

the membranes. The higher pyrolysis temperature generally leads to higher gas selectivity 

but lower permeability (Figure 2.10) [49, 69, 93]. This effect is mainly due to the 

increased extent of carbonization, which narrows the microporosity of carbon materials at 

higher pyrolysis temperatures. In addition to the pyrolysis process, the intrinsic thermal 

stability of polymer materials is also a critical factor in microstructure characteristics and 

gas separation performance of carbon molecular sieve membranes. Different types of 
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thermally stable polymeric precursors and the gas separation performance of the obtained 

carbon molecular sieve membranes will be reviewed in Chapter 2.3.1. The state-of-the-

art understanding of the microstructure characteristics of carbon molecular sieve 

membranes will be reviewed in Chapter 2.3.2. 

 

 

Figure 2.9 Schematic of typical pyrolysis protocol of carbon molecular sieve 

membranes [49]. 
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Figure 2.10 The effect of pyrolysis temperature on gas separation performance of 

carbon molecular sieve membranes [49]. 

 

2.3.1 Carbon molecular sieve membranes derived from low and high-decomposition 

temperature polymers 

 

The thermal stability of polymeric materials largely determines the microstructure and 

gas permeation properties of the derived carbon molecular sieve membranes [94]. Early 

researchers discovered that the pyrolysis of thermosetting polymers with low 

decomposition temperature (i.e., which start to decompose below 400 ℃) could obtain 
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amorphous carbon molecular sieve membranes, which possessed improved gas separation 

performance in comparison to their polymeric counterparts [69]. In addition, the low 

decomposition temperature thermosetting polymer resins, such as PFA and PR, are 

generally both melting and solvent processable, giving excellent processability for 

membrane fabrication [69, 95]. Nonetheless, the gas separation performance of carbon 

molecular sieve membranes derived from low decomposition temperature polymers was 

generally below the state-of-the-art Robeson upper bound relationships for gas separation 

membranes [69]. The high glass transition temperature of polymeric materials is 

considered to benefit the conversion of the free volume of the precursor into 

microporosity of the derived microporous carbon (Figure 2.11) [49]. However, there is a 

lack of thermosetting polymer resins that possess high decomposition temperatures for 

fabricating carbon molecular sieve membranes.  
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Figure 2.11 Typical high decomposition temperature polymeric precursors for 

carbon molecular sieve membranes [69]. 

 

The rigid and thermally stable molecular chain structure, typically heterocyclic rings with 

nitrogen atoms, of high decomposition polymers benefits the formation of more 

microporous carbon materials [69, 92, 94, 96, 97]. Therefore, carbon molecular sieve 

membranes derived from high decomposition temperature heterocyclic polymer 

precursors generally have superior gas separation performance (Figure 2.12) [69]. 
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Polyimide is one of the most studied polymeric precursors for carbon molecular sieve 

membranes [69, 92, 94, 98-100]. Like many high-decomposition polymers, polyimide 

possesses heterocyclic rings that provide excellent thermal stability and chain rigidity. 

However, the high chain rigidity of polyimides generally leads to insufficient solubility in 

many organic solvents, challenging the development of high-performance polyimide 

materials with good processability [38, 40]. There is a need to explore high 

decomposition temperature heterocyclic resin as a precursor with both flexibility in 

molecular designs and good processability for developing high-performance carbon 

molecular sieve membranes. 

 

 

Figure 2.12 Gas separation performance of the state-of-the-art carbon molecular 

sieve membranes derived from various polymeric precursors [69]. (PI: polyimide; 

PBI: polymer of intrinsic microporosity; PBI: polybenzimidazole; PFA: poly(furfuryl 

acid); PR: Phenolic resin) 
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2.3.2 Envision the microstructure arrangement of carbon molecular sieve 

membrane 

 

Many researchers have intensively studied the microstructure arrangement of carbon 

molecular sieve membranes to understand the complicated transition of polymeric 

materials into a carbonaceous matrix (Figure 2.13). Koresh and Soffer [95, 101] first 

developed a defect-free microporous carbon membrane obtained from thermosetting 

polymers or resins in the 1980s. They provided clear evidence that the gas separation 

performance of microporous carbon membranes can far exceed Knudsen diffusion 

selectivity. The intrinsic microporosity of carbon materials was able to be applied to gas 

separation in the context of the membrane to fractionate gas pairs with a size difference at 

the 0.1 nm level.  

 

In 1992, Hatori et al. [102] first developed carbon molecular sieve membranes from 

thermoplastic polyimide (Kapton) thin-films with superior gas separation performance 

than those obtained from thermosetting resins. Since then, polyimides have gained 

tremendous interest in fabricating high-performance carbon molecular sieve membranes. 

In 1994, Jones and Koros [70] further developed fluorinated polyimides as precursors for 

fabricating high-performance carbon molecular sieve membranes in hollow fiber 

configuration. In 1997, Suda and Haraya [103] observed an interconnected “slit-like” 

microporous carbonaceous network derived from polyimide (Kapton) via TEM. In 2003, 

Steel and Koros [104] proposed that carbon molecular sieve membranes are composed of 

a dual model pore size distribution with micropores (0.7 to 2.0 nm) and ultramicropores 

(0.3 to 0.7 nm) (Figure 2.13(a)). They hypothesized that CMS membranes derived from 



Literature Review  Chapter 2 

39 

linear polymers (e.g., polyimides) could form amorphously packed carbon nanosheets 

with dual-mode pore distribution contributed from intra- and inter nano-sheets 

microstructures. In 2017, they further proposed that these carbon nanosheets might form 

“walls” and “cells” like microstructures that explained the high gas permeability and 

selectivity of polyimide-based carbon molecular sieve membranes (Figure 2.13(b)) [99, 

105]. The micropores constructed by inefficient packing of carbon nanosheets might 

create “cell” like microstructure as a rapid pathway for gas diffusion. Meanwhile, 

ultramicropores constructed from intrinsic intermolecular space in between carbon 

strands in carbon nanosheet “wells” might serve as molecular sieving sites. Koros’ group 

[106, 107] further identified the existence of “orphan carbon strands” derived from linear 

polymers (i.e., polyimides) that played an important role in forming a continuous 

microporous carbonaceous matrix contained isolated “cells” (Figure 2.13(c)). More 

recently, in 2023, Lively’s group [98] proposed and demonstrated an alternative carbon 

microstructure model known as “nanoribbon” microstructures, which was first described 

by Jenkins and Kawamura back in 1976 [108] as ultramicropore domains instead of 

“wells-cells” microstructure in Koros’ theory for polyimide-derived carbon molecular 

sieve membranes (Figure 2.13(d)).  
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Figure 2.13 Hypothetical microstructure arrangement models of carbon molecular 

sieve membranes [69]. (a) Bimodal distribution characteristics of carbon molecular 

sieve [104]; (b) “walls” and “cells” like microstructure constructed by carbon strands 

and nanosheets [99, 105]; (c) continuous“orphan carbon strands” and isolated “cell” 

model proposed by Koros’ group [106, 107]; (d) “nanoribbon” instead of “cell” 

structure in continuous “orphan carbon strands” proposed by Lively’s group [98]. 
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In short, the in-depth understanding of the microstructure arrangement of carbon 

molecular sieve membranes was mainly based on microporous carbon materials derived 

from linear polymers (especially polyimides). As previously discussed in Chapter 2.1.2, 

however, there is limited insight into microstructure characteristics and gas permeation 

behavior of microporous carbon materials derived from thermosetting heterocyclic PPN 

resins with high decomposition temperatures. 

 

2.4 Identified gaps in literature that will be addressed by this thesis 

 

Despite the rapid development of phthalonitrile resin and the derived carbon materials for 

various applications, PPN has yet to be explored as an advanced membrane material for 

separation. This study pioneered the investigation of the potential of PPN and its derived 

carbon materials as advanced membrane materials on gas separation. For this purpose, it 

is essential to investigate the microstructure characteristics and gas permeation behavior 

of PPN and the derived carbon materials. Previous work has identified the intermolecular 

interactions that enable the stacking of molecular chains of PPN networks; however, 

there is a lack of understanding of the adjustment methods for the microstructure 

arrangement of resorcinol-based polyphthalonitrile networks. The molecular arrangement 

of the PPN network is also a key factor determining the microstructure characteristics of 

the PPN-derived carbon materials, which was generally overlooked in previous literature. 

Furthermore, it should be noted that no published literature on gas permeation behavior 

or gas separation performance of polymeric or carbonaceous membranes based on PPN is 

available. This study aims to provide a fundamental understanding of the gap between the 
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microstructure characteristics and gas permeation behavior of PPN and the derived 

carbon membranes. 
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Chapter 3  

 

Experimental Methodology 

 

Resorcinol-based polyphthalonitrile and its derived carbon materials were developed in 

the context of membranes to investigate their gas permeation behavior. Furthermore, 

various characterization techniques were adopted to understand the roles of thermal, 

chemical, and microstructure in adjusting microstructure characteristics of membrane 

materials based on PPN. This chapter summarizes the chemical synthesis, membrane 

fabrication, and carbonization methods and briefly introduces the characterization 

techniques for identifying the properties of PPN-based polymeric and carbon materials.  
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3.1 Design of Experiments 

 

The adjustment of microstructure characteristics of polymeric and carbon materials 

largely determines the gas permeation behavior of the membranes. The first part of this 

study focuses on the adjustability of microstructure arrangement and gas permeation 

behavior of PPN and its derived carbon materials by means of metal-ion doping or curing 

treatment. The second part of this study investigates the relationship between 

microstructure characteristics and gas permeation behavior of PPN-based polymeric and 

carbon molecular sieve membranes. The third part of this study explores the potential of 

PPN as an advanced membrane material to modify microstructure characteristics and the 

gas separation performance of typical polymeric gas separation membranes. 

 

The experiments start with testing the hypothesis that the microstructure arrangement and 

gas permeation behavior of resorcinol-based phthalonitrile and its derived carbon 

materials can be adjusted via metal-ion doping or thermal treatment. Following this, the 

PPN precursors subjected to various thermal histories were fabricated into carbon 

molecular sieve membranes to demonstrate the effect of the molecular arrangement of the 

precursor on the microstructure characteristics of the derived carbon materials. Lastly, 

PPN was incorporated into polyimide to investigate its electron donor/acceptor properties 

on modifying microstructure characteristics and gas separation performance of the blend 

membranes. Thermal treatment on the blend membranes was also carried out to 

investigate the extent of adjustability of PPN as an advanced membrane material for gas 

separation. 
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3.2 Chemical and reagents 

3.2.1 Synthesis of resorcinol-based phthalonitrile monomer (1,3-bis(3,4-

dicyanophenoxy)benzene)  

 

Resorcinol-based phthalonitrile monomer (1,3-bis(3,4-dicyanophenoxy)benzene, 362.34 

g/mol) was synthesized from a modified literature method [3, 6]. Briefly, monomers of 

resorcinol (99%, 110.11 g·mol-1) and anhydrous potassium carbonate (99%, 138.21 

g·mol-1) from Sigma-Aldrich, and 4-nitrophthalonitrile (98%, 173.13 g·mol-1) from Tee 

Hai Chemical, at a molar ratio of 1:3:2, were added into dimethyl sulphoxide (DMSO, 

99%, Sigma-Aldrich) and stirred for at least 24 hours under a inert atmosphere at ambient 

temperature, followed by precipitation from dilute hydrochloric acid solution (Tokyo 

Chemical Industry) and purification by washing with deionized water at least three times. 

 

3.2.2 Prepolymer synthesis 

 

Polyphthalonitrile (PPN) was synthesized using a solvent-based polymerization method, 

and the detailed steps can be found in the literature [109]. In brief, PPN was synthesized 

from 1.0 mol of resorcinol-based phthalonitrile monomer and 0.03 mol of diamine 

catalyst, 1,4-bis(4-amino phenoxy)benzene (98%, Tokyo Chemical Industry), in N-

methyl-2-pyrrolidone (NMP, 99%, Sigma-Aldrich) at 190 ℃. The obtained PPN mixture 

was purified with a 0.45 um polytetrafluoroethylene syringe filter, adjusted to 15 wt% in 

NMP, and stored in ambient condition before further use. The synthesis of metal-ion-

doped PPN prepolymer followed the same synthesis protocol with the predetermined ion-

to-monomer ratio of 1:4. 
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3.2.3 Preparation of supported PPN membranes, supported PPN-CMS membranes 

and free-standing thin-films 

 

To enhance the mechanical robustness of carbon thin-films derived from polymeric 

precursors [9, 110], a porous alumina substrate has been utilized to provide mechanical 

support for the membranes [100, 110, 111]. The supported PPN membrane was fabricated 

by coating the PPN solution on a disc-shaped porous alumina substrate (Fraunhofer 

Institute for Ceramic Technologies and Systems, thickness: 1.0 mm, diameter: 3.0 cm, 

mean pore size: 200 nm) using a spin coater (LEBO science) (Figure 3.1). The spinning 

rate was controlled at 1500 rpm, and a spinning time of 10 mins was used. The spin 

coating was repeated 3 times to prevent any pinhole or crack that led to a non-selective 

carbon membrane [112]. The samples were vacuum-dried at 80 ℃ overnight to obtain the 

supported PPN membranes. PPN and PPN-CMS membranes were fabricated in a 

continuous and progressive heating protocol modified from the literature in a tube 

furnace (Carbolite Inc.) with argon as the protective atmosphere at a flow rate of 200 

cm3(STP)/min [5, 9, 49]. Briefly, the PPN membranes were progressively cured at 220 

℃, 250 ℃, and 280 ℃. The cured PPN membranes were named by their final curing 

temperature; for instance, PPN280 for the membrane obtained at 280 ℃. The PPN280 

was further cured at 325 ℃ to obtain PPN325, followed by curing at 400 ℃ to obtain 

PPN400. The soaking time for each curing step was 120 mins. The ramping rate was 

controlled at 5.0 ℃/min below 400 ℃. The supported PPN-CMS membranes were 

directly carbonized after the curing steps of the PPN membranes in the tube furnace. In 

order to prevent any cracks from the supported carbon membranes [100], slow 

temperature ramping rates were programmed at 1.0 ℃/min from 400 ℃ to 475 ℃, and 
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0.5 ℃/min above 475 ℃ without any soaking until reaching the final pyrolysis 

temperature at 550 ℃ or 750 ℃. The soaking time at the final pyrolysis temperature was 

120 mins. The PPN-CMS membranes were named by their final carbonization 

temperature; for instance, PPN280-CMS550 for the PPN280 membrane pyrolyzed at 550 

℃. The membranes were collected after naturally cooling down to room temperature. 

The metal-ion-doped PPN and PPN-CMS composite membranes were cured and 

pyrolyzed as described above. The PPN thin-films were obtained by casting the PPN 

solution on an aluminum foil plate. The center part of the thin-films with uniform 

thickness (~130 µm) was used for further thermal treatment and characterization. PPN 

and PPN-CMS thin-films were cured and pyrolyzed as described above. 

 

 

Figure 3.1 Schematic diagram of the fabrication process of supported PPN and 

PPN-CMS membranes. 
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3.2.4 Preparation of free-standing membranes 

 

Free-standing dense membranes were fabricated from blends of high-performance 

commercial polyimide (PI, Matrimid 5218, Alfa Aesar) via the solvent evaporation 

method. Briefly, 15 g PI was first dissolved in 85 g NMP, followed by mechanical 

stirring for 24 hours at ambient temperature. The obtained 15 wt% PI solution was 

degassed by sonication for 1 hour and placed stationary for at least 24 hours. A different 

amount of 15 wt% PPN solution was added to the PI solution and vigorously stirred for 

24 hours to form a homogeneous PPN/PI blend mixture. The mixtures were degassed 

again and kept for another 24 hours. The doping solution was cast on a smooth glass 

substrate by a casting knife with a 500 μm gap. The transparent film was carefully placed 

in a dry oven at 80 ℃ for 48 hours. After the evaporation of most of the NMP, the film 

was placed into deionized water until it was detached from the glass plate. The 

membranes were then punched into round thin films of 3.5 cm diameter. All the samples 

were secured and sandwiched between two PTFE-glass fiber plates with a 1 mm gap for 

further trace solvent removal at 140 ℃ under vacuum for 48 hours. The blend 

membranes were then thermally annealed in a box oven for a sequence of predetermined 

temperatures, i.e., 220 ℃, 250 ℃, 280 ℃, and 325 ℃ for 2 hours at each stage. The 

thermally treated membrane was named as PPNx/PIy-z; x is for the composition of PPN, 

y is for the composition of PI, and z is for the final thermal treatment temperature. 
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3.3 Instrumentation and Characterization Techniques 

 

The main experimental approach is to perform gas permeation analysis to obtain ideal gas 

permeability and selectivity properties of membranes. The theoretical background for this 

experimental approach has been discussed in the literature review. The specific details of 

the experiment will be discussed in this chapter. This article will also briefly review other 

instrumentation and techniques used to characterize the microstructure properties of 

membrane materials. 

 

3.3.1 Rheometer 

 

The viscosity (apparent shear viscosity) of the PPN solution was measured by a 

rheometer (TA instrument, Discovery HR-3) using the parallel plate method. The 

viscosity was obtained as a function of shear rate in ambient conditions. The viscosity 

represents the internal flow resistance of the fluid (polymer solution). For the parallel 

plates method, the shear rate (1/s) is defined as the velocity of the mobile plate divided by 

the gap between parallel plates. The shear stress (N/m2 or Pa) is defined as the force 

applied to the mobile plate divided by the area of the plate. The viscosity (Pa·s) is 

obtained from the shear stress divided by the shear rate. 

 

3.3.2 Gel Permeation Chromatography (GPC) 

 

Gel permeation chromatography analysis (1260 Infinity, Agilent Technologies) was 

utilized to obtain molecular weight distribution of PPN prepolymer using polystyrene as 
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standard. A gel permeation column contains molecular sieves with tortuous pathways. 

The smaller molecules or polymer chains can travel into the extra pathways, but the 

molecular sieves reject the larger ones. As such, the larger molecules come out the 

permeate side first, followed by smaller ones. A molecular weight distribution can be 

obtained from GPC analysis for a polymer system containing numerous molecules with 

various molecular weights. A number or weight average molecular weight can be used to 

represent the molecular weight of the polymer. The number average molecular weight 

(Mn) is defined as the arithmetic average of the molecular weights of the individual 

molecules. The weight average molecular weight (Mw) prioritizes the mass fraction of 

molecular weight, and it can be defined as the summation of the product of the mass 

fraction to the molecular weight of each molecule. The mass fraction represents the ratio 

of the total mass of each type of molecule (with different molecular weights) to the total 

mass of the polymer. The molecular weight distribution (polydispersity, PDI) of a 

polymer is defined as the ratio of Mn to Mw. 

 

3.3.3 Fourier-transform Infrared Spectroscopy with attenuated total reflectance 

(FTIR-ATR) 

 

The Fourier transform infrared (FTIR) spectrum is obtained by absorbing appropriate 

infrared light energy from various molecular bonding structures in materials that produce 

intermolecular vibration and rotation modes. FTIR can obtain the vibrational spectrum of 

compounds from the Fourier transform of the interference spectrum.  
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The position of the measured wavenumber can indicate the functional group of a 

polymer. The measured wavenumber range of the infrared spectrometer is from 4000 cm-

1 to 400 cm–1. The wavenumber ranges from 4000 to 1300 cm–1 and is known as the 

‘functional group region’, which is mainly the stretching vibration of single bonds 

containing hydrogen atoms, various double bonds, or triple bonds. The wavenumber 

range from 1300 to 400 cm–1 is called the ‘fingerprint area.’ Except for isomers, each 

compound has its own specific spectra pattern, like a human fingerprint. Based on the 

same principle, FTIR-ATR uses an attenuated total reflectance technique to characterize 

the chemistry of bulk membrane samples or thin-film composite membranes at the near-

surface region without breaking the membrane structure. 

 

3.3.4 UV-Vis spectrometer 

 

UV-Vis spectrometer (Lambda 950, Perkin Elmer) was utilized to characterize the optical 

properties of membranes. The electrons in molecular substances can absorb the energy of 

light to jump from molecular orbitals with lower energy to ones with higher energy, 

resulting in characteristic absorption peak(s) for the material. The change in the energy 

gap can cause a shift in the absorption peak position(s) of the substance. In the UV-Vis 

spectrum, the higher wavenumber (lower frequency) of light indicated the lower energy 

absorbed by the molecular substance. A shift in the position of the absorption peak in the 

spectrum reflects a change in molecular interactions associated with electronic energy 

gaps. 
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3.3.5 Gravimetric Analysis 

 

The gel fraction of the membranes was studied using the gravimetric method. A given 

amount of thin film was weighted (Wi) before being immersed in NMP for three days. 

The residue of the membranes was filtered out, dried in an oven, and weighed with filter 

paper. Gel fraction was calculated from the residue's net weight (Wo) from the Eq. (3.7): 

 

𝐺𝑒𝑙 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (%) =
𝑊𝑖−𝑊𝑜

𝑊𝑖
∗ 100 %            (3.7) 

 

3.3.6 Thermogravimetric Analysis (TGA) 

 

Thermogravimetric analysis is to study the thermal degradation behavior of a material. 

Generally, the thermal degradation behavior can be described as the function of sample mass 

against temperature. Q500 thermogravimetric analyzer (TGA, TA Instruments) with 

software was utilized to reveal the thermal degradation behavior of polymeric materials. 

An inert atmosphere, such as nitrogen, can prevent exaggerated oxidation of polymeric 

materials during the analysis. That is to say, the analysis revealed the pyrolysis behavior 

of the polymer in carbonized materials. The analysis was performed with a 5 ℃/min 

heating rate at a temperature range from 50 to 900 ℃ in a nitrogen atmosphere with a 50 

ml/min flow rate. 
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3.3.7 Dynamic Mechanical Analysis (DMA) 

 

Dynamic mechanical analysis (DMA) is a convenient technique that can be utilized to 

estimate molecular chain mobility or rigidity of polymers in terms of glass transition 

temperature. The glass transition temperature of a polymer can be defined as the 

maximum tangent delta, the ratio of storage modulus over loss modulus, of a polymer 

under stress oscillation mode. Dynamic mechanical analyzer (DMA Q800, TA 

Instruments) was conducted with the heating rate of 5 C/min up to 500 ℃ under ambient 

conditions for determining the glass transition temperature of polymeric thin-films. 

 

3.3.8 Polarized Light Microscopy (PLM) 

 

A polarized light microscope (PLM, Olympus TH4-200) was utilized to visualize the 

miscibility behavior of the PPN and polyimide blend membranes. The light filter 

(polarizer) allows light to be polarized at a given planar axis when randomly oriented 

incident light passes through. The polarized incident light can distinguish the molecular 

arrangement of polymeric materials at the micrometer level. Generally, the randomly 

distributed molecular arrangement for amorphous polymeric materials allows lights in all 

orientations to pass through, showing no strong interference of polarized incident light. 

This is the same case for homogeneous polymer blends containing miscible polymers due 

to the randomly distributed molecular chain arrangement of the blend. Specifically, for 

heterogeneous polymer blends containing partially miscible or immiscible polymeric 

materials, differences in molecular arrangement due to the incompatibility of polymer 

chains can create distinct orientations and, thus, induce strong interference and 
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differences in light intensity. Therefore, the polarized light can depict the phase 

separation behavior of heterogeneous polymer blend materials. 

 

3.3.9 Field Emission Scanning Electron Microscopy (FESEM) 

 

Scanning electron microscopy (SEM) is an important and simple method for observing 

the structural characteristics of membranes. SEM technique can directly observe the 

surface and cross-section of the membrane to visualize morphological properties, such as 

pore morphology, film symmetry, and skin layer thickness of membranes. Field Emission 

Scanning Electron Microscopy (FESEM, JEOL JSM-6340F) was utilized to observe the 

microstructure of the membranes. 

 

Due to the plastic nature of polymer materials, it is easy to destroy the original shape of 

the film subjected to mechanical treatment (i.e., cutting, slicing, or fracturing), resulting 

in the inability to observe the true structural form. In order to mitigate the issue, the 

polymeric membranes were immersed in liquid nitrogen to rigidify the polymer matrix at 

low temperatures, and the sample was directly fractured for further use. It should be 

noted that the polymer materials themselves are not conductive. The polymeric 

membrane is typically prone to charge accumulation, leading to morphological distortion. 

Meanwhile, the membrane is affected by high-energy electron beams, which may also 

lead to changes in the physical and chemical structure of polymer materials. Therefore, 

prior to SEM analysis, a thin layer of conductive metal, i.e., platinum, was sputtered on 

the surface of the polymeric specimen to eliminate those effects. Besides, slicing and 
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breaking must be performed during sample preparation when using SEM to observe the 

cross-sectional structure of the membrane. 

 

3.3.10 Transmission Electron Microscopy (TEM) 

 

Transmission Electron Microscopy (TEM, JEOL 2100F) with an accelerating voltage of 

200 kV was utilized to observe the microstructure. Polymer and carbon thin-films were 

shattered and dispersed in ethanol. The specimen was prepared by collecting the fine 

powders on a copper grid with carbon mesh. In principle, TEM utilizes a beam of high-

voltage electrons to hit a specimen. This allows the electrons with small de Broglie 

wavelength to reveal the molecular or atomic arrangement of materials at the sub-

nanometer level. When the beam of electrons transmits through the solid material, some 

electrons bump with atoms of the specimen to create a transmission image. The 

transmitted electron image can reflect the molecular arrangement of a specimen, of which 

the more atom distribution allows the less transmitted electrons to generate less intensity 

region, and vice versa. 

 

3.3.11 X-ray Diffraction (XRD) 

 

X-ray diffraction scattering analysis (XRD) was utilized with a D8 Advance X-ray 

diffractometer (Bruker) to identify microstructure characteristics of the membrane. 

Diffraction occurs when X-rays enter neatly repeating arrangements of atoms. When the 

X-ray beam enters different crystal planes, optical path difference is formed from the 

different X-ray traveling paths. Assume that the crystal plane distance is d, and the 
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incident angle 𝜃 is the angle between the incident light and the crystal plane. When the 

incident light is reflected by the upper and lower crystal planes, the two reflected lights 

have an optical path difference 2𝑑𝑠𝑖𝑛𝜃. When the optical path difference is equal to an 

integer multiple of the X-ray wavelength, the constructive interference of X-rays is 

formed. For amorphous polymeric or carbon materials, the intermolecular space between 

molecular chains can be described by Bragg's law, which was applied to calculate the 

average molecular chain distance or d-spacing values [49, 98]: 

 

𝑑 =
𝑛𝜆

2𝑠𝑖𝑛𝜃
                (3.3) 

 

where d refers to the average molecular chain distance (d-spacing value), n is a natural 

integer (equal to 1 for amorphous polymer), 𝜆 equal to 1.5418 Å  is the wavelength of Cu-

Kα radiation source, and 𝜃 is the degree of diffraction angle. 

 

3.3.12 Positron Annihilation Lifetime Spectroscopy (PALS) 

 

Positronium (Ps) is a combined state of a positron and an electron. Ps are like atoms that 

have many unique properties and some that are similar to hydrogen. Importantly, their 

atomic radius derived from the Schrödinger equation is exactly the same as that of 

hydrogen atoms. Ps include 11S0 (para-positronium, p-Ps) and 13S1 (ortho-positronium, o-

Ps), two ground states. Since the wave functions of electrons and positrons overlap to a 

certain extent, Ps has a probability of self-annihilation. The p-Ps annihilation releases two 

γ photons, and the o-Ps annihilation releases three γ photons. The intrinsic lifetime of p-



Experimental Methodology  Chapter 3 

57 

Ps and o-Ps are 0.125 ns and 142 ns, respectively. The lifetime of o-Ps in condensed 

materials is only a few nanoseconds, which is much shorter than its intrinsic lifetime. In 

other words, the positron and the electron in the material annihilate to release two gamma 

photons. When a positron enters a substance, the positron self-annihilation (free positron 

annihilation) occurs when it is close to the electron. Characteristic γ-rays will be 

produced after the annihilation, a typical phenomenon of mass conversion into energy—

the more defects in the material, the greater the rate of positrons being captured by 

defects. Because the positron annihilation rate is proportional to the electron density at 

the annihilation site, it is very sensitive to electron density distribution. Since the defect 

in the material lacks a positively charged atom, it is electronegative so that positrons will 

be more easily captured in the defect. Therefore, the positron lifetime is related to the 

defect size (< 1 nm). The larger the hole, the lower its electron density, and the chance of 

positron annihilation is relatively reduced. Positron annihilation lifetime spectroscopy 

(PALS) can be used to detect the size, number, and distribution of defects in materials. 

PALS is one of the positron annihilation spectroscopic analysis techniques. It uses the 

radioactive source 22Na to perform β+ decay to generate positrons. The generated 

positrons enter the sample and are captured by holes or free volumes in the sample, 

resulting in annihilation. The lifetime of a positron from generation to annihilation is 

closely related to the size of the hole in the material. PALS can be used to explore the 

number, size, and size distribution of micropores or free volumes within gas separation 

membranes. PALS analysis characterizes the annihilation of o-Ps to obtain free volume 

characteristics and pore size distribution of the polymeric or carbon materials [49, 100, 

113-115]. The theoretical diameter of positronium is the same as that of a hydrogen atom 
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(1.06 Å ), which is much smaller than that of the gas molecule (i.e., N2 or CO2) for gas 

adsorption analysis [116].  

 

Briefly, a 22Na (20 µCi) positron source with Kapton foil support was used between two 

specimens (~ 1 mm thickness) for the collection of 1.0 × 106 counts to obtain the positron 

annihilation lifetime (PAL) spectrum. Positron lifetime components and intensities were 

obtained by fitting the PAL spectrum using PATFIT software, while MELT software was 

employed to analyze the PAL spectrum for positron lifetime and pore size distribution. 

The o-Ps lifetime (𝜏3) was correlated with the cavity radius (R) of the CMS by the 

semiempirical formula based on the infinitive potential spherical model [113, 115, 117]: 

 

 𝜏3 = 0.5 × [1 −
𝑅

𝑅+∆𝑅
+

1

2𝜋
sin (

2𝜋𝑅

𝑅+∆𝑅
)]

−1

           (3.4) 

 

3.3.13 Gas Adsorption and Porosity Analyzer 

 

The gas adsorption method is a relatively mature and widely used method to determine 

the pore size distribution of mesopores and micropores. CO2 adsorption analysis at 273 K 

and cryogenic N2 adsorption analysis at 77 K were carried out using a gas sorption and 

porosimeter analyzer (ASAP 2020, Micromeritics) with software provided. Based on the 

adsorption characteristics of gas on the solid surface, microstructure characteristics of the 

membranes on the pore size and pore distribution of mesoporous and microporous 

materials can be obtained. The gas adsorption method porosity distribution measurement 

utilizes the capillary condensation phenomenon and the principle of volume equivalent 
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substitution, that is, the amount of condensed gas in the measured hole is equivalent to 

the volume of the hole. The adsorption theory assumes that the shape of the pores is a 

cylindrical tubular single distribution or a molecular sieve slit-shaped wide distribution. 

Different shapes are assumed to have different gas adsorption and desorption behaviors, 

thereby establishing a capillary condensation model. The pore size distribution of carbon 

membranes was evaluated using density functional theory (DFT) by assuming a slit pore 

in the microporous carbon. 

 

The inert N2 has become the most commonly used adsorbate because it is easy to obtain 

and has good reversible adsorption characteristics. The N2 adsorption method is generally 

suitable for testing mesopore and micropore materials between 0.5 and 300 nm. It uses 

the isothermal adsorption characteristic curve of nitrogen to determine pore size 

distribution. At the liquid N2 temperature, the amount of N2 adsorbed on the solid surface 

depends on the relative pressure of nitrogen (P/P0). P is the partial pressure of N2, and P0 

is the saturated vapor pressure of N2 at liquid N2 temperature. When the P/P0 value 

increases, the pore radius where condensation can occur also becomes larger. Owing to 

the CO2 molecule having a much smaller kinetic diameter than N2, the CO2 molecule can 

easily access smaller micropores or ultramicropores. Besides, the high saturate pressure 

of CO2 allows the analysis to be operated at higher temperatures (273K), giving the high 

diffusion ability of CO2 molecules into micropores. These advantages make CO2 

adsorption analysis suitable for characterizing microporous carbon materials with 

abundant ultramicropores. 
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3.3.14 Gas Sorption Analyzer 

 

The gas sorption test for hydrogen, nitrogen, and carbon dioxide was carried out using a 

setup containing a temperature-controlled stainless steel cell with microbalance (Cahn 

D200) [49]. The polymer thin-films with 0.1 cm3 in volume were loaded onto a carrier 

pan. The same volume of the aluminum plate was placed on another carrier pan to correct 

the buoyancy effect. The test was conducted at a given temperature of 35 ℃ and absolute 

pressure of 2 atm, the same as the gas permeation test. Before starting the gas sorption 

experiment, the cell was vacuumed for at least 8 hours after loading to ensure the 

complete removal of dissolved gases in the samples. The selected gas was then purged 

into the cell, and the weight was recorded after the gas sorption at equilibrium. The 

solubility coefficient (S) was derived from the Eq. (3.5): 

 

𝑆 =
𝐶

𝑝
                  (3.5) 

 

where 𝐶  is referred to gas sorption amount (cm3(STP))/(cm3), and 𝑝 is to the applied 

pressure. According to the solution-diffusion model, the diffusivity coefficient (D) can be 

calculated from the Eq. (3.6): 

 

𝐷 =
𝑃

𝑆
                 (3.6) 

 

where 𝑃 is referred to the gas permeability in a commonly used gas unit, Barrer (1·1010 

Barrer = 1 cm3(STP) ·cm/cm2·s·cmHg), and S is described above. 
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3.3.15 Gas Permeation Analyzer 

 

Gas permeation analysis was based on constant pressure and variable volume method 

[100]. Due to the relatively low permeance of polymeric membranes, a gas permeation 

analyzer (GTA-11MH, Yanaco) equipped with gas chromatography (G2700, Yanaco) 

was employed to determine the pure gas permeability (P) of N2, O2, CO2 ,and H2 for the 

free standing or supported polymeric membranes [100]. The permeability of supported 

carbon membranes were measured in a customized testing cell (effective membrane area 

of 3.8 cm2) using a soap film flowmeter (SCal Plus) [56, 118]. The membranes were 

tested freshly to avoid physical or chemical aging effects. The following equation 

determines the permeability: 

 

𝑃 =
𝑞·𝑘·𝑙

∆𝑝·𝐴·𝑡
                (3.1) 

 

where P is described above, q to the amount of permeate gas volume (cm3), k is the 

correction factor, l to the selective layer thickness of the membrane (cm) (determined by 

SEM), A to the effective membrane area (cm2), t to collection time (s) in the steady-state 

of permeation, the analysis was conducted at 25 ℃ under a pressure difference (∆𝑝) of 

152 cmHg (2.0 atm). The H2/CO2 (50:50 mol%) mixed-gas permeation analysis was 

performed at 35 ℃ and the pressure difference in the 2 - 8 atm range. Permeability values 

were expressed in Barrer (SI unit: 10−10 cm3 (STP) cm/(cm2·s·cmHg)). Ideal gas 

selectivity or permselectivity (S) was calculated as the ratio of permeability coefficients, 
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and its relationship to solubility selectivity (the ratio of solubility coefficients) and 

diffusivity selectivity (the ratio of solubility coefficients) can be described as follow: 

 

𝑆1/2 = 𝑃1/𝑃2 =
𝑆1

𝑆2
·

𝐷1

𝐷2
              (3.2) 

 

3.4 Sources of Experimental Errors 

 

The uncertainty in this article mainly comes from the measurement of the samples during 

the permeation study. It mainly involves the unpredictable random permeability 

variations generated by gas permeation analysis [119]. If the gas permeability of a 

membrane was low (i.e., N2 permeability of PPN membrane), the gas permeability 

measurement requires sufficient sampling time for permeate gas collection. Any gas 

leakage during this stage could affect the measured result. In order to minimize the 

uncertainty, vacuum grease was applied to the sealing rubber that directly contacted the 

membrane in the testing cell to prevent gas leakage from the edge of the membrane. The 

gas permeability was measured three times from individual samples, with uncertainties 

expressed as ± standard deviation (σ). Systematic errors can be minimized by carefully 

calibrating the instrument before taking measurements. To be specific, standard 

polyethylene terephthalate free-standing thin film with a known permeability was utilized 

to identify the accuracy of the gas permeation analyzer. The gas permeation analyzer was 

calibrated to the level of uncertainty within a 10% difference of the standard thin film. 
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Chapter 4  

 

Adjusting microstructure of PPN and the derived microporous carbon 

 

This chapter demonstrated the adjustment of microstructure characteristics and gas 

permeation behavior of PPN and its derived carbon materials via metal-ion doping. It 

was identified that the doping of metal ions can facilitate the formation of more 

graphitic-like stacking molecular arrangements in PPN networks. The formation of 

metal-ion-doped heterocyclic phthalocyanine rings was the main reason for the subtle 

change in the microstructure arrangement of the thermosetting polymer network. 

Interestingly, the intermolecular stacking distance of the PPN network could be adjusted 

by different types of metal ions. It was also found that the gas permeation behavior of 

PPN and the derived microporous carbon membranes largely depend on the 

microstructure arrangement of the PPN network adjusted by metal ions. This chapter 

provided new understandings and insights into the adjustability of microstructure 

arrangement and gas permeation behavior of the PPN network.  
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4.1 Introduction 

 

The thermosetting resorcinol-based PPN resin has been developed into many high-

performance thermal resistant polymers and functional carbon materials since Keller et 

al. [6] first demonstrated the outstanding thermally stability and processibility of 

resorcinol-based PPN resin in 2005 [3, 5, 13, 17, 120]. The remarkable high char yield of 

the resin is mainly attributed to the heterocyclic moieties, i.e., isoindolenine, triazine, and 

phthalocyanine, formed from the addition-polymerization of phthalonitrile moieties [8, 

120, 121]. Tay [7] proposed that PPN may possess microporosity, which benefits the 

formation of microporous carbon materials derived from resorcinol-based phthalonitrile 

resin. However, Liu [9] demonstrated that the resorcinol-based phthalonitrile network 

may possess limited or no microporosity due to the interpenetration of linear polymer 

chains via molecular dynamic simulation. Nonetheless, there was no direct evidence of 

the existence or absence of microporosity in the resorcinol-based PPN network. A 

fundamental understanding of the microstructural characteristics of polymer networks is 

critical for extending PPN-derived polymers or carbonaceous materials into their new 

applications, such as gas barriers or separation membranes. 

 

Researchers have intensively investigated the microstructure characteristics of various 

PPN networks and their derived carbon materials. Snow et al. [15] demonstrated the 

aromatic-aromatic stacking nature of a metal-ion-free PPN network. McKeown’s group 

further identified that this kind of stacking generally exists in many polyphthalonitrile 

systems due to aromatic-aromatic intermolecular interactions between neat 

phthalocyanine moieties [33-35]. The microstructure arrangement of polyphthalonitrile 
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can be adjusted by molecular structure design. They demonstrated that silicon-doped 

phthalocyanines with axial dendritic substituents could enlarge the intermolecular 

distance of phthalocyanine stacking to 14 Å  [122]. It was further identified that 

incorporating a rigid and twisted (nonlinear) backbone in a PPN network could largely 

prevent the stacking of phthalocyanine from creating intrinsic microporosity in the 

polymer systems [35]. The creative molecular design was even able to overcome the 

stacking of metal-ion (Cu2+, Co2+, or Zn2+) doped phthalocyanine moieties, which possess 

stronger intermolecular interaction (cation-aromatic interaction) than that of metal-free 

ones [123]. The carbonization of polymer networks into amorphous carbonaceous 

materials can produce abundant microporosity. However, previous investigations on 

PPN-derived carbon materials were not sufficient enough to reveal their microstructure 

characteristics, which will be discussed in Chapter 5.1. In short, though the molecular 

arrangement and microporosity of polymer network constructed by phthalocyanine had 

been widely studied, there is a lack of understanding of microstructure characteristics of 

PPN network and its derived carbon materials. 

 

This work investigated the adjustability of the microstructure characteristics and gas 

permeation behavior of the phthalonitrile-derived polymer network (using resorcinol-

based PPN as a model) via doping different types of metal ions (i.e., Cu2+, Co2+, and 

Zn2+) with the predetermined ion-to-monomer ratio of 1:4. It was hypothesized that the 

doping of different types of metal ions in phthalocyanine moieties could adjust their 

molecular arrangement and, thus, the gas permeation behavior of the polymeric and 

carbon membranes derived from the resorcinol-based PPN network containing 

phthalocyanine, triazine, and isoindolenine. For the first time, this study revealed the 
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intrinsic microstructure characteristics, gas permeation properties and the 

microstructural-property relationship of PPN and the derived carbon membranes,. This 

study not only closed the gap between the hypothesized microporous molecular 

arrangement of PPN networks and the evolution of microporosity of the derived 

microporous carbon materials, but also paved the way for the further development of 

polymeric and carbonaceous membranes based on heterocyclic PPN resins. 

 

4.2 Result and discussions 

4.2.1 Chemical, thermal, and microstructure properties of neat PPN and metal-ion-

doped PPN networks 

 

The resorcinol-based phthalonitrile resin-derived PPN400 network comprises 

isoindolenine, triazine, and phthalocyanine moieties as confirmed by FTIR-ATR analysis 

(Figure 4.1(a)). The phthalonitrile groups underwent addition-polymerization to form the 

heterocyclic moieties [8]. Similarly, the metal-ion-doped PPN400 also produced the same 

heterocyclic species (i.e., isoindolenine and triazine), while the metal ions could be 

hosted in phthalocyanine rings [33]. Specifically, the doping of metal ions resulted in 

smaller wavenumbers of isoindolenine moieties. It was also observed that the peak 

position and intensities of triazine groups varied with the doped species of metal ions. 

These phenomena might be due to the introduction of cation-aromatic interactions in the 

PPN400 network [123]. Interestingly, no apparent difference in peak position was 

observed in phthalocyanine moieties. However, the UV-Vis spectrum (Figure 4.1(b)) 

further revealed the success of doping metal ions in the phthalocyanine rings. 

Specifically, the phthalocyanine ring of neat PPN400 exhibited a maximum absorbance 
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peak at 582 nm. The doping of metal ions resulted in a shift in the absorption peak 

positions of phthalocyanine [124, 125]. Specifically, the order of absorption peak 

positions (ZnPPN400 (602 nm) > CoPPN400 (585 nm) > PPN400 (582 nm) > 

CuPPN400 (582 nm)) is in good agreement with that of neat and metal-ion doped 

phthalocyanines (ZnPc (687 nm) > CoPc (678 nm) > Free Pc (673 nm) > CuPc (623 nm)) 

reported in literature [126]. The difference in absorption peak position between the PPN 

networks and molecular phthalocyanines with or without metal-ion doping might be due 

to the complex molecular structure of the PPN network in this study, resulting in essential 

differences in the electronic energy gaps. Nonetheless, the results supported the 

successful doping of metal ions (i.e., Cu2+, Co2+, and Zn2+) in the PPN400 network. 
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Figure 4.1 Thermal and microstructure properties of neat and metal-ion-doped 

PPN. (a) FTIR-ATR spectrum of PPN400, CuPPN400, ZnPPN400, and CoPPN400. (b) 

UV-Vis spectrum, and (c) XRD spectrum of PPN400, CuPPN400, ZnPPN400, and 

CoPPN400. 

 

It was hypothesized that the doping of metal ions can adjust the molecular arrangement of 

the PPN network. XRD analysis revealed the general amorphous nature of neat and 

metal-ion-doped PPN network (Figure 4.1(c) and Table 4.1). Notably, no sharp and 

narrow crystalline peak was observed from CuPPN400, CoPPN400, and ZnPPN400. The 

results indicated that the reaction of PPN monomer with different types of salts was able 

to form uniform metal-ion-doped phthalocyanine. The neat PPN400 network was 

observed to have an amorphous region with a d-spacing value of 5.06 Å  and a graphite-
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like stacking (semicrystalline) region with a d-spacing value of 3.54 Å  [5]. Interestingly, 

the doping of metal-ion in the PPN400 network decreased d-spacing values in the 

amorphous region compared with the neat PPN network. A plausible reason for the 

phenomenon was the cation-aromatic interactions introduced in the metal-ion-doped 

PPN400 networks, resulting in a narrower intermolecular distance. It was also observed 

that the effect of metal ion types might play a dominant role in adjusting the molecular 

arrangement of the PPN400 network. The doping of Cu2+ and Co2+ gave more intense 

peaks with an average intermolecular distance of 3.28 Å  and 3.35 Å , respectively, 

representing the semicrystalline-like stacking of the derived polymer networks. These 

results were in good agreement with the d-spacing values of Cu-doped (3.3 Å ) 

phthalocyanine crystal [127] and Co-doped (3.3 Å ) phthalocyanine covalent organic 

framework [128]. However, the doping of Zn2+ produced a board hump peak with a d-

spacing value of 3.78 Å . The result agreed with the d-spacing value of Zn-doped 

phthalocyanine thin-film (3.85 Å ) in literature [129]. The narrowing of the intermolecular 

distance of PPN networks doped with Cu2+ or Co2+ was mainly attributed to the promoted 

stacking of planar phthalocyanine moieties. In contrast, the nonplanar nature of Zn-doped 

phthalocyanine might be the reason for the less efficient intermolecular stacking than the 

other metal-ion-doped PPN400 networks [130]. It was concluded that the molecular 

arrangement of the PPN network could be adjusted via the doping of metal ions.  
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Table 4.1 Average intermolecular distance of neat PPN400 and metal-ion-doped 

PPN400 networks and their derived microporous carbon materials. 

Membrane  Precursor CMS550 

 
d-spacing (Å ) 

d-spacing (Å ) 
Amorphous Semicrystalline 

CuPPN400 4.74 3.28 3.46 

CoPPN400 4.19 3.35 3.47 

ZnPPN400 4.39 3.78 3.90 

PPN400 5.06 3.54 4.12 

 

Thermal stability is one of the important factors for PPN-based polymers and 

carbonaceous materials. All metal-ion-doped PPN400 networks exhibited excellent 

thermal stability at the same level as neat PPN at 600 ℃ (Figure 4.2). This result was 

mainly due to the formation of thermally stable heterocyclic moieties derived from 

phthalonitrile groups. Specifically, all metal-ion-doped PPN networks exhibited a more 

exaggerated thermal degradation around 650 ℃ to 750 ℃. This effect was mainly 

because of the decomposition of phthalocyanine moieties containing metal ion species 

[131]. The transition metal ions could be reduced to metallic substances at elevated 

temperatures, facilitating the decomposition of the metal-ion-doped PPN400 network. 

Specifically, CoPPN400 showed a more aggressive decomposition above 800 ℃. This 

might be attributed to the catalytic decomposition of pyrolytic carbon. Overall, both neat 

and metal-ion-doped PPN400 networks showed sufficient thermal stability in high char 

yield (> 70%) at moderate pyrolysis temperatures below 800 ℃. 
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Figure 4.2 Molecular structure and thermal properties of neat and metal-ion-doped 

PPN400 networks. (a) Schematic diagram of synthesized neat PPN400 and PPN400 

doped with Cu2+, Co2+, or Zn2+. (b) TGA and (c) DTG of neat PPN400 and PPN400 

doped with Cu2+, Co2+, or Zn2+. 
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4.2.2 Microstructure characteristics of carbonized membranes derived from neat 

PPN and metal-ion-doped PPN networks 

 

Table 4.2 Micropore volume of neat PPN400, metal-ion-doped PPN400, and the 

derived microporous carbon materials from CO2 adsorption analysis at 273K. 

Membrane  Micropore volume (cm3/g) 

 Precursor CMS550 CMS750 

CuPPN400 0.005 0.074 0.034 

CoPPN400 0.005 0.053 0.017 

ZnPPN400 0.010 0.093 0.129 

PPN400* 0.013 0.080 0.143 

 

The carbonization of neat PPN400 and metal-ion-doped PPN400 networks produced 

amorphous carbon materials at the pyrolysis temperature of 550 ℃. Interestingly, it was 

observed that the XRD patterns of carbon materials derived from PPN400 or metal-ion-

doped PPN400 networks were somewhat similar to their polymeric precursors (Figure 

4.1(c) and Figure 4.3(a)). Specifically, CuPPN400-CMS550 and CoPPN400-CMS550 

possessed a more ordered carbon arrangement with a d-spacing value of about 3.46-3.47 

Å  (Figure 4.3(a) and Table 4.1), which might be derived from the semicrystalline 

polymer chain arrangement of CuPPN400 and CoPPN400 precursors. In contrast, 

PPN400-CMS550 and ZnPPN400-CMS550 exhibited an entirely amorphous carbon 

arrangement, similar to amorphous polymer networks of neat PPN400 and ZnPPN400 

precursors. The high thermal stability (glass transition temperature > 500 ℃) of neat 

PPN400 and metal-ion-doped PPN400 networks might be the main reason for this 

microstructure conversion from polymeric to carbonaceous materials. During thermal 
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treatment at moderate pyrolysis temperature, the high polymer chain rigidity of the 

PPN400 network might restrict the movement or rearrangement of the polymer chains, 

thereby largely inheriting the microstructure arrangement of polymeric precursor in 

carbonized materials. Hu et al. [49] observed similar behavior in the microstructure 

evolution of microporous carbon materials derived from polyimides with high glass 

transition temperatures (325 ℃ - 390 ℃). However, it was confirmed that the PPN 

precursors showed apparently limited or no microporosity from CO2 sorption analysis 

(Table 4.2 and Figure 4.4). The results supported the interpenetrating crosslinked PPN 

network obtained from the molecular dynamic simulation done by Liu [9]. However, the 

carbon materials derived from neat PPN400 and metal-ion-doped PPN400 networks 

exhibited bimodal-distributed micropore and ultramicropore structures (Figure 4.3(b)). 

This finding was against the hypothesis proposed by Tay [7] that the microporosity of 

PPN resin could be converted into the microporosity of the derived carbon materials. In 

fact, the formation of microporosity of phthalonitrile-based resin might more likely come 

from the thermal decomposition of functional groups [25]. Meanwhile, the packing of 

carbon nanosheets converted from PPN might also be beneficial in constructing 

micropores and ultramicropores of the PPN-derived microporous carbon materials, which 

will be discussed in Chapter 5. Interestingly, the incorporation of Cu2+ and Co2+ seemed 

to narrow the ultramicropore distribution, whereas the doping of Zn2+ broadened the 

ultramicropore distribution in comparison to neat PPN400-CMS550 (Figure 4.3(b)). This 

might be due to the large intermolecular distance of the semicrystalline region of the 

ZnPPN400 network, leading to the inefficient packing of the derived carbon nanosheets 

[130, 132]. It shall be noted that pore size distribution analysis via CO2 sorption had a 

physical minimal limitation in pore size about 4 Å  [133]. Though the true microstructure 
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evolution of PPN to microporous carbon required further investigation, it was concluded 

that the microstructure arrangement of carbon materials derived from PPN could be 

adjusted by the doping of metal ions. 

 

 

Figure 4.3 Microstructure characteristics of neat PPN400 and metal-ion-doped 

PPN400 derived microporous carbon materials. (a) XRD pattern and (b) pore size 

distribution of metal-ion-doped PPN400-CMS550 membranes in comparison to metal-

ion-free counterpart. 

 

The pyrolysis temperature largely determines the microstructure characteristics of carbon 

materials [69]. The pyrolysis of neat PPN400 and metal-ion-doped PPN400 at 750 ℃ led 

to the decomposition of phthalocyanine, as evidenced by UV-vis analysis (Figure 4.5) in 

the phthalocyanine moieties disappeared. For CuPPN400-CMS750, the existence of two 

sharp peaks (2θ = 43.59° and 50.70°) indicated that a nanocrystal structure was formed in 

the amorphous carbon matrix (Figure 4.4(e)). The crystalline structure might be Cu 

nanoparticles with d-spacing values of 2.08 Å  (1 1 1) and 1.80 Å  (2 0 0) due to the 

reduction of Cu2+ at the elevated pyrolysis temperature [134]. For CoPPN400-CMS750 

and ZnPPN400-CMS750, the appearance of small but sharp peaks indicated a certain 
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extent of crystallization occurred in the respective carbon matrix despite the 

representative species being unable to be identified. For CoPPN400-CMS750, it could be 

possible that the carbonization of PPN formed nanostructures similar to multi-wall 

carbon nanotubes with the aid of Co2+ [24]. The doped metal ions could be released from 

destroying phthalocyanine rings into carbon matrix and participate in complicated 

thermal reactions at high pyrolysis temperatures. Pore size distribution analysis revealed 

the micropore distribution of carbonaceous materials derived from neat PPN400 and 

metal-ion-doped PPN400 networks at 750 ℃ (Figure 4.4(f)). The pore size distribution 

of ZnPPN400-CMS750 was apparently similar to that of PPN400-CMS750, possessing 

both abundant micropores and ultramicropores. However, the formation of microporosity 

of CuPPN400-CMS750 and CoPPN400-CMS750 seemed to be suppressed (Table 4.2). 

This was plausibly due to metal nanoparticles or clusters formed after the decomposition 

of metal-ion-doped phthalocyanine moieties, resulting in blocking effect in the 

microporous carbon [135, 136]. Though the detailed mechanism on microstructure 

formation via each type of metal ions required future studies, it could be concluded that 

the microstructure of PPN-derived carbon materials could be controlled by the type of 

metal ion and pyrolysis temperature. 
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Figure 4.4 CO2 isothermal uptake plot, pore size distribution, XRD pattern of neat 

PPN, metal-ion doped PPN, and the derived carbon. (a-d) CO2 isothermal uptake 

plot of the PPN network and the derived carbon obtained at 550 and 750 ℃. CuPPN, (b) 

CoPPN, (c) ZnPPN, and (d) neat PPN; (e) XRD pattern, and (f) Pore size distribution of 

PPN-derived carbon pyrolyzed at 750 ℃. 
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Neat PPN400 and metal-ion-doped PPN400 supported membranes were fabricated on a 

porous ceramic substrate for gas permeation analysis, which will be discussed in Chapter 

4.2.3. It shall be noted that PPN was brittle due to its rigid and crosslinked polymer 

network. Both neat PPN400 and metal-ion-doped PPN400 could form a defect-free dense 

polymeric layer on the top of the porous substrate (pore size ~200 nm). The thickness of 

the polymeric layer could be feasibly controlled by solution concentration, spinning rate, 

and coating cycle [9, 100]. It was observed that neat PPN400 and metal-ion-doped 

PPN400 networks could form defect-free layers with a 2.1 to 2.5 µm thickness (Figure 

4.6). Even tiny pinholes would lead to membrane gas selectivity loss [137]. Based on the 

microstructure analysis results, the carbonization of neat PPN400 and metal-ion-doped 

PPN400 supported membranes was therefore designed to occur at a predetermined 

moderate pyrolysis temperature of 550 ℃ to study the PPN-derived carbon matrices as 

homogeneous materials. After carbonization, the polymeric layer was converted into 

amorphous carbon with a 1.4 to 1.7 µm thickness. It was observed that the carbonized 

PPN400 and metal-ion-doped PPN400 layer on porous substrates maintained a defect-

free feature. The result agreed with the supported PPN and carbonized thin-films on a 

nonporous silica substrate made by Liu [9]. In short, both neat PPN and metal-ion-doped 

PPN networks could be fabricated into defect-free supported polymeric and CMS 

membranes.  
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Figure 4.5 Thermal degradation of neat and metal-ion-doped phthalocyanine 

moieties in PPN network. (a) UV-Vis spectrum of CuPPN, (b) CoPPN, (c) ZnPPN, and 

(d) neat PPN network. (e) FTIR-ATR spectrum of neat and metal-ion-doped PPN 

network after pyrolysis at 750 ℃. 
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Figure 4.6 Membrane thickness of PPN-based precursor membranes and the 

derived carbon molecular sieve membranes pyrolyzed at 550 ℃. (a) CuPPN400, (b) 

CoPPN400 (c) ZnPPN400, and (d) PPN400 membranes before pyrolysis. (e) CuPPN400-

CMS550, (f) CoPPN400-CMS550, (g) CuPPN400-CMS550, and (h) PPN400-CMS550 

membranes after carbonization. 
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4.2.3 Gas permeation analysis on supported membranes of neat PPN, metal-ion-

doped PPN, and the derived carbon membranes 

 

Gas permeation analysis revealed the gas permeation behavior of neat PPN400 and 

metal-ion-doped PPN400 membranes and the derived microporous carbon membranes 

(Table 4.3). As expected, the gas permeance of gas molecules followed the reverse order 

of gas molecules in kinetic diameter: CO2 (3.3 Å ) > O2 (3.46 Å ) > N2 (3.64 Å ). This 

phenomenon was because the glassy polymer with exceptional chain rigidity favors the 

diffusion of small molecules over larger ones. The gas permeability of metal-ion-doped 

PPN400 membranes was in the same magnitude as that of neat PPN400 membranes. It 

was expected that the trend of gas permeability of PPN400 and metal-ion-doped PPN400 

membranes might follow the average intermolecular distance of the polymers due to the 

size-sieving effect in the glassy polymer networks. The O2 and N2 permeabilities of the 

polymeric membranes followed the order of d-spacing values of intermolecular stacking 

(semicrystalline) regions (Table 4.1 and Table 4.3). It might be possible that the 

intermolecular stacking of the PPN400 network has the dominant effect on gas 

permeation behavior. An exception was the CO2 permeability of the polymeric 

membranes, which did not follow the trend of d-spacing values in either amorphous or 

semicrystalline regions. Specifically, the CoPPN400 membrane exhibited the highest 

CO2 permeability among the polymeric membranes. This might be attributed to the 

doping of Co2+ favoring the transport of quadrupolar CO2 molecules [138, 139]. Though 

further characterization might be required to identify true reason for the phenomenon, the 

overall low-to-moderate gas permeability of neat and metal-ion-doped PPN400 

membranes again indicated the nonporous nature of the PPN400 resins with or without 
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the doping of metal ions. After the carbonization of the membranes at 550 ℃, however, 

the gas permeability of both neat and metal ion-doped PPN-CMS550 membranes 

significantly increased (Table 4.3). This effect was mainly attributed to the formation of 

micropore and ultramicropore structures in the PPN-derived carbon. As expected, the 

trend of gas permeability of the carbonized membranes was in good agreement with the 

trend of d-spacing values (Table 4.1 and Table 4.3). The results indicated that the larger 

average intermolecular space between carbon nanosheets could provide a more efficient 

gas transport pathway to gas molecules. The relatively low gas permeability of the 

CoPPN400-CMS550 membrane was an exception, probably because of its lower 

micropore volumes than the other PPN-derived CMS membranes (Table 4.2). 

Interestingly, the neat PPN400-CMS550 membrane improved by about four orders of 

magnitude compared to the precursor counterpart. In contrast, incorporating metal ions 

increased the gas permeability of the carbonized metal-ion-doped PPN membranes by 

about 1-3 orders of magnitude. Another plausible reason for the significant difference in 

gas permeability of the PPN-derived microporous carbon membranes was that the metal 

ion inside the microporous carbon acted as an impermeable “block” that hindered gas 

transport through the carbonized membranes [136]. Given the complicity of pyrolysis, the 

true reason for the different enhancement in gas permeation properties of PPN network 

with and without metal ion doping after carbonization requires further investigation and 

characterization. Nonetheless, the results indicated that the microstructure characteristics 

of PPN-derived microporous carbon materials could be effectively adjusted by the design 

of the precursor network, thus adjusting the gas permeation behavior of the obtained 

microporous carbon membranes.  
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Table 4.3 Gas permeability of neat and ion-doped PPN and the derived carbon 

molecular membranes. 

Membrane  Precursor (Barrer) CMS550 (Barrer) 

 CO
2
 O

2
 N

2
 CO

2
 O

2
 N

2
 

CuPPN400 2.4 ± 0.2 0.48 ± 0.03 0.10 ± 0.01 62.1 ± 10.8 24.0 ± 2.99 10.9 ± 2.5 

CoPPN400 4.7 ± 0.1 0.76 ± 0.02 0.12 ± 0.03 38.9 ± 3.7 6.4 ± 0.6 2.0 ± 0.2 

ZnPPN400 3.8 ± 0.1 1.3 ± 0.2 0.46 ± 0.05 396 ± 77 197 ± 42 126 ± 30 

PPN400 4.4 ± 0.3 1.1 ± 0.2 0.20 ± 0.02 7623 ± 166 2625 ± 52 1082 ± 46 

 

It was hypothesized that the adjustment on the microstructure arrangement of the PPN 

network is close to the kinetic diameter of gas molecules to improve the gas selectivity of 

the polymeric membrane. In comparison to the neat PPN400 membrane with 

intermolecular stacking at a d-spacing value of 3.54 Å , the CuPPN400 membrane with a 

much narrower stacking of 3.28 Å  showed slightly increased CO2/N2 selectivity of about 

9% (Table 4.1 and Table 4.4). This could be attributed to the more ordered and narrowed 

intermolecular stacking, leading to the improved size-sieving ability of smaller gases 

(CO2) to larger ones (N2). Similarly, the PPN400 membrane possessed both higher 

CO2/N2 and O2/N2 selectivity than the ZnPPN400 membrane with a broader stacking of 

3.78 Å . Interestingly, the CoPPN400 membrane with promoted intermolecular stacking 

of 3.35 Å  exhibited improved CO2/N2 and O2/N2 selectivity by about 77% and 13%, 

respectively, in comparison to the PPN400 membrane. A possible reason was that the 

narrowly stacked molecular arrangements favored the transport of small gas molecules 

rather than the larger ones. Another plausible explanation might be that incorporating 

Co2+ in phthalocyanine moieties might facilitate the transport of CO2 and O2 over N2, 
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thereby enhancing CO2/N2 and O2/N2 selectivity [138, 139]. This phenomenon is because 

the Co2+ complexes could provide additional sorption sites and diffusion pathways to the 

membrane by reversible reactions with polar gas species (CO2 or O2) instead of nonpolar 

ones (N2) [139, 140]. Though the gas transport mechanism of the CoPPN400 network 

might require further studies, it was confirmed that the adjustment of the average 

intermolecular distance of the semicrystalline region played an essential role in the gas 

permeation behavior of membranes based on the PPN network. 

 

Table 4.4 Ideal gas selectivity of neat and ion-doped PPN and the derived carbon 

molecular sieve membranes. 

Membrane  Precursor CMS550 

 CO
2
/N

2
 O

2
/N

2
 CO

2
/N

2
 O

2
/N

2
 

CuPPN400 24.0 ± 2.7 4.8 ± 0.6 5.7 ± 1.6 2.2 ± 0.6 

CoPPN400 39.2 ± 9.4 6.3 ± 1.5 19.5 ± 3.0 3.2 ± 0.5 

ZnPPN400 8.3 ± 0.8 2.8 ± 0.5 3.1 ± 0.9 1.6 ± 0.5 

PPN400* 22.1 ± 2.6 5.6 ± 1.1 7.0 ± 0.3 2.4 ± 0.1 

 

After carbonization at 550 ℃, the gas selectivity of all carbon membranes was lower than 

the polymeric precursor counterparts (Table 4.4). This result could be attributed to the 

competition between the molecular sieving effect and Knudsen diffusion transport [141]. 

The trend of gas selectivity of carbonized PPN400 and metal-ion-doped PPN400 

membranes agreed with that of the precursor counterparts. However, it was observed that 

the trend of gas selectivity of carbonized membranes did not entirely follow that of d-

spacing values. In fact, the XRD analysis was powerful for depicting intermolecular 
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distance instead of resolving micropore and ultramicropore distribution of microporous 

carbon materials [98]. For carbon molecular sieve membranes, the size and distribution of 

ultramicropores largely dominated their size-sieving ability for small gas molecules [69, 

141, 142]. However, typical gas (CO2) sorption analysis at 0 ℃ could not fully resolve 

the pore size distribution below 4 Å  in the ultramicropore region [98]. Gas permeation 

analysis using small gas molecules as “probes” could reveal the accessible 

ultramicropores of the microporous carbon membranes [133]. Specifically, though the 

PPN400-CMS550 membrane showed broader ultramicropore distribution in the range of 

4 to 7 Å , the carbon membrane without the doping of metal ions possessed both superior 

gas selectivity as well as permeability than the CuPPN400-CMS550 membrane. It was 

inferred that the ultramicropores below 4 Å  constructed by intermolecular stacking 

involved metal-ion-doped phthalocyanine might be hindered by the doped metal ions, and 

therefore become relatively difficult for gas transport even for small CO2 molecules. 

Indeed, the PPN400-CMS550 membrane showed both higher gas permeability and 

selectivity of CO2/N2 and O2/N2 than ZnPPN400-CMS550 membrane. This could be 

mainly attributed to the more accessible and narrowly distributed ultramicropores of the 

PPN400-CMS550 membrane. The metal-ion block effect could be the main reason for 

the superior ideal gas separation performance of neat PPN400-CMS550 membranes 

compared to that of CuPPN400-CMS550 and ZnPPN400-CMS550 membranes. 

Interestingly, the CoPPN400-CMS550 membrane exhibited higher CO2 and O2 

selectivity but lower gas permeability than PPN400-CMS550 and the other metal-ion-

doped carbon membranes. Apart from the block effect leading to the low gas 

permeability, the presence of Co2+ in CoPPN400-CMS550 membrane might be beneficial 

to facilitate the transport of CO2 and O2 rather than N2, resulting in the high CO2/N2 and 
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O2/N2 selectivity [138, 139]. Nonetheless, it could be concluded that the neat PPN400-

CMS550 membrane possessed more accessible ultramicropores to small gas molecules 

than metal-ion-doped carbon molecular sieve membranes. 

 

 

Figure 4.7 Ideal gas separation performance of PPN, metal-ion-doped PPN, and the 

derived carbon molecular sieve membranes in comparison to Robeson upper bound 

relationships [49, 143-148]. (a) CO2/N2 selectivity versus CO2 permeability; (b) O2/N2 

selectivity versus O2 permeability. (PPN: resorcinol-based phthalonitrile resin; PI: 

polyimide; PBI: polybenzimidazole; PIM: polymer of microporosity)  

 

The Robeson upper bound relationship plots visualized the ideal CO2/N2 and O2/N2 

separation performance of PPN400, metal-ion-doped PPN, and the derived carbon 

molecular sieve membranes in comparison to that of the state-of-the-art polymeric 

membranes (Figure 4.7) [60, 63, 69, 149, 150]. Specifically, the empirical straight lines 

established by Robeson in 1991 and 2008 indicated the trade-off relationship between gas 

permeability and ideal selectivity of conventional nonporous polymeric membrane 

materials, including heterocyclic polyimide (PI) and polyimidazole (PBI) [60, 63]. More 

recently, the 2015 and 2019 upper bound lines were defined by polymers of 



Adjusting microstructure of PPN and the derived microporous carbon  Chapter 4  

86 

microporosity (PIM) membranes with superior gas separation performance than 

nonporous polymeric membranes [149, 150]. The ideal gas separation performance of 

both neat PPN and metal-ion-doped PPN membranes is located among well-developed PI 

and PBI membranes, indicating the nonporous nature of the PPN400 network. 

Interestingly, the doping of Co2+ slightly improved both CO2 permeability and the ideal 

CO2/N2 selectivity of the CoPPN400 membrane, making the ideal gas separation 

performance of the membrane located near the trade-off lines. Notably, the carbonization 

of the neat PPN400 network considerably improved the CO2 and O2 permeability of the 

membrane despite a moderate reduction in gas selectivity. This result was mainly 

attributed to the formation of a bimodal-distributed microporous structure that brought 

the ideal gas separation performance of PPN400-CMS550 membranes to the state-of-the-

art Robeson upper bound lines. In contrast, the incorporation of metal ions in 

microporous carbon derived from PPN400 resulted in suppression in gas permeability of 

the membranes due to the metal ion block effect, which could be potentially beneficial to 

designing low-temperature pyrolyzed carbon-based barrier for small molecules [151]. In 

short, this study revealed the effect of metal-ion doping on the microstructure 

characteristics and gas permeation behavior of the PPN network and the derived 

microporous carbon materials in the context of the membrane, which will be further 

discussed in Chapter 5. 

 

4.3 Conclusion 

 

This work demonstrated a novel adjustment method on the microstructure arrangement of 

resorcinol-based phthalonitrile resins and the derived carbon materials via metal-ion 
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doping. The thermal analysis revealed that the metal-ion-doped PPN network had 

excellent thermal stability similar to the neat counterparts below 600 ℃. The 

microstructure analysis confirmed that the doping of metal ions could adjust the average 

intermolecular distance of the PPN network. The exaggerated thermal decomposition of 

metal-ion-doped phthalocyanine moieties was observed, resulting in the formation of 

inhomogeneous crystalline structures in an amorphous carbon matrix pyrolyzed at 750 

℃. However, the carbonization at 550 ℃ of the non-microporous PPN network produced 

homogeneous microporous carbon materials of which pore size distribution could be 

adjusted by doping metal ions. For the first time, gas permeation analysis revealed the 

influence of graphite-like stacking (semicrystalline) region of neat PPN and metal-ion-

doped PPN network on the gas permeation behavior of the membranes. The doping of 

metal ions in phthalocyanine moieties could effectively adjust the average intermolecular 

stacking distance, thereby adjusting the gas permeation behavior of the PPN membranes. 

Besides, it was observed that the gas permeability and selectivity of PPN-derived 

microporous carbon membrane at 550 ℃ approached Robeson's upper bounds, indicating 

the potential of PPN-derived carbon materials on gas separation. Furthermore, it was 

concluded that the doping of metal ions could significantly modify the ultramicropores 

smaller than 4 Å  to suppress gas permeation through the PPN-derived microporous 

carbon membranes. This work demonstrated the adjustability of microstructure 

characteristics of PPN and its derived carbon materials, paving the way for further 

development of PPN-derived advanced materials for gas separation. 
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Chapter 5  

 

Microstructure evolution and gas permeation behavior of PPN-CMS 

membrane 

 

Carbon molecular sieve (CMS) membranes hold great promise for energy-efficient gas 

separation, contributing to mitigating greenhouse gas emissions. Exploring new types of 

microstructurally tunable polymeric precursors is critical for understanding the 

evolution of carbon microstructure arrangement and adjusting the gas permeation 

behavior of CMS membranes. As a precursor for CMS membranes, polyphthalonitrile 

(PPN) resin with both tunable intermolecular distance and π-π stacking arrangement is 

reported for the first time. It was demonstrated that the aforementioned two key features 

of the thermally crosslinked PPN network are beneficial to forming PPN-CMS 

membranes with enlarged intermolecular distance and small-sized, narrow-distributed 

ultramicropores (<7 Å), thereby improving gas permeability and ideal selectivity. This 

study provides new insights into the microstructure evolution of PPN-derived 

microporous carbon materials. Owing to its excellent thermal stability, tunable 

microstructure arrangement, and flexibility of chemical synthesis, PPN represents a 

promising class of polymeric precursor materials for fabricating CMS membranes.  
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5.1 Introduction 

 

One of the global challenges in mitigating climate change is the excessive energy 

consumption from chemical separation processes, including gas separation [145, 152, 

153]. Conventional distillation or adsorption/absorption gas separation requires additional 

energy on phase transition or adsorbent/adsorbent regeneration [153-155]. In contrast, 

membrane separation technology has emerged as a competitive energy-efficient solution 

in pre- and post-combustion scenarios (i.e., oxygen enrichment (O2/N2) and carbon 

capture (CO2/N2), respectively) to reduce greenhouse gas emissions [37, 46, 145, 155, 

156]. Polymeric materials are commonly used in fabricating gas separation membranes 

due to their low cost, good processability, and excellent scalability [59]. However, there 

is usually a trade-off between gas permeability and selectivity of polymeric membranes 

[60, 63, 149, 150, 157]. Carbon molecular sieve (CMS) membranes are promising for gas 

separations due to their outstanding gas separation performance surpassing the trade-off 

relationship of polymeric membranes [68, 69, 158]. Besides, CMS membranes have 

gained wide research interest due to their excellent thermal and chemical stability, and 

tailorable carbon microstructures [68, 69]. 

 

CMS membranes are commonly derived from thermally stable polymeric precursors, 

such as polyimide (PI) [49, 67, 70, 100, 143-146, 159], polyacrylonitrile (PAN) [160, 

161], polybenzimidazole (PBI) [142, 146, 147], poly(furfuryl alcohol) (PFA) [162-164], 

phenolic resin (PR) [110, 111, 165-167], and polymer of intrinsic microporosity (PIM) 

[143, 148]. Among these precursors, polyimide is widely used to obtain CMS membranes 

due to its various molecular structures, good membrane formability, and excellent 
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thermal stability [59, 145]. The flexibility of the chemical synthesis of polyimides 

enables versatile microstructure design of precursors to intensively study the 

microstructure evolution of amorphous carbon that determines the gas separation 

performance of CMS membranes [59, 67-69]. Hu et al. [49] demonstrated that the CMS 

membranes derived from the polyimide with rigid and bulky bisaminophenylfluorene 

moieties exhibited a greater amount of effective ultramicropores with narrowed 

distribution for gas permeation, resulting in enhanced CO2 permeability (about 238%) 

with maintained CO2/N2 ideal selectivity, in comparison to the CMS membranes derived 

from the Matrimid polyimide. Liang et al. [144] demonstrated that the CMS membranes 

derived from the polyimide with planar benzimidazole moieties promoted more π-π 

stacking, thereby improving the CO2/N2 and O2/N2 ideal selectivities to 53 and 12.5, 

respectively; however, the gas permeability was compromised compared with those 

derived from conventional polyimides at the pyrolysis temperature of 800 ℃. Thermal 

crosslinking of polymer chain arrangement has also been explored to enhance the gas 

separation performance of CMS membranes [69, 168]. Recently, Liu et al. [145] 

investigated CMS membranes derived from a molecularly engineered 6FDA-based 

polyimide with a kinked structure and a crosslinkable carboxyl group. The crosslinking 

of the carboxyl group at 400 ℃ resulted in an increase in the average intermolecular 

distance of the CMS membrane obtained at 550 ℃, leading to a 56% improvement in 

pure CO2 permeability despite a moderate compromise in the CO2/CH4 ideal selectivity 

about 30%. More recently, a few studies have been reported, which were focused on 

modifying the microstructure and gas separation performance of CMS membranes via 

thermal rearrangement induced π-π stacking of PIM precursors [143, 148]. Zhao et al. 

[143] proposed that the polyimide with Tröger bases ladder-like moieties, which 
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underwent thermal rearrangement into pyridine structure above 450 ℃, could promote 

the π-π stacking of the polymer chain that further transformed into the π-π stacking of 

carbon sheets at 600°C, thereby improving gas permeability and selectivity of the derived 

CMS membranes. In short, the microstructure characteristics and gas separation 

performance of CMS membranes can be adjusted through the microstructure design of 

the polymeric precursor [69, 169]. The development of microstructure design of 

thermally stable polymeric precursors for CMS membranes might be advanced by 

adopting organic materials requiring facile synthesis and fabrication procedures [38, 40]. 

Therefore, it is essential to explore thermally stable precursor materials with flexible 

tunability in microstructure to develop CMS membranes. 

 

Polyphthalonitrile (PPN), also known as phthalonitrile prepolymer, is recognized as a 

unique class of thermosetting polymeric materials due to its facile chemical synthesis, 

versatile molecular design, and excellent thermal properties [2, 6, 8, 12, 22, 121]. Its high 

thermal stability is due to the formation of the crosslinked network composed of 

heterocyclic moieties (i.e., isoindolenine, triazine, and phthalocyanine) via amine-

catalyzed addition-polymerization of phthalonitrile above 220 ℃ (Figure 5.1(a)) [6, 8, 9, 

15, 170]. Specifically, its high char yield positions the polymeric precursor as an ideal 

candidate for developing high-performance carbon materials [2, 6, 8, 12, 22]. Moreover, 

the char yield of PPN can be further enhanced through copolymerization with various 

types of PPN monomers [11, 171] or polymers [3, 36, 172, 173]. The polymer chain 

rigidity of PPN, represented by the glass transition temperature, generally increased with 

higher curing temperatures [8, 9]. Notably, extensively cured PPN resin has been reported 

to exhibit a glass transition temperature exceeding 450 ℃, indicating its exceptionally 
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high polymer chain rigidity [9]. It was demonstrated in Chapter 6 that the incorporation 

of resorcinol-based phthalonitrile prepolymer with polyimide could influence the 

polymer chain rigidity and microstructure characteristics of the PPN/PI blend membranes. 

The curing treatment on the blend membranes formed a semi-interpenetrating network 

via PPN crosslinking, increasing the intermolecular distance as well as the gas 

permeability of the membranes. Recently, Tian et al. [174] reported that poly(aryl ether 

ketone) crosslinked by phthalonitrile moieties exhibited an ordered segment arrangement 

of about 3.4 Å . This phenomenon could be attributed to the formation of π-π stacking of 

the crosslinked phthalonitrile network, which was found by Snow et al. [15]. The unique 

thermal properties and tunable microstructure arrangement position the PPN precursor as 

an excellent carbon source for designing high-performance carbon materials requiring 

precise pore size control. To the best of our knowledge, no published studies specifically 

investigate the relationship between the microstructure characteristics and the gas 

permeation behavior of PPN and PPN-derived carbon materials.  

 

The carbon structure derived from the PPN has been intensively studied [2-5, 9, 20, 25]. 

During pyrolysis, the amorphous PPN network converts into an amorphous straticulate 

carbonaceous structure [4, 5, 20, 25]. Weng et al. [4] described the preparation of PPN-

based amorphous carbon pyrolyzed from 550℃ to 800 ℃ as a supercapacitor and gas 

absorbent. It was reported that the potassium hydroxide-activated hierarchical porous 

carbon pyrolyzed at 650 ℃ exhibited abundant micropores compared with its urea-

activated counterpart. Zhang et al. [5] reported the design of PPN-derived carbon foam 

for electromagnetic interference (EMI) shielding. The PPN-derived carbon foam 

pyrolyzed at 600 ℃ generated an amorphous straticulate carbonaceous structure, 
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improving EMI shielding effectiveness compared with the cured PPN network. Many 

studies have been reported on developing the thermally stable PPN network into high-

performance porous carbon materials, including hierarchical porous carbon and carbon 

foam [2, 4, 5]; however, PPN-based materials have never been investigated as a precursor 

for CMS membranes in the published literature. Gaining insights into the evolution of 

microstructure arrangement involved in the process from PPN precursors into derived 

microporous carbon materials is crucial to developing PPN-based CMS membranes. 

 

This study investigates thermally crosslinkable PPN with tunable intermolecular distance 

and π-π stacking arrangement as a novel precursor for CMS membranes and their 

potential in gas separation. The primary focus of this research is to understand the 

microstructure-property relationship of both the PPN and the resulting PPN-CMS 

membranes, while other effects (e.g., mixed-gas or aging) are beyond the scope of this 

study. This work demonstrates that the tunability of PPN precursor in both intermolecular 

distance and π-π stacking is crucial to adjusting microstructure characteristics and gas 

permeation behavior of the produced PPN-CMS membranes. PPN could be a new class 

of CMS membrane materials due to its superb thermal properties and tunable 

microstructure.  
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5.2 Results and discussions 

5.2.1 Thermal, chemical, and microstructure characteristics of PPN precursor 

 

 

Figure 5.1 PPN precursor and the derived PPN-CMS membranes. (a) Schematic 

drawing of thermally crosslinkable PPN monomer and prepolymer structure. (b) Thermal 

curing and pyrolysis protocol for membrane fabrication. (c) Optical images of supported 

PPN and PPN-CMS membranes. (d) FTIR-ATR spectrum, (e) TGA and DTG patterns, 

and (f) XRD spectrum of PPN precursors with respect to curing temperature. 
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The supported PPN membrane was progressively cured into a crosslinked PPN network 

(Figure 5.1(a)), and then it was directly carbonized to obtain the PPN-CMS membrane 

(Figure 5.1(b)). It was worth noting that the thermosetting PPN prepolymer required 

progressive curing treatment to establish sufficiently high thermal stability [2, 3, 5, 6, 8, 9, 

121, 175], thereby enabling the fabrication of defect-free PPN-CMS membrane in this 

work (Figure 5.1(c)). The curing treatment of PPN enabled the crosslinking of 

phthalonitrile moieties into heterocyclic structures, such as isoindolenine (1772 cm-1 and 

1720 cm-1), triazine (1520 cm-1 and 1356 cm-1), and phthalocyanine (1002 cm-1) (Figure 

5.1(a) and Figure 5.1(d)) [6, 8]. The crosslinked structures might increase the stiffness of 

the PPN network [6]. Meanwhile, the formation of bulky moieties (i.e., triazine and 

phthalocyanine) might increase steric hindrance. Consequently, the polymer chain 

rigidity of the PPN network could be improved by curing treatment. Indeed, the glass 

transition temperature of PPN increased with higher curing temperatures (Table 5.1 and 

Figure S1). Compared with the PPN280 precursor, the glass transition temperature of 

PPN400 increased from 277 ℃ to over 500 ℃, indicating significantly improved 

polymer chain rigidity. Simultaneously, the thermal stability of the PPN precursors was 

also improved through the curing process (Figure 5.1(e)). The maximum thermal 

decomposition for all the PPN precursors occurred at around 530 ℃, followed by a 

secondary decomposition up to 775 ℃. This decomposition sequence was attributed to 

the pyrolysis of aromatic ester, isoindolenine, and pendant nitrile groups, followed by 

other thermally stable groups such as triazine and phthalocyanine rings [25, 176]. FTIR-

ATR and UV-Vis spectrum confirmed that thermally stable moieties (i.e., phthalocyanine) 

remained in the PPN-derived carbon at 550 ℃, while the characteristic peaks of residues 

disappeared after pyrolysis at 750 ℃ (Figure 5.2). In comparison to the PPN280 
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precursor, PPN400 possessed Td90 (i.e., decomposition temperature at 90% weight 

remaining) of 536 ℃ (increased from 478 ℃), and carbon yield (at 800 ℃) of 76% 

improved (from 66%) (Table 5.1). The enhancement of thermal stability of the cured 

PPN network was well aligned with previous studies on the crosslinking of thermosetting 

PPN resins due to the crosslinking of the phthalonitrile moieties [2, 6, 8, 9]. It was 

concluded that the crosslinking of phthalonitrile moieties improved the thermal stability 

of the PPN network against elevated curing temperature. The high thermal decomposition 

temperature and glass transition temperature of cured PPN precursors evidenced the 

potential of this type of polymeric material for fabricating CMS membranes [69]. 

 

Table 5.1 Thermal stability, char yield, and polymer chain rigidity of PPN, as well as 

d-spacing values of PPN and the derived PPN-CMS membranes with respect to 

curing temperature. 

 

Precursor 

with curing 

temperature 

Td90  

(℃) 

Char yield  

@ 800 ℃ 

Tg 

(℃) 

d-spacing 

(Å ) 

d-spacing (Å ) 

CMS550 CMS750 

PPN280 478 66% 277 3.98 3.85 3.58 

PPN325 497 69% 326 4.07, 3.39 4.01 3.76 

PPN400 536 76% >500* 5.06, 3.54 4.12 3.76 

Note: *Equipment temperature limit for DMA instrument. 
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Figure 5.2 Chemical characteristics of PPN-CMS membranes. (a) FTIR-ATR and (b) 

UV-Vis spectra of supported PPN-CMS membranes with respect to pyrolysis 

temperature. 

 

The curing treatment of the PPN precursor plays a crucial role in the microstructure 

arrangement of the PPN network. It was expected that the microstructure arrangement of 

PPN could be adjusted above its glass transition temperature, allowing movement of the 

polymer chain. XRD analysis revealed the microstructure evolution of the PPN network 

against curing treatment. The d-spacing value indicates the average intermolecular 

distance of the polymeric materials. The PPN280 precursor exhibited a broad peak, 

suggesting the amorphous nature of the crosslinked PPN network (Figure 5.1(f)). 

Increasing curing temperature gradually enlarged the d-spacing values of PPN400 to 5.06 

Å  from 3.98 Å , compared with that of PPN280. This effect indicated that the crosslinking 

of PPN produced more rigid and bulky moieties, such as triazine and phthalocyanine, 

which resulted in the enlarged average intermolecular distance of the network. Notably, 

both PPN325 and PPN400 exhibited an obvious peak around 2θ = 25° - 26° (d-spacing = 

3.4 Å  - 3.5 Å). The result could be mainly attributed to the π-π stacking (3.4 Å  - 3.5 Å ) of 

phthalocyanine moieties [15], leading to a more ordered segment arrangement in the 
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crosslinked PPN network. Interestingly, comparing the FTIR spectrum of PPN cured 

from 280 ℃ to 400 ℃ (Figure 5.1(d)) revealed that the peak positions of isoindolenine 

shifted from 1720 cm-1 to 1724 cm-1 and from 1772 cm-1 to 1780 cm-1. Meanwhile, the 

peak intensity of triazine moieties showed a gradual decrease at 1520 cm-1 and 1356 cm-1 

and an increase at 1339 cm-1. It could be possible that isoindolenine and triazine are also 

involved in the π-π stacking of the PPN network [174, 177]. Given the complicated 

nature of the crosslinked network, future work would be required to identify the 

intermolecular interactions between the phthalonitrile-derived heterocyclic moieties. 

Nonetheless, it was concluded that the thermal curing treatment could simultaneously 

promote the formation of a larger intermolecular distance and a more ordered π-π 

stacking arrangement in the PPN network. The microstructure arrangement of PPN might 

affect the subsequent PPN-derived carbon matrix, providing enhanced molecular sieving 

ability for gas molecules with similar sizes. 

 

5.2.2 Microstructure analysis on PPN-CMS membranes  

5.2.2.1 Effect of pyrolysis temperature on microstructure characteristics of PPN and 

PPN-CMS membranes 

 

The PPN precursor was coated on a porous ceramic substrate, followed by pyrolysis to 

obtain a supported PPN-CMS membrane. It was observed from FESEM (Figure 5.3(a)) 

that a porous ceramic substrate supported a thin, uniform, and nonporous layer, which 

was the carbon layer derived from the PPN precursor. The increased pyrolysis 

temperature significantly reduced the thickness of the selective layer from 2.3 µm 

(PPN400) to 1.0 µm (PPN400-CMS750). The thinner selective layer can give lower gas 
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transport resistance. However, the microstructure characteristics of the carbon layer 

might dominate the gas transport behavior of the supported PPN-CMS membrane. The 

PPN-CMS membranes exhibited carbon slit features within the pyrolysis temperature 

range (550-750 ℃), as evidenced by the TEM images (Figure 5.3(a)), which aligned 

with the previous literature [20]. It is generally believed that the CMS membrane is 

composed of carbon nanosheets with sub-nano slits, forming micropores (7-20 Å ) and 

ultramicropores (<7 Å ) [68, 98, 105]. The microporous carbon structure of PPN-CMS 

membranes might provide an efficient diffusion pathway and size-sieving ability for gas 

molecules. The XRD pattern confirmed the amorphous nature of the PPN-derived carbon 

membranes pyrolyzed at 550 ℃ and 750 ℃ (Figure 5.3(b)). The PPN400-CMS750 

membrane had a slightly smaller d-spacing value than that of the PPN400-CMS550 

membrane, indicating the narrower packing of the carbon matrix (Table 5.1). This result 

was mainly attributed to the further decomposition of thermally stable heterocyclic 

residues leading to a more narrow-stacked carbon structure at the higher pyrolysis 

temperature of 750 ℃ [5, 25, 176]. 
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Figure 5.3 Effect of pyrolysis temperature on microstructure characteristics of PPN 

and the derived CMS membranes. (a) FESEM and (insert) TEM morphology and (b) 

XRD pattern of supported PPN400, PPN400-CMS550, and PPN400-CMS750 

membranes. (c-1) CO2 adsorption isotherm plots of PPN400, PPN400-CMS550, and 

PPN400-CMS750 membranes at 273 K. (c-2) DFT (from CO2 adsorption analysis) and 

(d) PALS pore size distribution of PPN400-CMS550 and PPN400-CMS750 membranes. 
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N2 and CO2 adsorption analyses were utilized to study the micropore distribution of PPN-

CMS membranes (Figure 5.3(c-1) and Figure 5.4). However, the micropore distribution 

of the PPN-CMS membranes could not be obtained from the cryogenic N2 adsorption 

analysis at 77 K. The result agreed with the recently published work by Weng et al. [4] 

that the PPN-derived amorphous carbon showed limited (or no) micropores. The possible 

reason might be the existence of small ultramicropores that hinder the access of 

cryogenic N2 into the microporous PPN-CMS carbon [4, 98, 178]. Nonetheless, CO2 

adsorption analysis at 273 K was able to reveal the micropore distribution of the PPN-

CMS membranes. The result confirmed that PPN-CMS membranes had a bimodal pore 

size distribution (Figure 5.3(c-2) and Figure 5.5). The PPN400-CMS750 membrane 

exhibited a narrower pore size distribution than the PPN400-CMS550 membrane in both 

the micropore and ultramicropore regions. Notably, the PPN400-CMS750 membrane 

seemed to have more ultramicropores than the PPN400-CMS550 membrane. These 

results implied a better molecular sieving ability of the PPN400-CMS750 membrane than 

that of the PPN400-CMS550 membrane for small gas molecules. It shall be noted that the 

CO2 adsorption analysis has limitations on depicting pore size smaller than 4 Å  [133]. 

PALS analysis can characterize pore width (in radius) at a minimum of 2.0 Å  (1.0 Å  in 

radius), which enables the analysis of the effect of micropore and ultramicropore 

distribution on small molecules [49, 69, 113, 114, 133]. The PALS pore size distribution 

(Figure 5.3(d)) fitted from the PAL spectrum (Figure S2) further confirmed that the 

PPN400-CMS750 membrane had a smaller ultramicropore size and a narrower but 

sharper distribution than the PPN400-CMS550 membrane. The comparison of PPN400-

CMS550 and PPN400-CMS750 membranes revealed that the 𝜏3 (related to pore size) in 

ultramicropore region reduced by 0.36 ns, indicating ultramicropores radius narrowed by 
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0.32 Å  (Table 5.2). Meanwhile, the increase of 𝐼3  (related to pore amount) in 

ultramicropore region again confirmed the formation of a larger amount of 

ultramicropore at the higher pyrolysis temperature (750 ℃). These phenomena were 

attributed to the further decomposition of thermally stable residues, leading to a smaller 

ultramicropore size with narrower but sharper distribution in the PPN400-CMS750 

membrane. In summary, a higher pyrolysis temperature resulted in the supported PPN-

CMS membrane with a thinner carbon selective layer thickness, a greater amount of 

ultramicropores, and a narrower but sharper pore size distribution. 

 

 

Figure 5.4 Cryogenic N2 adsorption analysis of PPN-CMS at 77 K. (a) N2 uptake. (b) 

DFT pore size distribution assuming carbon-slit structure of PPN-CMS. 

 

Table 5.2 PALS analysis on microstructure characteristics of PPN-CMS with 

respect to pyrolysis temperature. 

Membranes 
ultramicropore micropore 

𝝉𝟑 (ns) 𝑰𝟑 (%) Radius (Å ) 𝝉𝟑 (ns) 𝑰𝟑 (%) Radius (Å ) 

PPN400-CMS550 2.2 7.5 3.03 4.7 6.2 4.61 

PPN400-CMS750 1.84 9.4 2.71 4.54 4.8 4.53 
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Figure 5.5 CO2 adsorption analysis of PPN-CMS at 273 K. (a) CO2 uptake of PPN-

CMS550 and (b) PPN-CMS750 with respect to curing temperature. (c) DFT pore size 

distribution of PPN-CMS derived from PPN280 and (d) PPN325 with respect to 

pyrolysis temperature. 

 

5.2.2.2 Effect of curing treatment on microstructure characteristics of PPN-CMS 

membranes 

 

The effect of curing treatment was studied to understand the morphology and 

microstructure characteristics of the supported PPN-CMS membranes in relationship to 

curing temperature (Figure 5.6). The carbon layer thickness was about 1.4 µm for all the 

PPN-CMS550 membranes and about 1.0 µm for all the PPN-CMS750 membranes 

(Figure 5.6(a)). It was hypothesized that the cured PPN network with tunable 
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intermolecular distance and π-π stacking could shape the derived carbon microstructure 

arrangement. Interestingly, the trends in the d-spacing values of both PPN-CMS550 and 

PPN-CMS750 membranes agreed with the trends in the d-spacing values and glass 

transition temperature of the cured PPN precursors with respect to curing temperature 

(Table 5.1). These results indicated that the cured PPN precursors with greater polymer 

chain rigidness could produce a greater extent of loosely packed region in the PPN-CMS 

membranes. A comparison of the pore size distribution of PPN-CMS550 membranes also 

shows an increase in micropore size (Figure 5.6(b)). Notably, in contrast to the PPN280-

CMS550 membrane, PPN325-CMS550 and PPN400-CMS550 membranes exhibited a 

narrower pore size distribution in the ultramicropore range (< 7 Å ). This phenomenon 

suggested that the PPN325 and PPN400 precursors with ordered π-π stacking 

arrangement might promote the formation of small and uniform ultramicropores. Further 

increasing the pyrolysis temperature to 750 ℃ resulted in the formation of more 

ultramicropores in the PPN-CMS750 membranes, as mentioned in Chapter 5.2.2.1. In 

particular, both PPN325-CMS750 and PPN400-CMS750 membranes showed more 

ultramicropores around 4 Å  than PPN280-CMS750 (Figure 5.6(c)). The PALS pore size 

distribution analysis confirmed that PPN325-CMS750 and PPN400-CMS750 membranes 

exhibited narrowed ultramicropore distribution in contrast to PPN280-CMS750 (Figure 

5.6 (d)). Furthermore, comparing the PPN400-CMS750 membrane with PPN280-

CMS750 membrane, the 𝜏3 values of ultramicropores reduced to 1.84 ns from 2.15 ns, 

indicating the ultramicropore radius narrowed to 2.71 Å  from 2.99 Å  (Table 5.3). This 

result was mainly attributed to the existence of ordered π-π stacking region in the 

PPN400 network. The π-π stacking region in the polymer precursor is beneficial to the 

formation of π-π stacking carbon nanosheet region in the carbon matrix [143]. In short, 
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the cured PPN network with enlarged d-spacing and promoted π-π stacking could 

generate the PPN-CMS membrane with enlarged average intermolecular distance and 

small-sized, narrow-distributed ultramicropores. 

 

 

 

Figure 5.6 Effect of curing temperature on microstructure characteristics of PPN-

CMS membranes. (a) FESEM cross-section morphology of supported PPN-CMS550 

and PPN-CMS750 membranes. (The value represented mean thickness of the carbon 

layer with the dashed line as an eye-guide.) (b) DFT pore size distribution of PPN-

CMS550 and (c) PPN-CMS750 membranes with respect to curing temperature. (d) PALS 

pore size distribution of PPN-CMS750 membranes with respect to curing temperature. 
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Table 5.3 PALS analysis on microstructure characteristics of PPN-CMS with 

respect to curing temperature. 

Membranes 
ultramicropore  micropore 

𝝉𝟑 (ns) 𝑰𝟑 (%) Radius (Å )  𝝉𝟑 (ns) 𝑰𝟑 (%) Radius (Å ) 

PPN280-CMS750 2.15 10.4 2.99  4.15 5.2 4.33 

PPN325-CMS750 2.03 8.4 2.88  5.53 5.3 4.99 

PPN400-CMS750 1.84 9.4 2.71  4.54 4.8 4.53 

 

5.2.3 Gas permeation analysis on PPN and PPN-CMS membranes 

5.2.3.1 Gas permeation analysis on supported PPN membranes 

 

The effect of the microstructure arrangement of the supported PPN and PPN-CMS 

membranes on their gas permeation behavior was studied. Gas molecules with precision 

sizes could probe subtle microstructure differences in membranes [133, 179]. As 

expected, the gas permeability of all the PPN membranes followed the reverse order of 

gas kinetic diameter: CO2 (3.30 Å ) > O2 (3.46 Å ) > N2 (3.64 Å ). The gas permeability of 

PPN membranes gradually increased with increasing curing temperature (Figure 5.7(a) 

and Table 5.4). This result was attributed to the formation of bulky and rigid 

phthalonitrile-derived moieties that enlarged the intermolecular distance of the PPN 

network, providing less gas transport resistance (Table 5.1). Specifically, the CO2/N2 and 

O2/N2 selectivities of the PPN325 membrane were improved by approximately 30% and 

59%, respectively, compared with those of the PPN280 membrane (Figure 5.7(b) and 

Table 5.4). This improvement was attributed to a π-π stacking region in the PPN325 

network. In contrast to the PPN325 membrane, the CO2 and O2 permeabilities of the 

PPN400 membrane were improved by 7.2 and 6.5 times, respectively. This effect is 
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because of the increased intermolecular distance of the PPN400 membrane by 0.99 Å . 

The CO2/N2 and O2/N2 selectivities of the PPN400 membrane slightly decreased by 4.3% 

and 9.7%, respectively, compared with those of the PPN325 membrane. The reason might 

be the increase of intermolecular distance in both amorphous and π-π stacking regions, 

allowing larger gas molecules to pass through. In a word, the enlargement of average 

intermolecular distance and the presence of the π-π stacking region benefited both gas 

permeability and ideal selectivity of the PPN membranes. 

 

Table 5.4 Gas separation performance of supported PPN membranes with respect to 

curing temperature. 

 

5.2.3.2 Effect of pyrolysis temperature on gas permeation behavior of PPN-CMS 

membranes 

 

The supported PPN-CMS membranes derived from the PPN precursors showed 

significant improvement in gas permeability (Table 5.5). The CO2, O2, and N2 

permeabilities of the PPN400-CMS550 membrane were 7623 Barrer, 2625 Barrer, and 

1082 Barrer, respectively, which were approximately three orders of magnitude (1730 

times, 2380 times, and 5410 times, respectively) higher than those of the PPN400 

membrane (Figure 5.7(a)). Notably, the increased ratio of N2 permeability of the 

Membrane  Permeability (Barrer*) Ideal selectivity (α) 

 CO2 O2 N2 CO2/N2 O2/N2 

PPN280 0.43 ± 0.01 0.095 ± 0.006 0.024 ± 0.001 17.8 ± 0.9 3.9 ± 0.3 

PPN325 0.61 ± 0.09 0.17 ± 0.01 0.026 ± 0.002 23.1 ± 4.0 6.2 ± 0.6 

PPN400 4.4 ± 0.3 1.1 ± 0.2 0.2 ± 0.02 22.1 ± 2.6 5.6 ± 1.1 
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PPN400-CMS550 membranes was higher than CO2 or O2 permeability, resulting in the 

lower ideal CO2/N2 and O2/N2 selectivities, respectively, in contrast to the polymeric 

precursor (Table 5.4 and Table 5.5). This effect was attributed to the pyrolyzed PPN, 

which formed a bimodal distribution of micropore and ultramicropore in the carbon 

matrix, giving different gas transport behavior. The micropores and ultramicropores of 

PPN-CMS550 membranes were large enough to provide an efficient gas permeation 

pathway for gas molecules, even ones with larger sizes. As the pore size of carbon 

membranes was at the micropore level, the effect of Knudsen and surface diffusion 

became competitive to the effect of molecular sieving in gas permeation [141]. 

Nonetheless, the effect of molecular sieving dominated the gas transport behavior of the 

PPN-CMS membranes, resulting in the gas selectivity higher than the Knudsen diffusion 

selectivity (Figure 5.7(b)). Further increasing the pyrolysis temperature to 750 ℃ 

reduced the gas permeability of the PPN400-CMS750 membrane, in contrast to that of 

the PPN400-CMS550 membrane. The main reason was the narrowed intermolecular 

distance of the carbon matrix pyrolyzed at the higher temperature (Figure 5.3(b) and 

Table 5.1). Nonetheless, the CO2/N2 and O2/N2 selectivities of the PPN400-CMS750 

membrane were about 7.4 and 4.2 times higher than those of the PPN400-CMS550 

membrane (Figure 5.7(b)). This improvement was attributed to a greater amount of 

narrower ultramicropores, providing a greater molecular sieving ability to the PPN400-

CMS750 membrane (Figure 5.3(c-d)). In contrast to the PPN400 membrane, the 

PPN400-CMS750 membrane showed a significant improvement in CO2 and O2 

permeabilities from 4.4 Barrer to 3568 Barrer (810 times), and from 1.1 Barrer to 760 

Barrer (690 times), respectively. Furthermore, the CO2/N2 and O2/N2 ideal selectivities of 

the PPN400-CMS750 membrane increased to 58.7 and 12.5, respectively, which are 
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approximately 120% and 170%, respectively, higher than those of the PPN400 membrane 

(Figure 5.7(a-b)). This phenomenon can be explained by the fact that micropores 

provided high gas permeability, while ultramicropores benefited the molecular sieving 

ability of CMS membranes. As a result, the carbonization of the PPN membrane realizes 

an efficient molecular sieving ability of the derived PPN-CMS membrane, whose gas 

separation performance could be adjusted and advanced via pyrolysis temperature. 

 

  

 

Figure 5.7 Gas permeation of supported PPN and PPN-CMS membranes. (a) N2, O2, 

and CO2 permeabilities of the supported PPN and PPN-CMS membranes with respect to 

thermal treatment temperatures. (b) CO2/N2 and O2/N2 ideal selectivities of the supported 

PPN and PPN-CMS membranes with respect to thermal treatment temperatures. (c) Gas 

permeability of PPN-CMS550 membranes. (d) Gas permeability of PPN-CMS750 

membranes. (e) CO2/N2 and O2/N2 ideal selectivities of PPN-CMS membranes.  
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5.2.3.3 Proposed mechanism on evolution of microstructure arrangement of PPN-

CMS membranes with the effect of molecular chain arrangement of PPN precursors 

 

The comparison of the gas permeation behavior of the supported PPN-CMS membranes 

further reveals the effect of the molecular arrangement of the PPN precursor on the 

microstructure arrangement of the derived PPN-CMS. For the supported PPN-CMS550 

membranes, the gas permeability for all gas species increased with the curing temperature 

(Figure 5.7(c) and Table 5.5). This result was consistent with the increasing trend of the 

d-spacing values of the PPN and PPN-CMS550 membranes (Table 5.1). Given the highly 

rigid nature of the thermally cured PPN network, it was inferred that the polymeric 

network with a larger intermolecular distance produced the PPN-CMS550 membranes 

with a looser packing carbon matrix, resulting in higher gas permeability. Notably, the 

PPN325-CMS550 membranes exhibited higher gas selectivity than the PPN280-CMS550 

membranes. This effect was mainly attributed to the narrower ultramicropore distribution 

derived from a more ordered π-π stacking region in the PPN325 precursor. The PPN400-

CMS550 membrane, however, showed higher gas permeability but lower selectivity than 

both the PPN280-CMS550 and the PPN325-CMS550 membranes (Table 5.5). This result 

agreed with the gas separation performance of CMS membranes pyrolyzed at 550 ℃ 

obtained from the crosslinkable copolyimide precursors with and without curing 

treatment at 400 ℃ [145]. The CMS membrane from the crosslinked precursor with a 

larger intermolecular distance exhibited higher gas permeability but lower selectivity, 

indicating the permeability-selectivity trade-off behavior [145]. The results indicated that 

the effect of π-π stacking of the PPN400 network might not be able to fully overcome the 

effect of intermolecular distance of the precursor on the molecular sieving ability of the 
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derived PPN400-CMS550 membrane. A plausible reason was that the heterocyclic 

moieties that formed π-π stacking might not fully convert into a tightly packed 

carbonaceous structure at the relatively low pyrolysis temperature of 550 ℃. 

 

Table 5.5 Effect of curing temperature and pyrolysis temperature on the gas 

permeation behavior of supported PPN-CMS membranes. 

 

The elevated pyrolysis temperature could improve the gas selectivity but reduce the gas 

permeability of PPN-CMS membranes, as discussed in Chapter 5.2.3.2. As expected, 

despite the decreased gas permeability of PPN-CMS750 membranes (Figure 5.7(c-d)), 

the ideal selectivity of PPN-CMS750 membranes was consistently higher than that of 

PPN-CMS550 membranes with respect to curing temperature (Figure 5.7(e) and Table 

5.5). This effect was attributed to more ultramicropores, improving the gas selectivity of 

the PPN-CMS750 membranes. Interestingly, both CO2/N2 and O2/N2 selectivities of 

PPN325-CMS750 and PPN400-CMS750 membranes were improved about three times, 

while CO2 and O2 permeabilities remained at a similar level, in contrast to those of the 

PPN280-CMS750 membrane (Figure 5.7(d-e)). It was inferred that the ultramicropores 

Membrane  Permeability (Barrer*) Ideal selectivity (α) 

 CO2 O2 N2 CO2/N2 O2/N2 

PPN280-CMS550 5442 ± 471 1688 ± 239 649 ± 181 8.4 ± 2.5 2.6 ± 0.8 

PPN325-CMS550 5917 ± 958 2369 ± 399 652 ± 261 9.1 ± 3.9 3.6 ± 1.6 

PPN400-CMS550 7623 ± 166 2625 ± 52 1082 ± 46 7.0 ± 0.3 2.4 ± 0.1 

 
PPN280-CMS750 2836 ± 193 601 ± 72 202 ± 50 14.0 ± 3.6 3.0 ± 0.8 

PPN325-CMS750 2583 ± 159 667 ± 60 47.9 ± 7.5 53.9 ± 9.1 13.9 ± 2.5 

PPN400-CMS750 3568 ± 326 760 ± 166 60.8 ± 6.9 58.7 ± 8.6 12.5 ± 3.1 



Microstructure evolution and gas permeation behavior of PPN-CMS membrane Chapter 5  

112 

with smaller size and narrower distribution of PPN325-CMS750 and PPN400-CMS750 

membranes were the dominant effect that hindered the transport of larger gas molecules 

(N2) but allowed the smaller gas molecules (CO2 and O2) (Figure 5.6(c-d)). The small-

sized and narrow-distributed ultramicropores were pyrolyzed from the π-π stacking of the 

cured PPN network, as discussed in Chapter 5.2.2.2. These results supported the 

hypothesis that the enlarged intermolecular distance and π-π stacking of PPN contributed 

to improving the molecular sieving ability of PPN-CMS membranes (Figure 5.8(a)). 

Overall, the tunable microstructure arrangement of PPN could effectively adjust the 

microstructure characteristics and the gas permeation behavior of PPN-CMS membranes.  
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Figure 5.8 Proposed mechanism on PPN-CMS membranes for gas separation. (a) 

Schematic diagram of the influence of molecular chain arrangement of PPN precursor on 

evolution of microstructure arrangement of PPN-derived microporous carbon and its gas 

permeation behavior. (b) CO2/N2 and (c) O2/N2 Robeson upper bound relationship of 

supported PPN and PPN-CMS membranes in comparison to CMS membranes derived 

from various precursors (PI: polyimide [49, 69, 100, 143-146], PBI: polybenzimidazole 

[146, 147], PFA: poly(furfuryl alcohol) [69, 162, 164], PR: phenolic resin [167], PIM: 

polymer of intrinsic microporosity [143, 148]). 
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The relationship between the supported PPN and PPN-CMS membranes was investigated 

by comparing their ideal gas separation performance to CO2/N2 and O2/N2 Robeson upper 

bound relationship for polymeric membranes (Figure 5.8(b) and Figure 5.8(c)) [60, 63, 

69, 149, 150]. Above the upper bounds of polymeric membranes, CMS membranes also 

exhibited a permeability-selectivity trade-off relationship [69]. Carbonization of the PPN 

membranes produced the PPN-CMS membranes with significantly improved CO2 and O2 

permeabilities, either approaching or above the respective upper bounds of polymer 

membranes. Notably, PPN-CMS membranes possessed superior gas permeability than 

CMS membranes derived from thermosetting polymeric precursors, such as PFA and PR 

resins (Figure 5.8(b-c) and Table S1). This result could be explained by the fact that the 

high glass transition temperature of the cured PPN network was beneficial to the high gas 

permeability of PPN-CMS membranes. Specifically, the PPN325-CMS750 and PPN400-

CMS750 membranes exhibited improved ideal CO2/N2 and O2/N2 selectivities while 

maintaining high CO2 and O2 permeabilities compared to those of the PPN280-CMS750 

membrane. This result was mainly attributed to the more ordered π-π stacking 

arrangement of PPN325 and PPN400 precursors, resulting in smaller and narrower 

ultramicropore size and distribution of PPN325-CMS750 and PPN400-CMS750 

membranes. Interestingly, both PPN325-CMS750 and PPN400-CMS750 membranes 

showed comparable ideal gas separation performance of CMS membranes obtained from 

high decomposition temperature polymers (PI, PBI, and PIM) (Figure 5.8(b-c) and 

Table S1) [69]. It should be noted that the study on the actual gas separation performance 

of a CMS membrane requires a mixed-gas test and operation conditions close to 

industrial applications, which is beyond our research scope and instrument capacity in the 

lab. For the first time, nonetheless, this work evaluated the fundamental gas permeation 
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behavior of PPN-CMS membranes in comparison to the ideal separation performance of 

other CMS membranes as a basis for future study. More importantly, this study 

demonstrated that the thermally tunable intermolecular distance and π-π stacking of PPN 

precursor are critical factors in adjusting the microstructure characteristics and gas 

permeation behavior of PPN-CMS membranes. Apart from the thermal treatment process, 

the flexibility of the chemical synthesis of PPN-based materials offers unique 

opportunities as a platform for exploring microstructure design at the molecular level for 

polymeric and CMS membranes [2, 11, 12, 20, 170, 172, 173, 175, 176, 180-184]. 

Besides, PPN possesses electron donor/acceptor moieties that provide miscibility to 

polymer blends [109], promising incorporation with other high-performance polymeric 

precursors (i.e., polyimide) for CMS membrane fabrication. In summary, this work 

provides new insights into the evolution of the microstructure arrangement of the PPN-

derived carbon materials, and elucidates the influence of the microstructure arrangement 

of PPN precursors on the gas permeation behavior of the PPN-CMS membranes. 

 

5.3 Conclusion 

 

This study demonstrated thermally crosslinkable polyphthalonitrile (PPN) with both 

tunable intermolecular distance and π-π stacking arrangement as a novel precursor for 

fabricating high-performance carbon molecular sieve (CMS) membranes. The 

relationship between the microstructure characteristics and the gas permeation behavior 

of the PPN-derived CMS membranes was systematically studied. Furthermore, the 

mechanism of evolution of the microstructure arrangement of the PPN network and PPN-

derived microporous carbon was proposed. Thermal analysis revealed that the crosslinked 
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PPN network possessed high decomposition temperature, glass transition temperature, 

and char yield. Microstructure analysis revealed the thermally tunable microstructure 

arrangement of the PPN network, and it was further confirmed by the gas permeation 

analysis. In contrast to the PPN280 membrane, both PPN325 and PPN400 membranes 

subjected to higher curing temperatures exhibited more ordered π-π stacking 

arrangement. Furthermore, the PPN400 membrane showed an enlarged average 

intermolecular distance owing to the crosslinking of phthalonitrile moieties, while its 

ordered segment arrangement was retained. Consequently, both CO2 and O2 

permeabilities of the PPN400 membrane improved approximately ten times, and CO2/N2 

and O2/N2 selectivities enhanced by 24% and 43%, respectively, compared with those of 

PPN280 membranes. Carbonization of PPN precursors produced PPN-CMS membranes 

with improved gas permeability due to the formation of a bimodal pore size distribution 

of microporous carbon. Among all the PPN-CMS membranes, the PPN400-CMS550 

membrane exhibited a larger intermolecular distance, leading to its high gas permeability 

but compromised selectivity. In contrast to the PPN400-CMS550 membrane, the 

PPN400-CMS750 membrane exhibited a greater amount of ultramicropores and a 

narrower pore size distribution, resulting in higher CO2/N2 and O2/N2 selectivities (7.4 

and 4.2 times, respectively). It was identified that the ordered π-π stacking arrangement 

of PPN400 membranes contributed to the formation of small-sized and narrow-

distributed ultramicropores of the derived PPN400-CMS750 membranes. Consequently, 

both CO2/N2 and O2/N2 selectivities (58.7 and 12.5, respectively) of the PPN400-

CMS750 membrane were improved by approximately three times in comparison to those 

of the PPN280-CMS750 membrane, while its high CO2 (3568 Barrer) and O2 

permeabilities (760 Barrer) were maintained at the same level. The facile microstructure 



Microstructure evolution and gas permeation behavior of PPN-CMS membrane Chapter 5  

117 

tunability of PPN makes this type of polymer a potential candidate for developing CMS 

membranes. 
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Chapter 6  

 

Adjustable microstructure and gas transport properties of PPN/PI 

membrane 

 

The increasing demand for hydrogen production has necessitated the development of H2-

selective membranes. Polyimides are excellent membrane materials for gas separation; 

however, commercial polyimides generally lack sufficient H2 selectivity due to their low 

H2 affinity. Understanding the relationship between gas transport properties and free 

volume microstructure is critical to advancing H2-selective membrane design. Herein, 

this chapter reports a facile material strategy to adjust the free volume characteristics 

and H2 separation performance via blending Matrimid (PI) and crosslinkable 

phthalonitrile prepolymer (PPN) with electron donor/acceptor properties. The novel 

PPN30/PI70 membrane exhibits H2/N2 and H2/CO2 permselectivity of 1637 and 66.4, 

respectively, with H2 permeability of 2.7 Barrer in pure gas test, surpassing Robeson 

upper bounds (2008). The increased H2 permselectivity of PPN/PI blend membranes was 

attributed to the narrowed free volume size and distribution, giving rise to the improved 

H2 solubility and solubility selectivity. Moreover, thermal treatment can further improve 

the H2 permeability of crosslinked PPN30/PI70 membranes. The H2/CO2 mixed-gas test 

revealed the influence of plasticization and competitive sorption on H2 separation 

performance of the PPN30/PI70 blend membrane. This study demonstrates a new 

versatile strategy for designing high-performance hydrogen selective polymeric 

membranes.  
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6.1 Introduction 

 

The transition to the hydrogen economy has brought about a tremendous interest in gas 

separation technologies [72]. In contrast to traditional separation processes like 

distillation, membrane gas separation holds several advantages, such as low capital cost, 

excellent processability, and low energy consumption. Membranes based on polymeric 

materials have been investigated in various gas separation applications, such as carbon 

dioxide capture, ammonia production, and hydrogen purification[185, 186]. Glassy 

polymers such as polybenzimidazoles [187, 188], polyethersulfones [188], and 

polyimides [40, 188-190] have been studied as materials for membrane fabrication. These 

glassy polymers possess excellent size-sieving abilities because of the rigid and 

chemically stable molecular chains, making them suitable for membrane separation 

applications. Gas permselectivity of polymeric membranes can be described as the 

product of solubility selectivity and diffusivity selectivity [157]. Solubility selectivity 

depends on the penetrant condensability, penetrant-polymer interactions, and fractional 

free volume; diffusivity selectivity is mainly affected by the penetrant size, polymer 

chain flexibility, and interchain distance of the membrane [72]. The glassy polymer with 

rigid backbones is kinetically favorable to the diffusion of smaller penetrants such as H2 

(2.89Å ) compared to larger counterparts such as CO2 (3.3Å ) or N2 (3.64Å ), resulting in 

desirable H2 diffusivity selectivity [157]. It is generally believed that the effect of H2 

solubility selectivity often compromises the overall permselectivity of polymeric 

membranes [72, 185]. This is mainly due to the fact that polymers typically have 

inherently lower H2 solubility coefficients because H2 has weaker condensability (27 K) 

in comparison to N2 (71 K) and CO2 (195 K).   
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Polyimides are widely used in fabricating gas separation membranes owing to their 

excellent mechanical properties, processability, and gas permeability. However, the wide 

free volume distribution of polyimide results in low permselectivity of H2 over CO2 and 

N2, limiting its potential in hydrogen production [72, 185, 188, 191]. Several methods can 

adjust the permselectivity of polyimides, including chemical crosslinking [39, 192-194], 

backbone modification [195], and polymer blending [86, 187, 196, 197]. Using diamine 

monomer to tailor the microstructure of the polyimide could improve the H2 

permselectivity due to the enhancement in the diffusivity selectivity while maintaining 

the solubility selectivity [192]. However, Wang et al. [198] found that excess pendant 

amino moiety in the surface-modified polyimide might facilitate CO2 transport, resulting 

in compromised H2/CO2 permselectivity. Besides, the amino-crosslinked polyimides had 

a few drawbacks, such as increasing brittleness and the potentially reversible crosslinking 

reaction at certain operation conditions, which hindered their applications [194, 199, 

200]. Designing new types of high-performance polymers, including polyimides, has 

been proven to be a practical way to improve the solubility selectivity of polymeric 

membranes to surpass the permeability-selectivity trade-off, particularly in CO2 capture 

[59, 157]. Improving solubility selectivity is another approach to improving 

permselectivity. A few studies focused on improving the H2 solubility selectivity over 

other gas species. Recently, Zhang et al. [195] proposed that incorporating an alicyclic 

group into the structure of microporous polyimides could lead to smaller but 

homogeneous free volume cavity size and distribution, which could be beneficial to H2 

solubility selectivity over other larger gas species. Therefore, improving the molecular 

chain packing efficiency to generate narrowly distributed free volume microstructure has 

become a feasible strategy to tackle the problem of limited hydrogen permselectivity of 
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polyimides. However, the high H2 solubility selectivity of these polyimides was 

countervailed by the decreased H2 diffusivity selectivity, resulting in the moderate 

improvement of H2 permselectivity [195]. 

 

The blending of polymers is a versatile and practical strategy for designing new 

polymeric materials for gas separation. From thermodynamical considerations, however, 

only limited combinations of polymers can form fully miscible blends with stable and 

predictable gas separation performance [86]. Nevertheless, several partially miscible 

blend systems have demonstrated that intermolecular interactions between polymers 

significantly influence the microstructure at the molecular level and influence the gas 

separation performance of the membrane. Patrício et al. [201] postulated that the 

existence of intermolecular interactions, such as hydrogen bond interaction, between 

polymethylmethacrylate (PMMA) and polyurethane (PU) contributes to the formation of 

partially miscible blend. Incorporating 40 wt% PMMA into the PU matrix led to a 

reduction in the o-positronium lifetime (τ3) from 2.32 to 2.17 ns (analog to free volume 

cavity size) and a 125% increase in H2/N2 permselectivity compared to pure PU 

membranes [201]. They concluded that the improvement of H2 permselectivity was 

attributed to both phase arrangement and modified microstructure of PMMA/PU blends 

[201]. Yong et al. [196] reported that incorporating a polymer with intrinsic 

microporosity (PIM-1) with polyimide (Matrimid) resulted in a partially miscible blend 

due to the formation of an intermolecular charge-transfer complex (CTC) between the 

two polymers. The addition of 5 wt% PIM-1 to Matrimid increased the fractional free 

volume (FFV) to 18.3% from 16.5%, leading to a 24 % improvement in O2 permeability 

compared to neat Matrimid; additionally, a slight increase in O2/N2 permselectivity of 3% 
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was attributed to the presence of intermolecular CTC [196]. More recently, Mazinani et 

al. [24] proposed that blending 20 wt% polyethersulfone (PES) with polyetherimide 

(Extem) resulted in substantial enhancement in both CO2 permeability and CO2/N2 

permselectivity compared to the neat components. They postulated that the increased 

polarity of the PES/Extem (20/80) blend favored CO2 solubility, leading to a remarkable 

162% increase in CO2 permeability; furthermore, the reduced FFV and the enhanced 

polarity likely contributed to improved CO2/N2 diffusivity and solubility selectivity, 

respectively, resulting in a significant 293% increase in CO2/N2 permselectivity 

compared to pure Extem membrane [202]. In short, the adjustment of free volume 

microstructure facilitated by intermolecular interactions plays a critical role in the gas 

separation performance of polymer blend membranes. 

 

It was hypothesized that incorporating the resorcinol-based PPN into polyimide can tailor 

the intermolecular interactions and microstructure, enabling the adjustment of the 

hydrogen separation performance. The phthalonitrile prepolymer was chosen for its 

abundant triazine and phthalocyanine moieties. These moieties have electron 

donor/acceptor properties that can form intermolecular CTC in their respective covalent 

organic network thin-films [203-205]. On the other hand, polyimides composed of imide 

and diamine moieties are known to exhibit intermolecular CTC, which can be further 

enhanced by thermal treatment [196, 206, 207]. Therefore, it is rational to suggest that the 

phthalonitrile prepolymer can form the intermolecular CTC with polyimide. Besides, Tay 

et al. [3] found that incorporating resorcinol-based phthalonitrile prepolymer or oligomer 

(pPN) in polyacrylonitrile (PAN) enabled the formation of homogeneous and defect-free 

films, whereas the monomers tended to crystallize out of the blend during thermal 
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treatment. The thermally treated pPN/PAN polymer blend showed superior thermal 

stability to the pure components owing to the formation of the interpenetrating polymer 

network (IPN) [3]. To test the concept, the novel charge-transfer PPN/PI blend 

membranes with unusual hydrogen-selective properties and tunable microstructure at the 

molecular level was demonstrated. This chapter is focused on the PPN/PI membranes to 

identify (i) intermolecular interactions between the PPN prepolymer and polyimide, (ii) 

the free volume characteristics and tunability of the microstructure of PPN/PI blends, and 

(iii) gas transport properties of the PPN/PI membranes. 

 

6.2 Results and discussions 

6.2.1 Characteristics of intermolecular interactions of PPN/PI blends 

 

PPN/PI blends were fabricated by mixing PPN as prepolymer with PI and characterized 

via FTIR-ATR to identify their chemical composition and intermolecular interactions 

(Figure 6.1 and Figure 6.2(a)). For polymer blends, intermolecular interactions will 

result in a shift in frequency or change in intensity of the characteristic peak of the 

affected moieties. Conversely, if there are no intermolecular interactions between the two 

components, the new spectrum of the blends is presumably the addition of the two 

original spectra. The spectra of PI showed transmittance peaks of asymmetric C=O 

stretching at 1778 cm-1, asymmetric C=O stretching at 1716 cm-1, ketonic group of C=O 

at 1672 cm-1, aromatic C=C stretching at 1487 cm-1, N-C=O stretching at 1248, 1364, and 

1425 cm-1. The spectra of resorcinol-based PPN showed pendant nitrile at 2231 cm-1, 

isoindolenine at 1770, 1718, and 1669 cm-1, triazine at 1521 and 1358 cm-1, aromatic 
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C=C stretching at 1471 cm-1, C-O-C of aromatic ether at 1241 cm-1, and phthalocyanine 

at 1002 cm-1 [190]. 

 

 
Figure 6.1 Schematic diagram of resorcinol-based phthalonitrile 

prepolymer/polyimide (PPN/PI) blend membrane fabrication. 

 

Intermolecular interactions in polymers largely affect molecular chain arrangement, 

which is important for gas transport behavior. For PPN/PI thin films, the peak intensity of 

the nitrile group at 2231 cm-1 increased with the composition of PPN in the blends 

(Figure 6.2(a)). Notably, the triazine group of PPN/PI showed a dramatic decrease in 

peak intensity at 1521 cm-1 and a strong blue shift from 1358 cm-1 to 1371 cm-1, 

exceeding the O=C-N stretching of PI at 1364 cm-1. These results indicate the existence 

of intermolecular interaction leading to the change in electron cloud density of the 

triazine group. Besides, peak shift was observed in the range of 1247 cm-1 to 1241 cm-1, 

involving both C-O-C of the resorcinol group and N-C=O stretching of the imide group. 

It was well known that the dianhydride and diamine moiety of PI have electron-

withdrawing and electron-donating properties, respectively [196, 207]. For the PPN, the 
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triazine group with high electronegativity could serve as an electron acceptor, and the 

adjacent resorcinol group might be the electron-donating counterpart [208]. It was 

inferred that the electron donor-acceptor interaction exists in PPN/PI blends. The triazine 

and the adjacent resorcinol moieties of the PPN might form the intermolecular charge-

transfer complex (CTC) with the diamine and dianhydride moieties of the PI, 

respectively. The formation of intermolecular CTC could affect the polymer chain 

arrangement of the PPN/PI matrix by narrowing the molecular chain packaging. Indeed, 

the existence of aromatic-aromatic stacking was observed from the peak shift of the 

aromatic C=C stretching of PPN/PI.  
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Figure 6.2 The characteristics of intermolecular interactions of PPN/PI blends. (a) 

FTIR-ATR spectrum (b) UV-Vis absorbance (dash line: additive law prediction to guide 

eye), and (c) scheme of proposed intermolecular charge transfer complex (CTC) of 

PPN/PI thin films. 

 

It was further hypothesized that the intermolecular CTC between PPN and PI can also 

involve the phthalocyanine with the adjacent electron-donating resorcinol moiety. UV 
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absorbance test was carried out to validate the hypothesis [196]. In general, the change of 

UV absorbance band in a blend polymer system can be predicted via the additive law as 

the following equation: 

 

λ𝑏 =  ∅1λ1 +  (1 − ∅1)λ2              (6.1) 

 

where λ𝑏, λ1, and λ2 are referred to as the maximum absorbance of the blend and the 

pristine polymers 1 and 2, respectively; ∅1  is to the volume fraction of the pristine 

polymer 1. For miscible blends without CTC, the experimental data of the absorbance 

band of the blends should follow the additive law [196]. The intermolecular interactions 

enhance the miscibility of the two polymer components despite the presence of an 

aggregated phase in partially miscible blends [85]. Previous studies have suggested that 

the shift in the maximum absorbance wavelength of miscible (homogeneous) or partially 

miscible (heterogeneous) blends may be attributed to the formation of intermolecular 

CTC between the two polymers [85, 196]. The hypothesis was supported by the fact that 

the wavelengths of the obtained PPN/PI thin films significantly deviated from the 

predicted values in all ratios (Figure 6.2(b) and Figure S3). The UV-vis spectra of the 

PPN/PI blends exhibited similar characteristics to those of partially miscible polyimide 

blends, such as PIM/Matrimid blends [196] and c-PIM/Torlon blends [85]. The exact 

reason for the non-monotonic changes in the peak wavelengths is unclear. It could 

possibly be attributed to the complex intermolecular CTCs formed between the diamine 

and imide moieties of PI and the triazine and phthalocyanine groups of PPN. However, 

the incorporation of 70 and 90 wt% PPN with PI resulted in a significant red shift in the 

peak maxima, indicating the presence of intermolecular CTC between the PI and the 
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phthalocyanine moiety of PPN. From FTIR and UV-vis results above, one can safely 

prove the existence of both aromatic-aromatic interaction and intermolecular CTC 

between PPN and PI (Figure 6.2(c)). These intermolecular interactions will affect both 

the microstructure and chemical environment of the polymer blends, which can improve 

the hydrogen separation performance. 

 

6.2.2 Thermal and microstructural properties of PPN/PI blends 

6.2.2.1 Effect of chains interaction and thermal treatment on physical 

characteristics of the PPN/PI blends  

 

DMA was utilized to estimate the glass transition behavior, which closely relates to the 

polymer chain rigidity that affects polymer chain arrangement and gas transport 

properties (Figure 6.3(a)). The glass transition temperature is defined as the local 

maximum value(s) of the tan delta, a ratio of loss modulus to storage modulus. Among 

the membranes, the pure PI showed the highest glass transition temperature of 339 °C 

due to the rigid backbone. For PPN/PI blends, it was inferred that the incorporation of 

PPN will increase chain mobility because the oligomer must insert between the 

backbones of PI to form intermolecular CTC. However, despite the presence of 

intermolecular CTCs, the effect of the oligomer on improving the flexibility of the 

polyimide chain could not be overcome, as observed by the decreased glass transition 

region in the PPN/PI blends. The intermolecular CTC could also contribute to the 

compatibility between PPN and PI. Polarized Light Microscopy (PLM) (Figure 6.4) and 

Field Emission Scanning Electron Microscopy (FESEM) (Figure 6.5) results confirmed 

that PPN/PI blends are phase-separated. However, the PPN/PI blends exhibited a broad 
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glass transition region with two distinguishable glass transition temperatures ((Figure 

6.3(a) and Table 6.1). The first and lower glass transition temperatures (178 to 217 °C) 

may represent the PPN-rich phase, and the second and higher temperatures (252 to 293 

°C) may be assigned as the PI-rich phase. The comparison between PPN30/PI70 and 

PPN10/PI90 confirmed that a higher content of PPN resulted in a lower glass transition 

region as well as glass transition temperatures. Based on these results, it was concluded 

that the PPN/PI blends are partially miscible owing to the intermolecular CTCs between 

PPN and PI. The lower but broader glass transition region provides insights into the 

influence of the increase in chain mobility on the microstructure of blend films. 
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Figure 6.3 The effect of PPN composition on the polymer chain arrangement of (a, b, 

c) PPN/PI, and (d, e, f) thermally treated PPN/PI membranes. (a, d) Glass transition 

temperature, (b, e) XRD pattern, and (c, f) free volume distribution of PPN/PI membranes. 
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Figure 6.4 PLM microstructural morphologies. (a) PPN, (b) PI, (c-1) PPN10/PI90, 

(c-2) PPN10/PI90-280, (d-1) PPN30/PI70, (d-2) PPN30/PI70-280 membranes (scale 

bar: 10 um). 

 

 

Figure 6.5 FESEM cross-section microstructural morphologies. (a) PPN-280, (b) PI, 

(c-1) PPN10/PI90, (c-2) PPN10/PI90-280, (d-1) PPN30/PI70, (d-2) PPN30/PI70-280 

membranes (scale bar: 10 um). 
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The nitrile group of PPN in the PPN/PI blends can undergo further reaction above 220 

°C, forming a crosslinked polymer network with triazine, phthalocyanine, and 

isoindolenine units [3]. Since there were no observable characteristics of chemical 

crosslinking between PPN and PI in FTIR-ATR results (Figure 6.6), it is reasonable to 

infer that the crosslinking may occur exclusively in PPN. Following thermal treatment at 

280 °C, the PPN/PI blends transformed into semi-IPN membranes, referred to as PPN/PI-

280, which exhibited partial solubility in the solvent (NMP). The fraction of gel content 

can indicate the degree of crosslinking in the semi-IPN membranes. As expected, a 

higher content of PPN led to a greater extent of crosslinked polymer network in PPN/PI-

280 blends, resulting in a higher fraction of gel content (Table 6.1). 

 

 

Figure 6.6 FTIR-ATR spectrum of PPN30/PI70 and PPN30/PI70-280 membranes. 
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Table 6.1 Glass transition temperature, interchain distance, and gel content of 

PPN/PI and PPN/PI-280 membranes. 

Membranes glass transition temperature d-spacing gel content 

PI 339 °C 5.70 Å  Soluble 

PPN10/PI90 217 °C, 293 °C 5.53 Å  Soluble 

PPN30/PI70 178 °C, 252 °C 5.47 Å  Soluble 

PI-280 346 °C 5.86 Å  Soluble 

PPN10/PI90-280 296 °C 5.75 Å  54 % 

PPN30/PI70-280 256 °C 5.67 Å  69 % 

 

It was supposed that the chain rigidity of the PPN/PI matrix could be improved based on 

the thermally crosslinkable PPN by forming a semi-IPN microstructure after thermal 

treatment. Thermally treated PPN/PI blends exhibited only one glass transition 

temperature and a narrowed transition region ((Figure 6.3(d) and Table 6.1). The higher 

glass transition temperature of the thermally treated PPN/PI indicates a higher stiffness of 

the polymer backbone. It was inferred that the rigid linkages (triazine and 

phthalocyanine), resulting from the crosslinking of PPN, primarily contributed to the 

significant improvement in the chain rigidity of the PPN/PI semi-IPN blends compared to 

the untreated blends (Table 6.1). Interestingly, the glass transition temperature of 

PPN30/PI70-325 significantly exceeded that of PI (Figure 6.3(d) and Figure 6.7(a)). 

This result suggested that raising the thermal treatment temperature can enhance the 

chain rigidity of PPN/PI blends through the crosslinking of the oligomer. As expected, 

the glass transition temperature and thermal stability of PPN30/PI70 increased with 

thermal treatment temperature (Figure 6.7(a-b). Furthermore, the increasing trend of the 

gel fraction coincided with the trend of thermal stability (Figure 6.7(d)). These results 
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indicated that more rigid and thermally stable linkages were formed as the thermal 

treatment temperature increased. In contrast, no obvious difference was observed in the 

phase arrangement (Figure 6.4 and Figure 6.5) and the chemical composition of the 

PPN/PI before and after thermal treatment (Figure 6.6 and Figure 6.7(c)). Thus, it can be 

concluded that the increased extent of crosslinking through thermal treatment can 

enhance the chain rigidity of PPN/PI.  



Adjustable microstructure and gas transport properties of PPN/PI membrane Chapter 6  

135 

 

Figure 6.7 The effect of thermal treatment on characteristics of untreated and 

thermally treated PPN30/PI70 membranes. (a) Glass transition temperature, (b) 

thermal stability, (c) UV-Vis local maximum wavelength, (d) crosslinking degree 

correlated to thermal decomposition temperature (Td), and (e) XRD pattern. (f) Gas 

permeation performance with respect to gas kinetic diameter for untreated and thermally 

treated PPN30/PI70 membranes. 
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6.2.2.2 Structural parameters of PPN/PI and the thermally treated membranes 

 

The interchain distance of the polymer is a key factor in the gas separation performance 

of the membrane. The d-spacing represents the average interchain distance between the 

backbone of polymeric materials. The XRD pattern of the semicrystalline polyimide 

showed a typical broad peak with a maximum intensity of 2θ = 15.5 degrees, indicating a 

d-spacing value of 5.7 Å  (Figure 6.3(b)). In contrast to pure PI, the narrowed interchain 

distance of PPN/PI was attributed to the formation of intermolecular CTC, while the 

reduced peak intensity was due to the disruption of chain arrangement by PPN. Notably, 

a broad shoulder was observed in the spectra of PPN/PI around 2θ from 24.0 to 27.0 

degrees (3.7 to 3.3 Å ), indicating the increased extent of aromatic-aromatic stacking 

region. It was inferred that the densely packed regions of the PPN/PI blend result from 

intermolecular interactions. Besides, the PPN/PI blends showed higher I3 values, 

analogous to the amount of free volume, than pure PI (Table 6.1). It was assumed that 

the PPN oligomer must be inserted between the backbones of PI, causing the increased 

amount of small free volume cavities. As the intermolecular CTC tightens the interchain 

distance of PPN/PI, more small free volume cavities are beneficial to form narrower and 

sharper free volume distribution than pure PI (Figure 6.3(c)). Based on the results above, 

it was concluded that incorporating PPN in PI can cause tightened interchain distance and 

narrow free volume distribution. The effect of the microstructure on the gas transport 

properties of the PPN/PI membranes will be discussed in Chapter 6.2.3.1. 
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Table 6.2 Comparison of structural parameters obtained from PAL analysis of 

untreated and thermally treated membranes. 

Membranes τ3 (ns) I3 (%) R (Å ) FFV (%) 

PI 2.35 8.4 3.16 2.00 

PPN10/PI90 2.32 8.5 3.14 1.98 

PPN30/PI70 2.34 9.1 3.15 2.14 

PI-280 2.29 7.5 3.11 1.70 

PPN10/PI90-280 2.24 7.7 3.06 1.66 

PPN30/PI70-280 2.23 7.9 3.06 1.70 

 

All the thermally treated membranes exhibited an increase in average interchain distance 

compared to their untreated counterparts (Table 6.1). This phenomenon might be 

attributed to the rearrangement of the polyimide chains caused by the thermal treatment, 

leading to a decrease in 2θ (increase in d-spacing values). Kertik et al. [209, 210] and 

Peydayesh et al. [211] independently reported an increasing trend in the interchain 

distance (decrease in 2θ) of Matrimid membranes with increasing thermal treatment 

temperature. Peydayesh et al. [211] implied that this phenomenon might be attributed to 

the induction of more crystalline segments in the polyimide after thermal annealing. In 

this study, this phenomenon is most likely attributed to the increased chain stiffness of PI 

(Table 6.1). It is worth noting that while thermal treatment often causes a decrease in the 

d-spacing values of a crosslinked polymer network, it can also enlarge the interchain 

distance. For instance, Qui et al. [212] reported an increased d-spacing after the 

crosslinking of 6FDA-DAM:DABA polyimide. Shi et al. [213] proposed that the 

crosslinking of PI-Im-COOH contributed to the increase in the d-spacing of the 

polyimide owing to the formation of rigid biphenyl linkages. The enhanced polymer 
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chain rigidity from crosslinking may contribute to the increase in the interchain distance 

[212, 213]. Interestingly, the thermally treated PPN/PI-280 membranes showed increased 

peak intensity compared to their untreated counterparts (Figure 6.3(b) and Figure 

6.3(e)), indicating that the crosslinking of PPN can alter the polymer chain arrangement 

of PPN/PI blends. Furthermore, it was observed that the difference in the d-spacing value 

between thermally crosslinked PPN10/PI90-280 to PI-280 membranes (0.11 Å ) was 

slightly smaller than that of the untreated PPN10/PI90 to PI membranes (0.17 Å ) (Table 

6.1). This result implies that the rigid and bulky linkages of crosslinked PPN networks 

might contribute to the enlargement of the average interchain distance. The PI 

composition could also be responsible for the increased d-spacing values. However, these 

effects could not completely counteract the influence of intermolecular CTCs on the 

polymer chain arrangement in the PPN/PI blends. Therefore, a higher composition of 

PPN resulted in a narrower average interchain distance in the PPN/PI-280 blends. 

 

 

Figure 6.8 Schematic diagram of the effect of thermal treatment on PPN/PI matrix 

on the interchain spacing and free volume. 
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It is known that the FFV of glassy polymers decreases upon thermal treatment due to 

polymer chain relaxation and rearrangement toward its equilibrium state. As expected, a 

reduction in both the size and quantity of free volume cavities was observed in all the 

thermally treated membranes (Table 6.2). Interestingly, these membranes exhibited a 

narrower free volume distribution compared to their untreated counterparts (Figure 6.9). 

It was supposed that the thermal crosslinking of PPN can induce a higher fraction of 

smaller free volume cavities, whereas the larger cavities diminish due to the rigidification 

of the polymer matrix (Figure 6.8). The hypothesis was supported by the fact that the 

shrinkage of the free volume cavity radius of the PPN/PI-280s was more than that of PI-

280 (Table 6.2). Meanwhile, the increasing trend of I3 values is consistent with the 

composition of PPN under the same thermal treatment condition. Indeed, the higher 

amount of PPN caused the narrower free volume size distribution of the thermally treated 

membranes (Figure 6.3(f)). Based on the results above, it was concluded that the free 

volume size distribution of PPN/PI membranes can be narrowed by thermal crosslinking 

of PPN. However, it should be noted that thermal treatment may not always have the 

same impact on the FFV and d-spacing values of the membranes. Recently, Dose et al. 

[75] demonstrated that thermally crosslinkable polyimide (6FDA-DAPI/DABA) 

exhibited an increase in d-spacing but showed no significant change in the quantity of 

FFV upon thermal treatment. They proposed that despite the slightly enlarged average 

interchain distances, the thermal treatment narrowed free volume distribution in the 

polyimide membranes [75]. In the case of PI (Matrimid) membranes, as discussed earlier, 

moderate thermal treatment can lead to an increase in the d-spacing values. However, it is 

important to note that the relationship between FFV and d-spacing values of PI-based 

membranes under thermal treatment remains unclear and requires further investigation. 
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Understanding the microstructure of polymeric membranes will be crucial for the design 

of high-performance gas separation membranes. 

 

 

Figure 6.9 The comparison of o-Ps lifetime distributions for thermally treated and 

untreated membranes. (a) PI and PI-280; (b) PPN10/PPI90 and PPN10/PI90-280; (c) 

PPN30/PI70 and PPN30/PI70-280. 

 

6.2.3 Hydrogen separation analysis 

6.2.3.1 Effect of PPN composition on hydrogen separation properties 

 

In general, gas permeability coefficients of PI and PPN/PI membranes are in agreement 

with the order of gas kinetic diameters, indicating the size-sieving effect dominated gas 

transport behavior through membranes (Figure 6.10(a)). It was found that the PPN/PI 

blend or the thermally treated thin-films with an PPN loading of more than 50 wt% were 

too brittle to undergo testing. With respect to the PPN composition of the membranes, all 

gas permeabilities decreased with the trend of d-spacing values, which were affected by 

polymer chain mobility. Meanwhile, intermolecular interactions like CTC contributed to 

narrowed free volume cavity size and distribution of PPN/PI (Figure 6.3(c)), resulting in 
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the increasing trend of H2 /CO2 and H2/N2 permselectivity with the increased PPN 

composition (Figure 6.10(d)). Notably, the extent of increase in the permselectivity of 

the H2/CO2 pair with a smaller difference in kinetic diameter (0.41 Å ) was greater than 

that of the H2/N2 pair with a larger difference (0.75 Å ). This result implies that the 

contribution of solubility selectivity has a superior influence over that of diffusivity 

selectivity in adjusting the H2 separation performance of the PI matrix via incorporating 

the PPN. 

 

 

Figure 6.10 Pure gas permeation analysis of PI and PPN/PI blend membranes. (a) 

Permeability, (b) solubility, (c) diffusivity of H2, CO2, and N2. (d) permselectivity, (e) 

solubility selectivity, and (f) diffusivity selectivity of H2/N2 and H2/CO2. 

 

For polymeric membranes, the permeability coefficient can be described as the product of 

the solubility and diffusivity coefficients, according to the solution-diffusion model 

[157]. The solubility coefficient was measured by the sorption of each gas species in 
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equilibrium at the same absolute pressure and temperature condition. The diffusivity 

coefficient was calculated from D = P/S. On the one hand, polyimides have high 

solubility to the quadrupolar CO2 due to the abundant polar carbonyl groups in imide 

moiety [71]. As expected, the pristine PI showed a higher solubility coefficient of CO2 

than H2 and N2. Interestingly, the blending of 10 and 30 wt% PPN in PI caused a gradual 

decrease in CO2 solubility of 15% and 73%, respectively, compared to the pristine PI 

(Figure 6.10(b)), despite the introduction of CO2-philic functional groups in the PPN 

[38]. The suppression of the CO2 solubility coefficient can be attributed to the induced 

electron donor-acceptor complexes, reducing CO2 affinity to the polymers [214-216]. For 

nonpolar gases such as H2 and N2, the increasing gas solubility coefficient trend agrees 

with the I3 values. To our surprise, the incorporation of PPN significantly increases H2 

solubility coefficient of PPN/PI, which is about 8.2 times higher than the pristine PI. 

Therefore, the PPN30/PI70 showed H2/N2 and H2/CO2 solubility selectivity about 6.6 and 

28.9 times, respectively, higher than the pristine PI (Figure 6.10(e)). A possible reason 

for the higher H2 solubility of PPN/PI was attributed to the narrower and sharper free 

volume distribution with the slightly smaller free volume cavity size. Another plausible 

explanation is that the unique PPN/PI intermolecular CTC contributes to the 

improvement in H2 solubility. On the other hand, the pristine PI possesses higher 

diffusivity coefficients due to its larger interchain distance and free volume than the 

PPN/PIs (Figure 6.10(c)). In contrast, the incorporation of 10 wt% PPN in PI led to 

decreased H2 diffusivity coefficient and diffusivity selectivity (Figure 6.10(f)). It can be 

explained that the increasing H2 sorption of the PPN/PI blends prolonged the H2 diffusion 

through the membranes. Another reason might be the phase arrangement affecting the gas 

diffusion pathway. However, adding 30 wt% of PPN in PI led to higher H2/N2 and 
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H2/CO2 diffusivity selectivity than the pristine polyimide. This effect was attributed to 

the more intermolecular interactions generating a more tightly packed chain arrangement 

region, which is favorable for the diffusion of hydrogen rather than other larger gases 

(Figure 6.10(b)). Based on the results above, It was concluded that the improvement in 

both H2/CO2 and H2/N2 permselectivity of PPN/PI is due to the enhancement in both 

solubility selectivity and diffusivity selectivity. 

 

6.2.3.2 Hydrogen separation properties of the thermally treated PPN/PI membranes 

 

The measured solubility coefficients of neat PI (Matrimid) and PI-280 membranes are in 

good agreement with previous literature (Table 6.3). Previous literature reported the H2 

solubility of Matrimid membranes falling within the range of 0.16 to 0.21 (10-

2cm3/cm3cmHg). Interestingly, the H2 solubility coefficients of thermally treated PI-280 

remained nearly unchanged in comparison to that of the untreated PI, while the increase 

in CO2 and N2 solubility coefficients was observed. Similarly, the PPN/PI-280 

membranes subjected to the same thermal treatment showed nearly unchanged H2 

solubility but increased CO2 and N2 solubility coefficients. It was postulated that the 

increased CO2 and N2 solubility in the PI-280 and PPN/PI-280 membranes may be 

attributed to the thermally induced rearrangement of polymer microstructure, which will 

be discussed later. However, the thermal treatment protocols in this study appeared to 

have a negligible impact on the H2 solubility of both PI and PPN/PI membranes (Table 

6.4). Moreover, the H2 solubility of PPN/PI-280 is approximately eight times higher than 

both PI-280 and PPN-280. These results indicate that the increase in the H2 solubility of 

PPN/PI-280 membranes was mainly a result of interactions between PI and PPN rather 
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than the intrinsic H2 affinity of the neat components. Therefore, It was concluded that 

incorporating PPN in the PI matrix helps increase the H2 solubility of PPN/PI-280 

membranes, inheriting the advantage of the untreated PPN/PI membranes. 

 

Table 6.3 H2, CO2, and N2 solubility coefficients of PI (Matrimid), PI-280 and PPN-

280 membranes measured in this work compared with data from previous literature. 

Membrane 

components 
Solubility† Solubility selectivity Note Ref. 

 H2 CO2 N2 H2/CO2 H2/N2 CO2/N2   

Matrimid 0.16 7.8 0.68 0.021 0.24 11.5 time lag [1] 

Matrimid 0.20 24.8 0.78 0.0081 0.26 31.8 time lag [2] 

Matrimid 0.21 31.0 1.1 0.0068 0.19 28.2 direct sorption [3] 

PI 0.33 7.4 0.55 0.045 0.61 13.6 direct sorption this work 

PI-280 0.31 25.2 2.2 0.012 0.14 11.5 direct sorption this work 

PPN-280 0.32 1.14 0.17 0.28 1.9 6.7 direct sorption this work 

† Solubility unit: 1·10-2·cm3(STP)/cm3·cmHg 
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Table 6.4 Comparison of gas transport coefficients of PPN/PI and PPN/PI-280 

membranes in pure gas permeation analysis 

Membranes Permeability (Barrer) Solubility† Diffusivity‡ 

 H2 CO2 N2 H2 CO2 N2 H2 CO2 N2 

PI 14.7 7.2 0.28 0.33 7.4 0.55 44.3 1.0 0.50 

PI-280 17.6 10.8 0.34 0.31 25.2 2.2 57.4 0.43 0.15 

PPN10/PI90 8.8 4.1 0.12 2.8 6.3 0.58 3.2 0.6 0.21 

PPN10/PI90-280 7.8 1.8 0.11 2.7 16.8 2.1 2.8 0.11 0.054 

PPN30/PI70 2.7 0.041 0.0017 2.7 2.0 0.66 1.0 0.020 0.0025 

PPN30/PI70-280 6.5 0.37 0.045 2.8 12.2 2.0 2.3 0.031 0.022 

PPN-280 --a --a --a 0.32 1.14 0.17 --b --b --b 

Note: 

† Solubility unit: 1·10-2·cm3(STP)/cm3·cmHg 

‡ Diffusivity unit: 1·10-8 cm2/s 

a The gas permeability was not measured for the thin-film due to brittleness. 

b The diffusivity of the thin-film is not available. 

 

Comparing thermally treated membranes to their untreated counterparts, the changes in 

H2 permeability coefficients of PI-280 and PPN/PI-280 membranes appeared to be 

dependent on their H2 diffusivity coefficients, as their H2 solubility coefficients were 

consistent (Table 6.4). However, all thermally treated membranes showed significantly 

increased CO2 and N2 solubility coefficients, leading to a decrease in H2/CO2 and H2/N2 

solubility selectivity (Table 6.5). This effect coincides with the shrinkage of free volume 

cavity size, which facilitates gas sorption (Table 6.2 and Figure 6.9). On the other hand, 

the diffusivity and diffusivity selectivity of the thermally treated membranes showed 

inconsistent changes with respect to the PPN composition. As discussed in Chapter 6.2.2, 

thermal treatment reduced the chain rigidity while increasing the interchain distance of 
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both PI-280 and PPN/PI-280 blends (Table 6.1 and Table 6.2). These results imply that 

the competition between the effects of polymer chain flexibility and interchain distance 

affects gas diffusivity and diffusivity selectivity (Table 6.4 and Table 6.5). Given the 

complicated nature of thermally treated membranes, the actual reasons require further 

investigation. It is possible that the decrease in polymer chain mobility could hinder the 

diffusion of gas molecules through free volume cavities, while the increase in d-spacing 

may benefit gas transport. However, it is worth noting that the H2 solubility coefficients 

of the thermally treated membranes remain consistent with the untreated counterparts 

(Table 6.4). The improved H2 solubility of the PPN/PI blends was primarily attributed to 

the incorporation of PPN and is likely independent of the thermal treatment, even if 

crosslinking of PPN occurs in the semi-IPN membranes. Comparing the solubility 

coefficients of all membranes, the free volume with a larger number, smaller size, and 

narrower size distribution in the membrane is in good agreement with the increased 

solubility of the small gas molecule (hydrogen). This is the main reason for the 

significant improvement of the hydrogen permselectivity of the PPN/PI membranes. 
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Table 6.5 Comparison of permselectivity, solubility selectivity, and diffusivity 

selectivity of PPN/PI and PPN/PI-280 membranes in pure gas permeation analysis 

Membranes 
Permselectivity 

(α) 

Solubility  

selectivity 

Diffusivity  

selectivity 

 H2/CO2 H2/N2 CO2/N2 H2/CO2 H2/N2 CO2/N2 H2/CO2 H2/N2 CO2/N2 

PI 2.0 53.3 26.1 0.045 0.61 13.6 45.7 87.9 1.9 

PI- 

280 
1.6 52.2 31.8 0.012 0.14 11.2 134 381 2.8 

PPN10/PI90 2.2 71.2 32.8 0.44 4.7 10.8 5.0 15.0 3.0 

PPN10/PI90- 

280 
4.3 67.4 15.6 0.16 1.3 7.9 26.5 52.0 2.0 

PPN30/PI70 66.4 1637 24.7 1.3 4.0 3.1 50.6 404 8.0 

PPN30/PI70- 

280 
17.4 146 8.4 0.23 1.4 6.1 76.4 106 1.4 

PPN-280 --a --a --a 0.28 1.9 6.7 --b --b --b 

Note: 

a The ideal gas selectivity is not available. 

b The diffusivity selectivity of the thin-film is not available. 

 

Comparing the gas separation performance of the thermally treated PPN30/PI70 

membranes at temperatures ranging from 220 to 325 ℃, it was revealed that the gas 

permeability coefficients improved with increasing thermal treatment temperatures 

(Figure 6.11(a)). This increasing trend in permeability coincided with the d-spacing 

values of the thermally treated PPN30/PI70 membranes (Figure 6.7(e)). As discussed 

above in Chapter 6.2.2.2, the enlargement of average interchain distances was attributed 

to the combined effects of thermal rearrangement of the PI polymer chain and 

crosslinking of PPN (Figure 6.7(e)). Such a phenomenon is responsible for the increase 
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in the H2 permeability but the decrease in the H2 permselectivity. Although the change in 

thermal treatment temperature will affect the gas permeation properties, the hydrogen 

separation behavior of all thermally treated PPN30/PI70 membranes exhibited a similar 

sieving mechanism (Figure 6.7(f)). The H2/N2 permselectivity gradually decreased with 

the increase in treatment temperature. However, the H2/CO2 permselectivity of 

PPN30/PI70-220 was higher than the untreated PPN30/PI70 membrane (Figure 6.11(b)). 

It is attributed to the competing factors of the enlargement of interchain distance and the 

shrinkage of free volume cavity size and distribution. These results demonstrate the 

potential of tuning the microstructure of crosslinkable PPN/PI blends to enhance the 

hydrogen separation performance. 
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Figure 6.11 Gas separation performance of thermally treated PPN30/PI70 

membranes (a) Permeability and (b) permselectivity obtained from pure gas permeation 

analysis with respect to thermal treatment temperature, and the comparison of (c) H2/N2 

and (d) H2/CO2 separation performance to Robeson upper bound (2008). 

 

The gas permeation performance of the untreated and thermally treated PPN30/PI70 

membranes was compared to Robeson upper bound plots (Figure 6.11(c-e) and Table 

S2). The incorporation of 30 wt% PPN significantly increased the H2/N2 and H2/CO2 

permselectivity of the PPN30/PI70 membrane, which was about 33.2 times higher than 

that of the neat PI membrane, while maintaining a comparable H2 permeability of 2.7 
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Barrer. Therefore, the H2 separation performance of the PPN30/PI70 membrane exceeds 

the H2/N2 and H2/CO2 trade-off lines. With thermal treatment, the PPN30/PI70-220 

membrane exhibited an optimal H2/CO2 permselectivity of 74.3 and H2 permeability of 

4.3 Barrer, which were approximately 12% and 59% higher, respectively, than the 

untreated PPN30/PI70 membranes. This study has demonstrated the feasibility of 

blending PPN in the polyimide (PI) matrix and employing thermal treatment to adjust the 

microstructure of the PPN/PI blend membranes for H2 purification.  

 

6.2.3.3 H2/CO2 mixed-gas separation analysis on effects of CO2 plasticization and 

competitive sorption 

 

 

Figure 6.12 Mixed-gas (H2:CO2 50:50 mol%) separation performance of 

PPN30/PI70 membrane with respect to pressure difference. (a) Permeability, and (b) 

permselectivity. 

 

For glassy polymer membranes, plasticization may take place when the mixed-gas 

contains condensable gas, such as CO2, and the plasticization pressure is usually defined 
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as the pressure with the minimum CO2 permeability within the applied pressure 

difference [72, 217, 218]. H2/CO2 (50:50 mol%) mixed-gas permeation analysis (Figure 

6.12 and Table S3) revealed an increasing trend in both H2 and CO2 permeability in 

H2/CO2 mixed-gas within the range of pressure difference. Interestingly, the 

plasticization pressure within the pressure difference was not observed in the 

PPN30/PI70 membrane. Since the CO2 solubility coefficient of the PPN30/PI70 

membrane is largely suppressed, the contribution of CO2 sorption to the CO2 

permeability in H2/CO2 mixed-gas might be small at the initial pressure. The increase in 

H2 and CO2 permeability in H2/CO2 mixed-gas may be due to the increased contribution 

of gas diffusion, resulting from the disrupted polymer chain packing by condensable CO2 

molecules [218]. In comparison to the permeability in pure gas, nonetheless, the 

plasticization effect alone could not fully explain the maintained CO2 permeability 

coupled with decreased H2 permeability in H2/CO2 mixed-gas. Considering the 

quadrupolar properties of CO2 molecules exhibiting a strong affinity for adsorption in 

polymers [72], a plausible explanation for this phenomenon is that the CO2 molecules 

have stronger interactions with polymer chains within the free volume cavities of 

PPN30/PI70 than H2 molecules [72, 195]. It was inferred that the effect of CO2 

competitive sorption in H2/CO2 mixed-gas suppresses the inherently high H2 solubility 

and solubility selectivity of the PPN30/PI70 membrane. In other words, though the H2 

solubility coefficient of the PPN30/PI70 membrane is higher (1.3 times) than CO2 

solubility, the transport of H2 molecules through the narrowed free volume cavities might 

be limited by CO2 molecules possessing strong interactions with the polymer chain. 

Future work shall focus on reducing the CO2 affinity to polymer membranes to alleviate 

the competitive sorption effect in H2/CO2 separation. This study not only advances the 
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understanding of free volume characteristics and hydrogen transport properties of the 

PPN/PI blend membranes, but also highlights a facile material strategy for designing 

charge-transfer polymer blends with tunable microstructure. 

 

6.3 Conclusion 

 

This work demonstrates a novel concept to adjust the characteristics of free volume and 

hydrogen separation performance of polyimide membranes. It was concluded that the 

blending of the polyimide (PI) and the resorcinol-based phthalonitrile prepolymer (PPN) 

with electron donor/acceptor moieties could enable the formation of the intermolecular 

charge-transfer complex (CTC), resulting in narrowed free volume cavity size and 

distribution. The adjustment in free volume microstructure has considerably improved the 

H2 solubility coefficient of PPN/PI blend membranes about an order of magnitude higher 

than that of pure PI membrane. The N2 and CO2 solubility coefficients were either 

maintained or suppressed, leading to the desirable H2/N2 and H2/CO2 solubility selectivity 

of PPN/PI membranes. Consequently, the PPN30/PI70 membrane showed ideal H2/CO2 

and H2/N2 permselectivity of 66.4 and 1637, respectively, with H2 permeability of 2.7 

Barrer, surpassing the 2008 Robeson upper bounds. Upon thermal treatment, the 

PPN30/PI70 membrane showed increased gas permeability with the elevated thermal 

treatment temperature. Remarkably, the PPN30/PI70-220 membrane possessed an ideal 

H2/CO2 permselectivity of 74.3 and H2 permeability of 4.3 Barrer, 12% and 59% higher 

than the untreated counterpart. This result was attributed to the balance of enlargement in 

the interchain distance and the shrinkage in free volume cavity size and distribution. 
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Further studies using H2/CO2 mixed-gas (50:50 mol%) for permeation analysis under 

pressure difference within the range of 2 to 8 atm confirmed the existence of the CO2 

plasticization effect. The competitive sorption effect of CO2 molecules was found to 

suppress the inherently high H2 solubility and solubility selectivity, compromising the 

separation performance of the PPN30/PI70 membrane in H2/CO2 mixed-gas. This study 

demonstrated the potential of using the charge-transfer PPN/PI blend with tunable 

microstructure to design high-performance hydrogen purification membranes. 
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Chapter 7  

 

Conclusions and Recommendations 

 

The research outcomes in this thesis demonstrate a novel polymeric phthalonitrile-based 

material for membrane applications and a new material strategy to adjust the 

microstructure characteristics and gas permeation behavior of membranes. This chapter 

is to 1) briefly summarize the research works constructed by this thesis, 2) evaluate the 

degree of validation achieved for the presented hypothesis, and 3) discuss the novelty and 

research impact of the corresponding studies. Finally, future works are recommended for 

further in-depth investigation in this research field.  
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7.1 Summary 

 

Three main objectives were proposed and sequentially accomplished, leading to the 

completion of this thesis, which investigated the microstructure and gas permeation behavior 

of PPN and its derived carbon materials. 

 

1) To understand the relationship between microstructure characteristics and gas 

permeation behavior of PPN and PPN-derived microporous carbon materials in the 

context of membranes. 

 

Despite its relevance for material development in many potential industrial 

applications, no published literature was available on this topic. This study pioneered 

the investigation of the microstructure characteristics of the PPN network and its 

influence on the gas permeation behavior of the PPN-derived polymeric and carbon 

membranes via metal-ion doping and curing treatment methods. The study 

demonstrated the feasibility of PPN as an advanced membrane material and identified 

the potential of PPN-derived carbon membranes for gas separation. 

 

2) To provide in-depth insights into the microstructure evolution of the PPN-derived 

carbon from its polymeric precursor. 

 

Previous studies mostly ignored the influence of the microstructure arrangement of 

PPN precursor on the derived carbon materials, though many reports demonstrated 

impactful structural designs on PPN-derived carbon materials. Furthermore, due to 
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physical limitations, the conventional gas sorption characterization technique for 

porosity was not applicable to studies on microporosity less than 0.4 nm. While gas 

permeation analysis has a limitation in examining materials such as the membrane 

configuration, it can identify subtle changes in the microstructure of polymeric and 

carbon materials. The understanding from this study can facilitate the development of 

PPN-derived polymeric and carbon materials, which may not be limited to the context 

of membranes. 

 

3) To explore PPN as an advanced membrane material for adjusting the microstructure 

characteristics of membranes fabricated from commercially available polyimide resin. 

 

The adjustment of microstructure characteristics of commercially available polyimide 

is an important research topic due to its dominant role in the current and emerging gas 

separation industry. By utilizing the intrinsic electron donor/acceptor properties of 

PPN, a novel material strategy to adjust microstructure characteristics and gas 

transport properties of polyimide was developed. It was demonstrated that the 

phthalonitrile prepolymer can adjust microstructure characteristics, including free 

volume, to improve gas solubility (i.e., H2) and selectivity (i.e., H2/CO2 and H2/N2) of 

PPN/PI blend membranes. 
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7.2 Discussion on hypothesis 

 

This thesis aimed to develop PPN resin as an advanced membrane material. The key 

hypothesis of this thesis is that the adjustment of microstructure characteristics of PPN 

resins can alter that of the PPN-derived polymeric and carbonaceous materials and, 

therefore, adjust the gas permeation behavior of PPN-based polymeric and carbonaceous 

membranes. The results in Chapter 4 have experimentally supported the hypothesis. The 

doping of metal ions was able to adjust the molecular arrangement of the PPN networks, 

thereby adjusting the gas permeation behavior of the PPN-based membranes. 

Furthermore, it was identified that the microporous carbon derived from the PPN network 

largely depended on the molecular arrangement of the precursor, although the specific 

microstructure evolution mechanism of PPN-derived microporous carbon requires further 

detailed studies. 

 

With the aim of obtaining insights into the developed PPN membrane materials, Chapter 

5 investigated the relationship between microstructure characteristics and gas permeation 

behavior of nea PPN and its derived carbon molecular sieve membranes. It was identified 

that the ideal gas separation performance of PPN-derived carbon molecular sieve 

membranes is comparable to the state-of-the-art membranes due to the successful 

adjustment of microstructure arrangements of the precursor. Furthermore, the key 

hypothesis was further proved true from the significant improvement of gas separation 

performance of PPN and the derived microporous carbon membranes subjected to 

various thermal histories that subtly altered the microstructure arrangements of the PPN 

network. 
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The work was extended to the adjustment of commercially available polyimide in 

Chapter 6 to demonstrate the potential of phthalonitrile resin as an advanced membrane 

material. It was hypothesized that the electron donor/acceptor properties of the PPN 

network can alter the microstructure characteristics and the gas permeation behavior of 

polyimide membranes. The hypothesis was supported by the results because 

incorporating PPN in polyimide significantly improves the gas (hydrogen) solubility, 

which is higher than that of both neat PPN and PI materials. 

 

The key hypotheses supported by the results in this work enabled vital insights regarding 

the microstructure characteristics and gas permeation behavior of PPN-based polymeric 

and carbon materials. This understanding achieved in this thesis serves as a fundamental 

basis for developing next-generation PPN-based polymeric and carbon membrane 

materials. 

 

7.3 Novelty and research impact 

 

The novelty and significance of this thesis drawn from this thesis were listed as follows: 

 

1) Explore the adjustability of microstructure characteristics and gas permeation 

behavior of PPN and the derived carbon materials. 

 

The molecular arrangement of PPN can be feasibly adjusted via metal-ion doping or 

heat treatment. It was demonstrated that Co2+ or Cu2+-doped PPN precursor with 

promoted stacking of molecular chain creates the PPN-derived microporous carbon 
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materials with graphitic-like stacking microstructure, while the neat PPN precursor 

generates mainly amorphous carbon at pyrolysis temperature of 550 ℃. The 

adjustment of the microstructure arrangement of the stacking region in the PPN 

network could adjust the gas permeation behavior of PPN and the derived 

microporous carbon membranes. It was further identified that carbon molecular sieve 

membranes derived from neat PPN precursors have superior gas permeance than ones 

derived from metal-ion-doped precursors. 

 

2) Demonstrate PPN and the derived carbon materials as promising candidates for gas 

separation membranes. 

 

Though PPN membranes possess moderate gas permeability and selectivity among 

heterocyclic polymer materials, the derived carbon molecular sieve membranes 

showed outstanding ideal gas separation performance beyond the state-of-the-art 

Robeson upper bounds. Furthermore, the gas separation performance of PPN-CMS 

membranes is comparable to many CMS membranes derived from highly engineered 

heterocyclic polymeric materials. Besides, it was demonstrated that incorporating 

PPN with commercially available polyimide can obtain new types of membrane 

materials with unique gas transport properties. This study identified the potential of 

PPN as a promising material for gas separation polymeric and carbon membranes. 
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3) Propose and test a mechanism for the microstructure evolution of PPN to the derived 

microporous carbon materials at the angstrom level. 

 

It was identified that microporosity, especially ultramicropores, existed in the PPN-

derived carbon materials at various pyrolysis temperatures. The aromatic stacking of 

the PPN network is a key factor in the ultramicropore distribution of the derived 

carbon materials. The promoted stacking of PPN can generate small-sized, narrow-

distributed ultramicropores of the carbon molecular sieve membranes. The new 

insights on the microstructure evolution of PPN precursor to the derived microporous 

carbon materials pave the way for further development of PPN-based materials for 

various applications. 

 

4) Establish the relationship between microstructure characteristics and gas permeation 

behavior of PPN and the derived microporous carbon membranes. 

 

Understanding the relationship between microstructure characteristics and the gas 

separation performance of PPN and the derived carbon enables the development of 

PPN-based high-performance membrane materials. It was demonstrated that the 

molecular chain arrangement played a key role in determining the gas separation 

performance of the derived carbon molecular sieve membranes. The increased 

intermolecular distance and the promoted stacking of the molecular chain of PPN 

precursor can improve and increase the intermolecular distance and narrow the 

ultramicropore distribution of the derived carbon materials. These adjustments in 

microstructure characteristics of the PPN network resulted in the improvement of the 
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gas separation performance of PPN-derived carbon molecular sieve membranes 

pyrolyzed at 750 ℃ to surpass the permeability-selectivity trade-off relationship of 

gas separation membranes. 

 

5) Identify the impact of incorporating PPN in commercially available polyimide on the 

microstructure characteristics and gas transport properties of the blend membranes. 

 

The incorporation of PPN in PI was able to adjust free volume characteristics of the 

blend membranes via the formation of a charge-transfer complex. Furthermore, the 

H2 solubility and solubility selectivity of the blend membranes were largely improved 

due to the narrowed free volume distribution of the blend membranes. The thermal 

crosslinking of PPN in the PI matrix could increase the intermolecular distance of the 

blend and further adjust the gas separation performance of the semi-IPN membranes. 

 

7.4 Recommendation for future work 

 

This thesis was purposefully scoped to study resorcinol-based polyphthalonitriles as 

polymeric and carbon membrane materials on their microstructure characteristics and gas 

permeation behavior. The PPN-based membrane fabrication study was also limited to the 

solvent evaporation method. While the new insights and understandings provided more 

solid research bases in this field, more work can be targeted to extend these findings on 

different types of phthalonitrile monomer (precursor). Future works will be able to pursue 

scientific curiosity and the fundamental understanding of nature in fabricating high-

quality polymeric and carbonaceous membrane materials for various applications. The 
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following paragraphs present the recommendations for future scientific investigations 

with brief justification. 

 

7.4.1 Solvent-free fabrication of PPN-based membranes 

 

Phthalonitrile monomers can be melted by simple thermal processes and fabricated into 

various configurations of PPN materials, including encapsulants, foams, and coatings. 

Various phthalonitrile monomers have been developed to provide a wide range of melting 

process windows without the need for solvents. This unique property gives the 

heterocyclic polymer resins great opportunities to develop sustainable membrane 

fabrication processes. In this case, the in-depth understanding of the relationship between 

molecular structure and transport properties of PPN materials is the key to developing 

high-performance PPN-based membranes, including polymeric, carbon, and mixed-

matrix membranes with functional nanofillers. 

 

7.4.2 PPN-based catalytic hierarchical carbon materials 

 

The high char yield of PPN represents the high productivity of fabricating carbon 

materials. This work demonstrates the metal-ion-doped PPN-derived carbon materials 

with adjustable microstructure characteristics on a sub-nanometer scale. Future work may 

focus on taking advantage of activation, bubble foaming, or other techniques to introduce 

more extrinsic porosity for developing high-performance PPN-derived porous carbon 

materials for various applications. 
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7.4.3 PPN-based gas barrier 

 

The high thermal stability of PPN resins made the materials a promising candidate for 

many needs of encapsulation, sealing, or barrier applications. This work demonstrated 

that blending PPN can improve the gas barrier efficiency of commercially available 

polyimide in terms of suppressed gas permeability. It also revealed that the thermal 

history of PPN largely determines its microstructure characteristics and gas permeation 

behavior. This understanding may enable the development of PPN-based gas barriers for 

carbon dioxide, oxygen, or hydrogen. 
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Appendix 

 

 

Figure S1 Glass transition temperature of PPN with respect to curing temperature. 

 

 

Figure S2 PAL spectrum of PPN-CMS membranes. 
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Table S1 Pure gas permeabilities and ideal selectivities of supported PPN and PPN-

CMS membranes compared to published literature. 

Precursor Membrane 

Pyrolysis 

Temp.; 

Inert 

condition 

Permeability Selectivity 

Ref 

CO2 O2 N2 CO2/N2 O2/N2 

PI Matrimid --* 10.8 2.5 0.4 28.3 6.5 [49] 

MAT- 

650-Ar 

650 ℃;  

Argon 
1592 383 56.9 28.0 6.7 [49] 

Matrimid- 

CMS700 

700 ℃;  

Argon 
390 94 10 39 9.4 [100] 

ODPA- 

FDA 
--* 21.4 4.2 0.7 29.7 5.9 [49] 

ODPA- 

550-Ar 

550 ℃;  

Argon 
9011 2006 529 17.7 3.5 [49] 

ODPA- 

650-Ar 

650 ℃;  

Argon 
5379 1354 194 27.7 7.0 [49] 

ODPA- 

650-Vac 

650 ℃;  

Vacuum 
1086 131 7.56 143.6 17.4 [49] 

ODPA- 

750-Ar 

750 ℃;  

Argon 
2423 432 48.4 61.3 9.6 [49] 

6FDA-DAM/ 

DABA(3:2) 
--* 94.8 -- 4.9 19.4 -- [143] 

6FDA-DAM/ 

DABA(3:2)- 

CMS450 

450 ℃; 

 Argon 
385.4 -- 25.1 15.4 -- [143] 
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Precursor Membrane 

Pyrolysis 

Temp.; 

Inert 

condition 

Permeability Selectivity 

Ref 

CO2 O2 N2 CO2/N2 O2/N2 

6FDA-DAM/ 

DABA(3:2)- 

CMS600 

600 ℃;  

Argon 
2840.0 -- 156.1 18.2 -- [143] 

PABZ- 

6FDA-PI 
--* 18.0 3.6 0.67 27 5.4 [144] 

PABZ-6FDA- 

PI-CMS550 

550 ℃;  

Argon 
5915 1410 171 35 8.3 [144] 

PABZ-6FDA- 

PI-CMS750 

750 ℃;  

Argon 
200 46 4.2 47 10.8 [144] 

PABZ-6FDA- 

PI-CMS800 

800 ℃;  

Argon 
57 14 1.1 53 12.5 [144] 

6FDA2:sBPDA0.5 

:aBPDA0.5/ 

DAM1.8:DABA1.2 

--* 98.0 22.5 4.6 21.3 4.9 [145] 

6FDA2:sBPDA0.5 

:aBPDA0.5/ 

DAM1.8:DABA1.2 

-CMS550 

550 ℃;  

Argon 
20362 2825 441 46.2 6.4 [145] 

Kapton --* 2.350 0.505 0.270 8.70 1.87 [146] 

Kapton- 

CMS580 

580 ℃;  

Vacuum 
623.6 188.3 58.49 10.7 3.22 [146] 

Kapton- 

CMS800 

800 ℃;  

Vacuum 
324.7 68.9 7.64 42.5 9.02 [146] 

UIP-R --* 0.696 0.196 0.064 10.96 3.08 [146] 
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Precursor Membrane 

Pyrolysis 

Temp.; 

Inert 

condition 

Permeability Selectivity 

Ref 

CO2 O2 N2 CO2/N2 O2/N2 

UIP-R- 

CMS580 

580 ℃;  

Vacuum 
843.3 293.5 93.14 9.1 3.15 [146] 

UIP-R- 

CMS800 

800 ℃;  

Vacuum 
402.6 102.7 11.79 34.2 8.71 [146] 

P84 HT --* 0.557 0.168 0.048 11.60 3.50 [146] 

P84 HT- 

CMS580 

580 ℃;  

Vacuum 
1291 341.2 142.8 9.0 2.39 [146] 

P84 HT- 

CMS800 

800 ℃;  

Vacuum 
407.6 126.4 14.80 27.5 8.55 [146] 

PEI Ultem1010 --* 2 0.5 0.07 28 6.8 [100] 

Ultem1010- 

CMS700  

(Supported) 

700 ℃;  

Argon 
156 37.9 4.56 34.2 8.3 

[69, 

100] 

PBI PBI --* 0.112 0.009 0.005 24.15 2.02 [146] 

PBI- 

CMS580 

580 ℃;  

Vacuum 
183.8 155.9 5.35 34.4 29.16 [146] 

PBI- 

CMS800 

800 ℃;  

Vacuum 
42.5 19.0 0.70 60.8 27.11 [146] 

PBI-6F --* 26 6.5 1.0 26.0 6.5 [147] 

PBI-6F- 

CMS600 

600 ℃;  

Argon 
7920 1905 247 32.0 7.7 [147] 

PIM Trip(Me2)-TB --* 2250 620 115 19.6 5.4 [148] 

Trip(Me2)-TB- 

CMS500 

500 ℃;  

Nitrogen 
992 206 52 19.1 4.0 [148] 
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Precursor Membrane 

Pyrolysis 

Temp.; 

Inert 

condition 

Permeability Selectivity 

Ref 

CO2 O2 N2 CO2/N2 O2/N2 

Trip(Me2)-TB- 

CMS600 

600 ℃;  

Nitrogen 
2760 636 90.5 30.5 7.0 [148] 

Trip(Me2)-TB- 

CMS700 

700 ℃;  

Nitrogen 
530 130 15.9 33.3 8.2 [148] 

Trip(Me2)-TB- 

CMS800 

800 ℃;  

Nitrogen 
397 98 11.4 34.8 8.6 [148] 

EA(Me2)-TB --* 1206 348 59 20.4 5.9 [148] 

EA(Me2)-TB- 

CMS500 

500 ℃;  

Nitrogen 
251 56 9 27.9 6.2 [148] 

EA(Me2)-TB- 

CMS600 

600 ℃;  

Nitrogen 
372 94 13 28.6 7.5 [148] 

EA(Me2)-TB- 

CMS700 

700 ℃;  

Nitrogen 
173 45 4.7 36.8 9.6 [148] 

EA(Me2)-TB- 

CMS800 

800 ℃;  

Nitrogen 
42.5 12 0.94 45.2 12.6 [148] 

PI-TB-4 --* 21.4 -- 1.3 17.1 -- [143] 

PI-TB-4- 

CMS450 

450 ℃;  

Argon 
11.8 -- 1 11.8 -- [143] 

PI-TB-4- 

CMS600 

600 ℃;  

Argon 
542.6 -- 28.3 19.2 -- [143] 

PFA SCPFA 

-500 

500 ℃;  

Argon 
293.1 52.9 13.7 21.4 3.9 [162] 

SCPFA 

-600 

600 ℃;  

Argon 
435.5 79.4 14.2 30.7 5.6 [162] 
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Precursor Membrane 

Pyrolysis 

Temp.; 

Inert 

condition 

Permeability Selectivity 

Ref 

CO2 O2 N2 CO2/N2 O2/N2 

SCPFA 

-700 

700 ℃;  

Argon 
193.3 54.8 8.5 22.7 6.4 [162] 

SCPFA 

-800 

800 ℃;  

Argon 
80.2 18.9 3.4 23.9 5.6 [162] 

PFA- 

CMS600  

(Supported) 

600 ℃;  

Argon 
18.6 6.39 0.747 24.9 8.6 

[69, 

164] 

PFA- 

CMS700  

(Supported) 

700 ℃;  

Argon 
14.7 5.89 0.478 30.8 12.3 

[69, 

164] 

PFA- 

CMS800  

(Supported) 

800 ℃;  

Argon 
6.51 1.58 0.123 52.9 12.8 

[69, 

164] 

PFA- 

CMS900  

(Supported) 

900 ℃;  

Argon 
3.53 0.777 0.0598 59.0 13.0 

[69, 

164] 

PR CM-20-650  

(Supported) 

650 ℃;  

Nitrogen 
165.4 78.1 10.1 16.4 7.7 

[69, 

167] 

CM-20-750  

(Supported) 

750 ℃;  

Nitrogen 
47.0 10.9 3.4 13.7 3.2 

[69, 

167] 

CM-20-850  

(Supported) 

850 ℃;  

Nitrogen 
13.0 6.6 3.0 4.3 2.2 

[69, 

167] 

PPN PPN400  

(Supported) 
--* 4.4 1.1 0.2 22.1 5.6 

This 

work 
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Precursor Membrane 

Pyrolysis 

Temp.; 

Inert 

condition 

Permeability Selectivity 

Ref 

CO2 O2 N2 CO2/N2 O2/N2 

PPN400- 

CMS550  

(Supported) 

550 ℃;  

Argon 
7623 2625 1082 7.0 2.4 

This 

work 

PPN400- 

CMS750  

(Supported) 

750 ℃;  

Argon 
3568 760 60.8 58.7 12.5 

This 

work 

Note: *Polymeric precursor before carbonization. 

 

 

Figure S3 UV-Vis spectrum of PI and PPN/PI blends. 
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Table S2 Gas permeability and permselectivity (± σ) of PI, PPN/PI, and thermally 

treated membranes from pure gas permeation analysis in this work. 

Membrane  Permeability (Barrer) Permselectivity (α) 

 H2 CO2 N2 H2/CO2 H2/N2 CO2/N2 

PI 14.7 ± 0.8 7.2 ± 0.5 0.28 ± 0.01 2.0 ± 0.2 53.3 ± 3.2 26.1 ± 1.8 

PI-280 17.6 ± 0.3 10.7 ± 0.5 0.34 ± 0.02 1.6 ± 0.1 52.2 ± 3.1 31.8 ± 2.3 

PPN10PI90 8.8 ± 0.1 4.1 ± 0.4 0.12 ± 0.01 2.2 ± 0.2 71.2 ± 3.9 32.8 ± 3.5 

PPN10PI90-

280 
7.8 ± 0.7 1.8 ± 0.2 0.11 ± 0.01 4.3 ± 0.6 67.4 ± 7.5 15.6 ± 2.1 

PRN30PI70 2.7 ± 0.1 0.041 ± 0.005 
0.0017  

± 0.0002 
66.4 ± 8.4 1637 ± 211 24.7 ± 4.4 

PPN30PI70-

220 
4.3 ± 0.3 0.058 ± 0.004 0.014 ± 0.001 74.3 ± 7.3 316 ± 39 4.2 ± 0.5 

PPN30PI70-

280 
6.5 ± 0.1 0.37 ± 0.06 0.045 ± 0.003 17.4 ± 2.7 146 ± 11 8.4 ± 1.4 

PPN30PI70-

325 
13.6 ± 1.1 3.7 ± 0.2 0.13 ± 0.01 3.7 ± 0.3 106 ± 8 28.9 ± 1.2 

 

Table S3 Comparison of pure-gas and mixed-gas (H2/CO2 50:50 mol%) 

permeability and permselectivity of PPN30/PI70 with respect to pressure difference. 

Pressure difference (∆𝑝) Permeability (Barrer*) Permselectivity (α) 

Pure gas H2 CO2 H2/CO2 

2.0 atm 2.7 ± 0.1 0.041 ± 0.005 66.4 ± 8.4 

H2/CO2 50:50 mol% H2 CO2 H2/CO2 

2.0 atm 0.089 ± 0.006 0.038 ± 0.002 2.3 ± 0.2 

5.0 atm 0.25 ± 0.02 0.067 ± 0.004 3.8 ± 0.4 

8.0 atm 0.32 ± 0.01 0.11 ± 0.01 3.0 ± 0.3 
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