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ABSTRACT 
 

Structure-Property Relationships of Polyimides with Intrinsic Microporosity (PIM-

PIs) and Their Gas Transport Properties 

 

Mahmoud Atef Abdulhamid 

 

Polymers with intrinsic microporosity (PIMs) showed the potential to provide highly 

permeable and highly selective membranes for gas separation applications with the ability 

to fine-tune their properties for better performance. The concept of microporosity was 

extended to the polyimides by using kinked, contorted and stable structures to obtain high 

gas performance combined with excellent solution-processability, high thermal stability, 

and a unique platform for a wide range of possible modifications and tunability. Thus, 

studying the structure-property relationships is a critical key to develop advanced materials 

that can replace the commercially available membranes like cellulose acetate and 

Matrimid. Importantly, in the microporous polyimides (PIM-PIs) system, varying the type 

of the side chains appended to the diamines or dianhydrides impacts polymeric membrane 

properties, and in turn, gas separation performance.  

In this dissertation, we have examined the effect of ring substitutes, incorporated into novel 

polyimides backbones, on polymer properties and gas separation performance. The choice 

of side group can induce subtle changes in material properties and molecular interactions 
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between the polymeric chains and affect the pore-size distribution, chain packing and 

yielding distinct combination between gas permeability and permselectivity.  

We have shown that the effect of tertiary amine groups, in polyimide structures, on the CO2 

solubility is marginal but it can control the chain packing.  However, introducing bromine 

groups on the polymer backbone can boost the O2 permeability and O2/N2 selectivity and 

perform better than the commercially available membranes. BCBr4-SBIDA demonstrated 

the same O2/N2 selectivity relative to cellulose acetate but approximately 10-fold higher 

gas permeability. Combining high selectivity with good permeability was achieved by a 

newly designed carboxyl-functionalized homopolymer (6FDA-TrMPD) with CO2 

permeability of 144 barrer and CO2/CH4 selectivity of 45. The new W-shaped CANAL 

diamines, prepared by one-step synthesis, were used as microporosity generators in 

polyimides and revealed promising gas transport performance with the same selectivity 

relative to cellulose acetate by 23-fold higher permeability (CANAL-PI-3-MeNH2). 

Therefore, developing advanced polymers for membrane-based gas separation can be 

obtained by an ideal combination between kinked monomers, side chains, and stable 

materials.  
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Chapter 1.   Introduction to Porous Materials 

1.1. Porous materials  

A porous material is defined as a solid material that contains voids, cavities or channels in 

its structure which all can be defined as a pore [1]. The presence of pores in a particular 

solid can affect the physical properties of this material including density, solubility, thermal 

conductivity, and color. Porous materials have been involved in different industrial 

applications, so controlling porosity is of great industrial importance especially in catalyst 

design, membranes, ceramics, and sensors. Furthermore, porosity is one of the key factors 

that govern to some extent the chemical reactivity and physical interactions of porous solids 

with liquids and gases and other materials. IUPAC has classified the porosity based on the 

pore size as macropores (diameter > 50 nm), mesopores (2 nm < diameter < 50 nm), and 

micropores (diameter < 2 nm) [2] (Figure 1.1). Solid materials can have different types of 

pores shaped as cylindrical pores or slit-shaped pores. 

 

Figure 1.1 IUPAC classification of porous materials based on their pore size [2]. 

 

1.2. Microporous materials 

Among the three categories of porous materials, solids with microporous structure have 

been involved in great variety of potential industrial applications including catalysis [3–6], 
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sensors [7], adsorption [8, 9], liquid purifications [10], hydrogen storage [11–15], carbon 

dioxide capture [16], gas purification [11, 17–20], and so many other applications. By 

IUPAC definition, a microporous material possesses pores with less than 2 nm in diameter 

[2]. Conventional microporous materials have been classified into two main categories: 

ordered crystalline framework such as zeolites [21], metal-organic frameworks (MOFs) 

[22] and covalent organic frameworks (COFs) [23], and amorphous networked structure 

such as activated carbon [24], hyper-crosslinked polymers (HCPs) [25] and polymers of 

intrinsic microporosity (PIMs) [26]. Microporous materials can be divided into organic and 

inorganic materials as well. Figure 1.2 shows the classification of various microporous 

materials based on their structure and components. 

 

 

Figure 1.2 Classification of microporous materials based on their structures and 

components [27]. 

Ordered crystalline frameworks 
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1.2.1. Zeolites 

Zeolites are part of the inorganic crystalline microporous materials family with three 

dimensional microporous structure. The porosity results from interconnected 

aluminosilicate building blocks, i.e., [AlO4]5- and [SiO4]4- at the intermolecular level. They 

were discovered by Alex Fredrick Cronstedt in 1756, where he noticed that a significant 

amount of steam was released after rapid heating of stilbite mineral from water that was 

adsorbed by the material. This observation resulted in naming these materials as zeolites 

which were originated from a Greek words, zeo meaning “to boil” and lithos meaning 

“stone” [28, 29]. 

Zeolites are naturally occurring materials, but they can also be prepared industrially on a 

large scale. Since their discovery scientists have prepared numerous numbers of synthetic 

zeolites which targeted different industrial applications. To date, there are over 230 unique 

zeolite architectures listed in the Data base of Zeolite Structures [30, 31]. The cage-like 

framework in the zeolite structure (Figure 1.3) have tetrahedral vertices which form open 

channels of molecular dimensions (1-20 Å), with Brunauer-Emmett-Teller (BET) surface 

areas ranging from 400 to 900 m2 g-1 [32, 33]. Zeolites have been widely used in different 

industrial applications including gas sensors [34], gas separation membranes [35], liquid 

purification [36, 37], hydrogen storage [38] and catalysis [39].  
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Figure 1.3 The cage-like framework of a zeolite structure. 

 

1.2.2. Metal-organic frameworks (MOFs) 

Metal-organic frameworks (MOFs) are part of organic crystalline microporous materials 

that consists of coordination metallic bonds between transition-metal cations and 

multidentate organic linkers, and it can form structures with different dimensions [40]. The 

first MOF [Zn4O(1,3,5-benzenetribenzoate)2] (MOF-177, SBET = 4500 m2 g-1, Figure 1.4a) 

was described first by Yaghi’s group in 2004, which demonstrated that the BET surface 

area was higher than that of activated carbon (2030 m2 g-1) [41, 42]. Continuous intensive 

studies have been pusued on designing new MOFs material with a high capacity for 

industrial applications. Farha et al. reported in 2012 a newly designed MOF with very high 

BET are of 7140 m2 g-1 (NU-110, Figure 1.4b) [43]. Like other microporous materials, 

MOFs have a high potential for many industrial applications including catalysis [44, 45], 

sensors [46], gas storage [47], gas separation [48] and carbon dioxide capture [49].  
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Figure 1.4 (a) The structure of MOF-177 and (b) the structure of MOF NU-110 [43]. 

 

1.2.3. Covalent-organic frameworks (COFs) 

Covalent organic frameworks (COFs) are a family of organic crystalline microporous 

materials which are desgined as two- or three-dimensional organic solids with building 

blocks strongly bonded through covalent bonds (Figure 1.5). They are prepared from small 

atoms such as H, O, B, C, and N which are able to form sturdy and steady covalent bonds 

in well-defined shapes like diamonds, graphite, and boron nitride [23, 50]. COFs exhibited 

extremely high surface areas ranging from 1590–6500 m2 g-1, with low densities and high 

thermal stability (600 oC) and rigid structures. A common drawback shared with MOFs is 

their instability toward hydrolysis [51–53]. 
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Figure 1.5 (a) The COF-5 condensation reaction and (b) the structural model of COF-5, C 

grey; H white, B orange, and O red [23]. 

 

Amorphous networked structures 

1.2.4. Activated carbon 

Activated carbon or activated charcoal, is a form of carbon treated to have small pores with 

a high surface area for different types of applications including, adsorption and chemical 

reactions. It is classified as a high porosity material, with a surface area exceeding 3000 m2 

g-1 as determined by gas sorption isotherm measurements [54]. Furthermore, in porous 

carbons, pore size and shape are distributed broadly in sharp distinction to the nearly 

constant pore size in zeolites. Well-defined activated carbon structure has not yet been 

obtained. One theory suggests that the carbon sheets are connected through aliphatic linkers 

[55]. Different allotropes of carbon have been prepared, such as graphite, carbon nanotubes 

and nano-diamonds (Figure 1.6), for different industrial applications including, medicines, 
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catalysts, hydrogen storage and carbon dioxide capture [56]. However, these materials are 

considered as expensive solutions due to the high cost required for their production, relative 

to other adsorbents.    

 

Figure 1.6 Different types of carbon allotropes. 

 

1.2.5. Porous aromatic frameworks (PAFs) 

Porous aromatic frameworks (PAFs) with their three-dimensional open structure belong to 

organic amorphous microporous materials. Shilun Qiu and Guangshan Zhu established a 

new synthetic method to prepare the first long-range porous aromatic frameworks with dia 

topology (PAF-1) as an ordered structure in 2009. PAF-1 was prepared from nickel(0)-

catalyzed, Yamamoto-type Ullmann cross-coupling reaction of tetrakis(4-

bromophenyl)methane (Figure 1.7) and displayed high surface area of 5640 m2 g-1. High 

CO2 uptake (1.3 g g-1 at 40 bar, 298 K) was obtained from this material which makes them 
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promising materials for CO2 storage [57]. The amorphous structure of PAFs was confirmed 

by transmission electron microscopy (TEM) and X-ray diffraction (XRD) providing a 

conclusion that the crystallinity is not a requirement to prepare materials with very high 

free volume and surface areas [58]. 

 

Figure 1.7 Synthesis of PAF-1 with its 3D structural model [57]. 

 

Extensive research has been done to modify PAFs to increase their adsorption capacity. 

For instance, replacing the carbon atom of the monomer with silicon or germanium (Figure 

1.8) showed promising potential for these materials to have high adsorption capacity and 

thus potential industrial applications [59,60]. 

 

Figure 1.8 The synthetic pathway for PPN‐3 preparation where X can be adamantane, 

silicon, germanium, and carbon [61]. 
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1.2.6. Hyper-cross-linked polymers (HCPs) 

Hyper-cross-linked polymer (HCPs) are types of organic amorphous microporous 

materials where hyper-cross-linked polystyrene was reported for the first time in the 1970s 

[25, 62]. Davankov resins’-the first HCPs synthesized by Davankov et al. were synthesized 

through two steps reaction starting by initial polymerization of vinyl benzyl chloride in the 

existence of a tiny amount of the cross-linker-divinylbenzene - then followed by Friedel-

Crafts alkylation to make the hyper-cross-linked polymer (Scheme 1.1) [63]. HCPs 

demonstrated a notably elevated surface area (2090 m2 g-1), remarkable rigidity, and small 

pore sizes [64]. HCPs have a permanent porosity resulting from the strong chemical cross-

links which inhibit the chains from efficient packing, and thus creating voids as a result 

[62, 65].  

 

Scheme 1.1 Synthesis of the Davankov resin [63]. 

 

HCPs have received much attention due to their remarkable advantages such as the facile 

synthesis, ability to functionalize and use cheap monomers, moderate reaction conditions, 

and their high surface areas [66, 67]. The challenge is to design and prepare well-defined 

porous polymer networks with different functionalities. Thus, post-crosslinking of 

polystyrene precursors was used as a one-step self-polymerization to prepare the desired 
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HCPs (Figure 1.9) [68]. This methodology led to enhance advanced studies of the 

properties and morphology and led to potential industrial applications such as gas storage 

[67], carbon dioxide capture [69], and chromatography [70]. 

 

Figure 1.9 The formation of hyper-crosslinking materials scheme (Copyright 2007, The 

Royal Society of Chemistry). 

 

1.2.7. Conjugated microporous polymers (CMPs) 

Conjugated microporous polymers (CMPs) are a branch of organic amorphous 

microporous polymers, and sub-class of conjugated polymers that exhibit structural 

rigidity, good conductivity, and insolubility [64]. CMPs possess a 3D network structure 

which is built by linking different molecules in a π-conjugated fashion using different 

cross-coupling mechanisms including Suzuki cross-coupling, Sonogashira coupling, and 

Yamamoto coupling. One example of cross-coupling reactions is the synthesis of 

tetraphenylethene-based CMP (Figure 1.10) [64, 71]. The conjugation through the CMPs 

enhance the conductivity properties and thus increase the possibility for potential 

applications. High surface areas were obtained by CMPs (exceeding 1000 m2 g-1) with 

microporosity [72]. The porosity of these materials led to their evaluation as sorbents, but 
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they also show promising potential for different industrial applications, for catalysis, light 

harvesting, and gas storage [73]. 

 

Figure 1.10 The synthesis of a tetraphenylethene-based CMP and its 3D optimized 

structure [74]. 

 

1.2.8. Polymers of intrinsic microporosity (PIMs) 

Polymers of intrinsic microporosity (PIMs) belong to the family of organic amorphous 

microporous materials, and were reported for the first time in 1983 when poly[1-

(trimethylsilyl)-1-propyne][(PTMSP)] was prepared by polymerizing 1-(trimethylsilyl)-1-

propyne (MeC≡CSiMe3; TMSP) in the existence of a catalyst such as TaCl5 and NbCl5 

[17]. Intrinsic microporosity within a polymer is defined as “a continuous network of 

interconnected intermolecular voids that forms as a direct consequence of the shape and 

rigidity of the component macromolecules” [26]. PIMs are prepared from small atoms (H, 

C, N, O), so they can considered to be the organic equivalent of amorphous activated 

carbons [75]. The porosity of this class resulted from the structural rigidity and the non-

sufficient packing of the polymer chains, so it is governed by the shape of the monomers 
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and building blocks. The high fractional free volume (FFV), resulted from the insufficient 

packing of the polymeric chains, create voids within the microstructure and provide a new 

platform for this material to be used in gas separation and storage applications [75, 76]. 

The advantages of polymers with intrinsic microporosity over other microporous materials 

are their solubility, easy processibility, use of inexpensive monomers, flexible film 

formation, thermal resistance, and excellent mechanical properties. PIMs can be 

categorized into three different types based on their molecular structure as linear, ladder 

and network. 

Linear polymers represent the polymers that have one single bond between the two 

monomeric structures; usually, this single bond gives high flexibility to the polymer chains, 

and thus decrease its free volume. Therefore, to produce porous linear polymers with high 

FFV the single bond between two monomers must be restricted to the rotation to increase 

the chains rigidity and create voids, or at least one kinked monomer should be used. 

Examples of this type include polynorbornenes [77], polyacetylenes [17, 78], 

perfluoropolymers [79, 80] and polyimides [81, 82].  

Ladder polymers are double-stranded polymers in which the two monomeric units are 

attached through two covalent bonds and thus restricts the rotation with a functionality 

average (fav) less than two. Ladder polymers have a rigid structure with high FFV, and they 

generate porosity more than the corresponding linear polymers. The best know monomer 

used to prepare this type is 3,3,3’,3’-tetramethyl-1,1’’-spirobisindane-5,5’,6,6’-tetrol (SBI-

4OH) [83]. A classic example of ladder polymers is PIM-1 which resulted from the 

polymerization of SBI-4OH with 2,3,5,6-tetrafluorophthalonitrile using potassium 
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carbonate (K2CO3) to initiate the polymerization reaction in dimethylformamide (DMF) 

[83]. 

Network PIMs can be prepared from similar monomers to the one used to make ladder 

PIMs but with a functionality average (fav) more than two, so that the polymer grows in 

three-dimensions and results in an intricate structure. The network PIMs exhibit higher 

surface areas than the ladder and linear PIMs but are not soluble, so they can be used only 

as powder for different applications. Examples of these polymers are phthalocyanine-PIMs 

[84]and triptycene-PIMs [85]. 

 

Figure 1.11 Examples of different types of PIMs materials. 

 

Linear polymers  

1.2.8.1. Polyacetylenes  

Polyacetylenes belong to the family of linear PIMs materials which were reported for the 

first time in 1983 by Masuda et al. Poly [1-(trimethylsilyl)-1-propyne][(PTMSP)] was 
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prepared using -(trimethylsilyl)-1-propyne (MeC≡CSiMe3; TMSP) in the presence of a 

catalyst such as TaCl5 and NbCl5 to give a contorted and rigid structure of PTMSP. High 

fractional free volume was obtained from the distorted and inflexible structure of the 

polymer chains. Robust films were prepared from PTMSP for testing gas transport 

properties, and very high gas permeabilities were obtained (ex. O2 permeability up to 9000 

barrer) [17]. Cis/trans repeated units can be obtained in the PTMSP structure due to the 

presence of single and double bonds in the polymer backbone. A slight difference in the 

gas transport properties was obtained between syn and cis configuration as proved by 

Izumikawa et al. where they studied the effect of the catalyst on the polymerization reaction 

and found using NbCl5 over TaCl5 leads to cis-enriched structure [86, 87]. 

 

Scheme 1.2 Synthesis of poly[1-(trimethylsilyl)-1-propyne][(PTMSP)] [17]. 

 

1.2.8.2. Polyimides with intrinsic microporosity (PIM-PIs) 

Polyimides were developed in 1955 by DuPont as a novel class of polymers [88]. 

Polyimides were synthesized by a two-stage polycondensation reaction between diamines 

and dianhydride passing through poly (amic acid) as an intermediate. Kapton® was one of 

the first examples of this generation which is made from a polycondensation reaction 

between pyromellitic dianhydride and 4,4'-oxydianiline. This polymer demonstrated good 

chemical resistant and thermal stability prompting its use in different industrial 
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applications. Matrimid® is another example of polyimides used as membrane material for 

gas separation. To date, many different polyimides have been prepared to improve the 

properties of this new materials class for a variety of applications (see Chapter 2 for 

details).  

PIM-PIs were first described in 2007 by Zhang et al. and prepared from spirobisindane-

dianhydride (SBIDA) and different aromatic diamines. The obtained polymers exhibited 

good solution-processability, great thermal stability and very high glass transition 

temperature (Tg) that exceeded their decomposition temperature in some cases[81]. 

McKeown and his coworkers reported three novel PIM-PIs based on SBIDA with their gas 

transport data in 2008 [82].    

 

Scheme 1.3 The molecular structure of Kapton (left) and Matrimid (right). 

 

The chains flexibility and rigidity affect the performance of PIMs materials; for instance, 

the rigid backbone will provide higher fractional free volume in combination with high 

surface area. Therefore, to improve the gas transport performance of PIM-PIs, extensive 

research has been performed to balance between high permeabilities and good selectivities. 

Ma et al. synthesized a spirobifluorene-dianhydride (SBFDA) and reacted it with 3,3′-

dimethylnaphthidine (DMN) to form SBFDA-DMN (Scheme 1.4) which demonstrated 
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high a surface area (686 m2 g-1) and high permeability with moderate gas-pair selectivities 

[89]. 

Ethanoanthracene dianhydride (EA) was used as a building block to develop a new 

polyimide by increasing the chain rigidity in the polymer backbone as reported by Rogan 

et al. in 2014. The bridged bicyclic structure in ethanoanthracene provided insufficient 

packing of the polymer chains due to their rigidity, allowing this EA-based polyimides to 

be a potential candidate for gas separation applications [90]. 

 

Scheme 1.4 The molecular structures of SBFDA-DMN and EA-DMN polyimides. 

 

Pinnau’s group reported further structural modifications and improvements as a series of 

triptycene-based polyimides using different diamine monomers. These polymers exhibited 

ultra-microporosity due to their rigid structure and the presence of bulky bridgehead groups 

like isopropyl, with high BET surface area of 750 m2 g-1. KAUST-PI-1 was the best in this 

series, showing high gas permeabilities with better selectivities compared to other PIM-PIs 

for different gas pairs which made this polymer the best performing PIM-PI to date [91–

94].  
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Scheme 1.5 Structure of KAUST-PI-1. 

 

Ladder polymers  

1.2.8.3. Polybenzodioxins 

Polybenzodioxins are the first type of PIMs ladder polymers which are characterized by 

having two bonds between the two monomeric units; this helps in increasing the chain 

rigidity and thus increasing the FFV. The first example of this type was reported by 

Mckweon’s group in the UK, where PIM-1 was prepared by step-growth polymerization 

reaction between 3,3,3’,3’-tetramethyl-1,1’’-spirobisindane-5,5’,6,6’-tetrol, and 2,3,5,6-

tetrafluorophthalonitrile via double nucleophilic aromatic substitution reaction. Equimolar 

amounts of each monomer are mixed with two equivalents of K2CO3 in DMF at a 

temperature of 60-65 °C for 24-72 h. The polymerization conditions were optimized by 

different groups to decrease the duration of the polycondensation reaction and to increase 

the molecular weight. The most-optimized conditions were reported by Guiver’s group 

where the polymer could be prepared within only two minutes at high temperature (155 

°C). High molecular weights with narrow polydispersity indexes were obtained [95]. 

(Scheme 1.6). 
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Scheme 1.6 Synthetic route for PIM-1 preparation [95]. 

 

The obtained PIM-1 was synthesized successfully and demonstrated high molecular weight 

(Mw >100000 g mol-1), high BET surface area (870 m2 g-1), excellent mechanical and 

thermal properties. The high rigidity of the spirobisindane unit helps to create extra open 

space in the polymer which resulted from the insufficient packing of the polymeric chains 

at the microstructure level (Figure 1.12) [76, 96]. 

 

Figure 1.12 Geometrical modeling of a PIM-1 twisted structure [97]. 

 

As a novel material with remarkable properties, PIM-1 received much attention in the last 

decade and scientists tried to tune its properties for use in different applications. For 

instance, PIM-1 exhibited high gas permeabilities with low-to-average gas 

permselectivities; thus different modifications were applied to its structure to enhance the 
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selectivities and maintain high permeabilities. PIM-1 contains four cyano (-CN) groups 

which can be readily hydrolyzed into carboxyl groups (-COOH) to obtain different 

transport properties which are more selective and less permeable than PIM-1. The 

hydrolyzed PIM-1 (c-PIM-1) was first obtained from a primary hydrolysis reaction using 

sodium hydroxide that resulted in three different degrees of hydrolysis as shown in Scheme 

1.7 [97, 98]. 

 

Scheme 1.7 Structure of partially hydrolyzed PIM-1 (c-PIM-1). 

 

Since PIM-1 was reported, several bis-catechol building blocks with a kinked structure 

were used to prepare different PIM-1 like materials for gas separation application, for 

example (PIM-7) [75], Scheme 1.8.  

 

Scheme 1.8 PIM-7 molecular structure. 

PIM-7 is a soluble polymer with a surface area of 680 m2 g-1 made from an A-B type 

monomer, which includes two different building blocks with a spirobisindane center as a 
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site of contortion. PIM-7 has higher gas-pair selectivities and lower gas permeabilities than 

PIM-1 [75]. In 2012, Bezzu et al. used spirobifluorene as a building block to prepare a 

novel ladder polymer which demonstrated a similar BET surface area and permeability but 

higher selectivities for most gas pairs as compared to PIM-1 [100]. Hexaphenylbenzene 

was also used as a PIM precursor to prepare a new ladder polymer, but it showed both 

lower BET surface area and permeabilities compared to PIM-1 (Scheme 1.9) [101]. 

 

Scheme 1.9 Structure of spirobifluorene and hexaphenylbenzene-based PIMs. 

 

1.2.8.4. Tröger’s base ladder (TB) polymers 

Tröger’s base was synthesized for the first time in 1887 by Julius Tröger when he isolated 

2,8-dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine from a condensation 

reaction between aniline (4-aminotoulene) and paraformaldehyde in an acid-catalyzed 

media [102]. The obtained structure - Tröger’s base - was not proven until 1935 when M. 

A. Spielman determined the structure of Tröger’s base through acylation, nitrosation, and 

reduction [103]. In 1986, Tröger’s base structure was confirmed by X-ray diffraction 

(XRD) by Larson and Wilcox [104]. Tröger’s base revealed a unique V-shape structure 
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resulting from the presence of cycloaliphatic flexible rings. The two tertiary amines provide 

a chirality characteristic for the Tröger’s base. This V-shape orientation increases rigidity 

and decreases the conjugation between the aromatic rings by enhancing the amount of the 

free space between the chains. Tröger’s base is obtained as two enantiomers based on the 

orientation of this molecule in the space [104, 105].  

 

Scheme 1.10 The Tröger’s base synthesis and its two enantiomeric structures. 

 

Tröger’s base can be prepared using different synthetic procedures by utilizing various 

“methylene supplier” such as formaldehyde [102], paraformaldehyde [107], 

dimethoxymethane [108] and hexamethylenetetramine [109] all of which derive an 

aromatic amine reacting under acidic conditions. Different acids can be used to catalyze 

Tröger’s base reaction including hydrochloric acid (HCl) [102], methanesulfonic acid 

[110] and trifluoroacetic acid [109]. Tröger’s base ladder PIMs were first reported by Carta 

et al. in 2010 by using aromatic-kinked diamines as starting materials and 

dimethoxymethane as methylene supplier in trifluoroacetic acid (TFA) solution [111]. 

Carta et al. also reported the synthesis of ethanoanthracene TB polymer (PIM-EA-TB) in 

2013 (Scheme 1.11). This polymer exhibited high surface area (1028 m2 g-1), and excellent 
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gas transport performance [112], which gives the TB-based polymers great potential in 

heterogeneous catalysis [6, 112] and CO2 capture [113, 114].  

 

Scheme 1.11 Schematic illustration for PIM-EA-TB synthesis. 

 

1.2.8.5. Network polymers of intrinsic microporosity  

Network polymers with intrinsic microporosity can be prepared from the same type of 

monomers used to make other ladder polymers, but they have to have a functionality 

average (fav) more than two so that the polymer can grow in three-dimensions resulting in 

an intricate structure (Scheme 1.12a). These types of polymers exhibit high surface areas 

close to activated carbons (2000 m2 g-1) and show high thermal stability [116]. Because 

these polymers are insoluble in organic solvents, their applications are limited to gas 

storage and CO2 capturing. The surface area of network polymers can be tuned based on 

the monomers’ structure and their alkyl substituents in the bridgehead. For instance, 

polymers made from triptycene (hexahydroxy triptycene monomers) demonstrated high 

BET surface areas which were the result of the high internal free volume of the triptycene 

structure and can be varied based on the alkyl substituents in the bridgehead position [117]. 

For example, Trip-Me-PIM has a BET surface area of 1760 m2 g-1 while Trip-H-PIM and 

Trip-Et-PIM showed surface areas of 1400 m2 g-1. This difference in surface areas resulted 

from the contribution of each substituent in the internal free volume and chain packing 

(Scheme 1.12b) [85, 117]. 
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Scheme 1.12 (a) Triptycene structure with its internal free volume illustration and (b) 

examples on different network polymers made from triptycene with different alkyl 

substituents. 

 

1.3. Promising materials: Solution-processable PIM-PIs 

Among the soluble organic polymers, polyimides with intrinsic microporosity (PIM-PIs) 

have been investigated intensively in the last decade for gas separation applications due to 

their outstanding properties such as: (i) high gas permeability and moderate selectivity; (ii) 

high Brunauer-Emmett-Teller (BET) surface area; (iii) high thermal and chemical stability; 

and (iv) solubility in wide variety of organic solvents. Researchers have focused on 

designing new building blocks (Scheme 1.13) that contain sites of contortions to increase 

the performance of PIM-PIs for gas separation, but very little attention was given to 
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engineering the molecular structure and fine-tuning its properties by using functional 

groups.  

 

Scheme 1.13 Major contorted monomers for PIM-PIs synthesis. 

 

1.4. Dissertation structure and goals 

This thesis is structured into eight chapters which detail the key observations considered 

for the rational design of PIM-PIs and study the effect of functionalities on polymer 

performance for gas transport. In general, all results are discussed in light of structure-

property relationships. 

 

Chapter 2 classifies and addresses the fundamental protocols and mechanisms for 

synthesizing polyimides using different techniques and under different conditions. Specific 

literature is offered to provide a better understanding of designing experiments and 

reactions.  
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Chapter 3 identifies and addresses the fundamental techniques and experiments used to 

characterize monomers and polymers. Detailed descriptions and experimental conditions 

are offered to provide relevant context for discussions of the experimental results. 

 

Chapter 4 introduces the rationale for the design of a novel carbocyclic Tröger’s (CTB) 

base diamine building block and its corresponding polyimide (6FDA-CTBDA). A 

systematic study on the effect of the tertiary amine on the gas transport properties is 

provided. Moreover, a detailed treatment of monomer and polymer synthesis, purifications, 

film formation and standard operating procedures are also provided.  

 

In chapter 5, synthesis of novel PIM-PIs made from cycloaliphatic dianhydrides and the 

effect of bromine groups on the polymer properties and gas transport performance is 

discussed in detail. Particular attention on the effect of cycloaliphatic building block on the 

transmittance and light absorption is considered. The bicyclo-based PIs showed promising 

results for air separation which is about ten times better than commercially available 

materials.  

 

Chapter 6 examines the effect of carboxyl groups on the gas transport properties. A novel 

carboxyl-functionalized polyimide is reported and synthesized for the first time, and 

detailed synthesis and characterization are provided. The functionalized PIM-PI was 

compared to the same polymer without functionality to elucidate the effect of –COOH 
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functionality on the polymer properties. 6FDA-TrMCA showed promising results for 

CO2/CH4 separation studied through pure and mixed gas experiments.  

 

In chapter 7, a new generation of contorted monomers made by a one-step facile reaction 

is described. In the first part, synthesis and characterization of ladder diamines prepared by 

CANAL (Catalytic Arene-Norbornene Annulation) reaction together with their gas 

transport results are provided. These polymers displayed high permeability with moderate 

gas selectivity. In the second part, functionalized CANAL polyimides and the effect of 

methoxy group versus hydroxyl group are discussed in details. In the last part, synthesis 

and characterization of a CANAL-based dianhydride and its corresponding polyimides are 

reported along with their performance. 

 

Ultimately, chapter 8 summarizes the effect of different functionalities on the membrane 

performances. Specific recommendations are given for: (i) designing high-performance 

PIM-PIs with useful functionalities and (ii) further investigations and material evaluation 

protocols.    

  

1.5. References 

[1] J. Rouquerol, D. Avnir, C.W. Fairbridge, D.H. Everett, J.M. Haynes, N. Pernicone, 
J.D.F. Ramsay, K.S.W. Sing, K.K. Unger, Recommendations for the 
characterization of porous solids (Technical Report), Pure Appl. Chem. 66 (1994) 
1739–1758. 

 

[2] J. Haber, Nomenclature, symbols, definitions and measurements for electrified 



49 
 

interfaces in aqueous dispersions of solids (Recommendations 1991), Pure Appl. 
Chem. 63 (1991) 895–906. 

 

[3] J. Shailaja, P.H. Lakshminarasimhan, A.R. Pradhan, R.B. Sunoj, S. Jockusch, S. 
Karthikeyan, S. Uppili, J. Chandrasekhar, N.J. Turro, V. Ramamurthy, Alkali ion-
controlled excited-state ordering of acetophenones included in zeolites: Emission, 
solid-state NMR, and computational studies, J. Phys. Chem. A. 107 (2003) 3187–

3198. 

 

[4] C.C. Freyhardt, M. Tsapatsis, R.F. Lobo, K.J. Balkus, M.E. Davis, A high-silica 
zeolite with a 14-tetrahedral-atom pore opening, Nature. 381 (1996) 295–298. 

 

[5] S.M. Csicsery, Shape-selective catalysis in zeolites, Zeolites. 4 (1984) 202–213. 

 

[6] Y. Rong, R. Malpass-Evans, M. Carta, N.B. Mckeown, G.A. Attard, F. Marken, 
Intrinsically porous polymer protects catalytic gold particles for enzymeless glucose 
oxidation, Electroanalysis. 26 (2014) 904–909. 

 

[7] Y. Wang, N.B. McKeown, K.J. Msayib, G.A. Turnbull, I.D.W. Samuel, Laser 
chemosensor with rapid responsivity and inherent memory based on a polymer of 
intrinsic microporosity, Sensors. 11 (2011) 2478–2487. 

 

[8] Å. Oterhals, M. Solvang, R. Nortvedt, M.H.G. Berntssen, Optimization of activated 
carbon-based decontamination of fish oil by response surface methodology, Eur. J. 
Lipid Sci. Technol. 109 (2007) 691–705. 

 

[9] H. Furukawa, O.M. Yaghi, Storage of hydrogen, methane, and carbon dioxide in 
highly porous covalent organic frameworks for clean energy applications, J. Am. 
Chem. Soc. 131 (2009) 8875–8883. 

 

[10] S. V. Adymkanov, Y.P. Yampol’skii, A.M. Polyakov, P.M. Budd, K.J. Reynolds, 

N.B. McKeown, K.J. Msayib, Pervaporation of alcohols through highly permeable 
PIM-1 polymer films, Polym. Sci. Ser. A. 50 (2008) 444–450. 

 

[11] S. Sircar, W.E. Waldron, M.B. Rao, M. Anand, Hydrogen production by hybrid 
SMR-PSA-SSF membrane system, Sep. Purif. Technol. 17 (1999) 11–20. 



50 
 

 

[12] N.B. McKeown, B. Gahnem, K.J. Msayib, P.M. Budd, C.E. Tattershall, K. 
Mahmood, S. Tan, D. Book, H.W. Langmi, A. Walton, Towards polymer-based 
hydrogen storage materials: Engineering ultramicroporous cavities within polymers 
of intrinsic microporosity, Angew. Chemie - Int. Ed. 45 (2006) 1804–1807. 

 

[13] C.D. Wood, T. Bien, A. Trewin, N. Hongjun, D. Bradshaw, M.J. Rosseinsky, Y.Z. 
Khimyak, N.L. Campbell, R. Kirk, E. Stöckel, A.I. Cooper, Hydrogen storage in 
microporous hypercrosslinked organic polymer networks, Chem. Mater. 19 (2007) 
2034–2048. 

 

[14] D. Zhao, D. Yuan, H.Zhou, The current status of hydrogen storage in metal-organic 
frameworks, Energy Environ. Sci. 1 (2008) 222–235. 

 

[15] M.P. Suh, H.J. Park, T.K. Prasad, D.-W. Lim, Hydrogen storage in metal–organic 
frameworks, Chem. Rev. 112 (2012) 782–835. 

 

[16] M.J. Croad, Microporous polymers for carbon dioxide capture. Ph.D. Dissertation, 
Cardiff Univeristy (2013). 

 

[17] T. Masuda, E. Isobe, T. Higashimura, K. Takada, Poly[1-(trimethylsilyl)-1-
propyne]: A new high polymer synthesized with transition-metal catalysts and 
characterized by extremely high gas permeability, J. Am. Chem. Soc. 105 (1983) 
7473–7474. 

 

[18] R.M. de Vos, H. Verweij, Improved performance of silica membranes for gas 
separation, J. Membr. Sci. 143 (1998) 37–51. 

 

[19] D. Wang, W.K. Teo, K. Li, Selective removal of trace H2S from gas streams 
containing CO2 using hollow fibre membrane modules/contractors, Sep. Purif. 
Technol. 35 (2004) 125–131. 

 

[20] P.M. Budd, N.B. McKeown, B.S. Ghanem, K.J. Msayib, D. Fritsch, L. 
Starannikova, N. Belov, O. Sanfirova, Y. Yampolskii, V. Shantarovich, Gas 
permeation parameters and other physicochemical properties of a polymer of 
intrinsic microporosity: Polybenzodioxane PIM-1, J. Memb. Sci. 325 (2008) 851–

860. 



51 
 

 

[21] D.W. Breck, Zeolite molecular sieves: structure, chemistry, and use, Wiley, 1973. 

 

[22] T.J. Barton, L.M. Bull, W.G. Klemperer, D.A. Loy, B. McEnaney, M. Misono, P.A. 
Monson, G. Pez, G.W. Scherer, J.C. Vartuli, O.M. Yaghi, Tailored porous materials, 
Chem. Mater. 11 (1999) 2633–2656. 

 

[23] A.P. Côté, A.I. Benin, N.W. Ockwig, M. O’Keeffe, A.J. Matzger, O.M. Yaghi, 

Chemistry: Porous, crystalline, covalent organic frameworks, Science. 310 (2005) 
1166–1170. 

 

[24] G. Vacchiano, R. Torino, Carbon-monoxide poisoning, behavioural changes and 
suicide: An unusual industrial accident, M. Dekker, 2001. 

 

[25] M.P. Tsyurupa, V.A. Davankov, Hypercrosslinked polymers: Basic principle of 
preparing the new class of polymeric materials, React. Funct. Polym. 53 (2002) 193–

203. 

 

[26] N.B. McKeown, P.M. Budd, Polymers of intrinsic microporosity, Encycl. Polym. 
Sci. Technol. (2009). 

 

[27] D. Ramimoghadam, E.M.A. Gray, C.J. Webb, Review of polymers of intrinsic 
microporosity for hydrogen storage applications, Int. J. Hydrogen Energy. 41 (2016) 
16944–16965. 

 

[28] B.H. Davis, K.S. Sing, Handbook of porous solids, Wiley, 2002. 

 

[29] T.M. A. Masters, Zeolites-from curiosity to cornerstone, Microporous Mesoporous 
Mater. 142 (2011) 423–438. 

 

[30] N. Kosinov, C. Liu, E. J. M. Hensen, E. A. Pidko, Engineering of transition metal 
catalysts confined in zeolites, Chem. Mater. 30 (2018) 3177-3198. 

 

[31] C. Baerlocher, L.B. McCusker, D.H. Olson, Atlas of zeolite framework types sixth 



52 
 

revised edition 2007, 2007. 

 

[32] D.R. Corbin, L. Abrams, G.A. Jones, M.M. Eddy, W.T.A. Harrison, G.D. Stucky, 
D.E. Cox, Flexibility of the zeolite RHO framework: in situ x-ray and neutron 
powder structural characterization of divalent cation-exchanged zeolite RHO, J. 
Am. Chem. Soc. 112 (1990) 4821–4830. 

 

[33] A. Bieniok, K.D. Hammonds, Rigid unit modes and the phase transition and 
structural distortions of zeolite rho, Microporous Mesoporous Mater. 25 (1998) 
193–200. 

 

[34] Y. Zheng, X. Li, P.K. Dutta, Exploitation of unique properties of zeolites in the 
development of gas sensors, Sensors. 12 (2012) 5170–5194. 

 

[35] S.H. Hyun, J.K. Song, B.I. Kwak, J.H. Kim, S.A. Hong, Synthesis of ZSM-5 zeolite 
composite membranes for CO2 separation, J. Mater. Sci. 34 (1999) 3095–3103. 

 

[36] S. Velu, X. Ma, C. Song, Selective adsorption for removing sulfur from jet fuel over 
zeolite-based adsorbents, Ind. Eng. Chem. Res. 42 (2003) 5293–5304. 

 

[37] W. Qiu, Y. Zheng, Arsenate removal from water by an alumina-modified zeolite 
recovered from fly ash, J. Hazard. Mater. 148 (2007) 721–726. 

 

[38] A. Zecchina, S. Bordiga, J.G. Vitillo, G. Ricchiardi, C. Lamberti, G. Spoto, M. 
Bjørgen, K.P. Lillerud, Liquid hydrogen in protonic chabazite, J. Am. Chem. Soc. 
127 (2005) 6361–6366. 

 

[39] A. Corma, M.J. Diaz-Cabañas, J. Martínez-Triguero, F. Rey, J. Rius, A large-cavity 
zeolite with wide pore windows and potential as an oil refining catalyst, Nature. 418 
(2002) 514–517. 

 

[40] W. Wen, M.A. Moses, D. Wiederschain, J.L. Arbiser, J. Folkman, The generation 
of endostatin is mediated by elastase, Cancer Res. 59 (1999) 6052–6056. 

 

[41] M.G. Nijkamp, J.E.M.J. Raaymakers, A.J. Van Dillen, K.P. De Jong, Hydrogen 



53 
 

storage using physisorption-materials demands, Appl. Phys. A Mater. Sci. Process. 
72 (2001) 619–623. 

 

[42] H. Chae, D. Siberio-Perez, J. Kim, Y. Go, M. Eddaoudi, A.J. Matzger, M. O’Keeffe, 

O.M. Yaghi, A route to high surface area, porosity and inclusion of large molecules 
in crystals, Nature. 427 (2004) 523–527. 

 

[43] O.K. Farha, I. Eryazici, N.C. Jeong, B.G. Hauser, C.E. Wilmer, A.A. Sarjeant, R.Q. 
Snurr, S.T. Nguyen, A.Ö. Yazaydin, J.T. Hupp, Metal-organic framework materials 
with ultrahigh surface areas: Is the sky the limit?, J. Am. Chem. Soc. 134 (2012) 
15016–15021. 

 

[44] Z. Wang, S.M. Cohen, Postsynthetic modification of metal–organic frameworks, 
Chem. Soc. Rev. 38 (2009) 1315. 

 

[45] O.K.F. J. Lee  J. Roberts, K.A. Scheidt, S.T. Nguyen, J.T. Hupp, Metal–organic 
framework materials as catalysts, Chem. Soc. Rev. 38 (2009) 1450–1459. 

 

[46] B. V. Harbuzaru, A. Corma, F. Rey, P. Atienzar, J.L. Jordá, H. García, D. Ananias, 
L.D. Carlos, J. Rocha, Metal-organic nanoporous structures with anisotropic 
photoluminescence and magnetic properties and their use as sensors, Angew. 
Chemie - Int. Ed. 47 (2008) 1080–1083. 

 

[47] E. Cigna, S. Mardini, H.C. Chen, Özkan, P. Sassu, C.J. Salgado, Y.T. Lieu, I. Ponzo, 
D. Ribuffo, N. Scuderi, An improved method of supercharged transposed latissimus 
dorsi flap with the skin paddle for the management of a complicated lumbosacral 
defect, Eur. Rev. Med. Pharmacol. Sci. 19 (2015) 921–926. 

 

[48] J.R. Li, R.J. Kuppler, H.C. Zhou, Selective gas adsorption and separation in metal-
organic frameworks, Chem. Soc. Rev. 38 (2009) 1477–1504. 

 

[49] B. Liu, L.Y. Pang, L. Hou, Y.Y. Wang, Y. Zhang, Q.Z. Shi, Two solvent-dependent 
zinc(ii) supramolecular isomers: Structure analysis, reversible and nonreversible 
crystal-to-crystal transformation, highly selective CO2 gas adsorption, and 
photoluminescence behaviors, CrystEngComm. 14 (2012) 6246–6251. 

 



54 
 

[50] M. Mastalerz, The next generation of shape-persistant zeolite analogues: Covalent 
organic frameworks, Angew. Chemie - Int. Ed. 47 (2008) 445–447. 

 

[51] L. Wang, L. Wang, J. Zhao, T. Yan, Adsorption of selected gases on metal-organic 
frameworks and covalent organic frameworks: A comparative grand canonical 
Monte Carlo simulation, J. Appl. Phys. 111 (2012) 112628. 

 

[52] M. Dogru, T. Bein, On the road towards electroactive covalent organic frameworks, 
Chem. Commun. 50 (2014) 5531–5546. 

 

[53] J.L. Mendoza-Cortes, T.A. Pascal, W.A. Goddard, Design of covalent organic 
frameworks for methane storage, J. Phys. Chem. A. 115 (2011) 13852–13857. 

[54] R.C. Bansal, J.B. Donnet, F. Stoeckli, Active Carbon, Marcel Dekker, 1988. 

 

[55] S.M. Manocha, Porous carbons, Sadhana - Acad. Proc. Eng. Sci. 28 (2003) 335–

348. 

 

[56] F. Derbyshire, M. Jagtoyen, R. Andrews, A. Rao, I. Martin-Gullón, E.A. Grulke, 
Carbon materials in environmental applications, Vol. 27 Chem. Phys. Carbon. 27 
(2001) 1–66. 

 

[57] T. Ben, H. Ren, M. Shengqian, D. Cao, J. Lan, X. Jing, W. Wang, J. Xu, F. Deng, 
J.M. Simmons, S. Qiu, G. Zhu, Targeted synthesis of a porous aromatic framework 
with high stability and exceptionally high surface area, Angew. Chemie - Int. Ed. 48 
(2009) 9457–9460. 

 

[58] G. Zhu, H. Ren, Porous organic frameworks: Design, synthesis and their advanced 
applications, 2014. 

 

[59] J.R. Holst, E. Stöckel, D.J. Adams, A.I. Cooper, High surface area networks from 
tetrahedral monomers: Metal-catalyzed coupling, thermal polymerization, and 
“click” chemistry, Macromolecules. 43 (2010) 8531–8538. 

 

[60] T. Ben, C. Pei, D. Zhang, J. Xu, F. Deng, X. Jing, S. Qiu, Gas storage in porous 
aromatic frameworks (PAFs), Energy Environ. Sci. 4 (2011) 3991–3999. 



55 
 

 

[61] D. Yuan, W. Lu, D. Zhao, H.C. Zhou, Highly stable porous polymer networks with 
exceptionally high gas-uptake capacities, Adv. Mater. 23 (2011) 3723–3725. 

 

[62] A. V. Pastukhov, M.P. Tsyurupa, V.A. Davankov, Hypercrosslinked polystyrene: A 
polymer in a non-classical physical state, J. Polym. Sci. Part B Polym. Phys. 37 
(1999) 2324–2333. 

 

[63] B. Li, R. Gong, Y. Luo, B. Tan, Tailoring the pore size of hypercrosslinked 
polymers, Soft Matter. 7 (2011) 10910–10916. 

 

[64] R. Dawson, A.I. Cooper, D.J. Adams, Nanoporous organic polymer networks, Prog. 
Polym. Sci. 37 (2012) 530–563. 

[65] V.A. Davankov, A. V. Pastukhov, M.P. Tsyurupa, Unusual mobility of 
hypercrosslinked polystyrene networks: Swelling and dilatometric studies, J. Polym. 
Sci. Part B Polym. Phys. 38 (2000) 1553–1563. 

 

[66] J.H. Ahn, J.E. Jang, C.G. Oh, S.K. Ihm, J. Cortez, D.C. Sherrington, Rapid 
generation and control of microporosity, bimodal pore size distribution, and surface 
area in Davankov-type hyper-cross-linked resins, Macromolecules. 39 (2006) 627–

632. 

 

[67] J.Y. Lee, C.D. Wood, D. Bradshaw, M.J. Rosseinsky, A.I. Cooper, Hydrogen 
adsorption in microporous hypercrosslinked polymers, Chem. Commun. (2006) 
2670–2672. 

 

[68] L. Tan, B. Tan, Hypercrosslinked porous polymer materials: Design, synthesis, and 
applications, Chem. Soc. Rev. 46 (2017) 3322–3356. 

 

[69] Y. Luo, B. Li, W. Wang, K. Wu, B. Tan, Hypercrosslinked aromatic heterocyclic 
microporous polymers: A new class of highly selective CO2 capturing materials, 
Adv. Mater. 24 (2012) 5703–5707. 

 

[70] M.L. Chen, Y.L. Liu, X.W. Xing, X. Zhou, Y.Q. Feng, B.F. Yuan, Preparation of a 
hyper-cross-linked polymer monolithic column and its application to the sensitive 
determination of genomic DNA methylation, Chem. - A Eur. J. 19 (2013) 1035–



56 
 

1041. 

 

[71] A.I. Cooper, Conjugated microporous polymers, Adv. Mater. 21 (2009) 1291–1295. 

 

[72] N. Kaur, J.G. Delcros, J. Imran, A. Khaled, M. Chehtane, N. Tschammer, B. Martin, 
O. Phanstiel IV, A comparison of chloroambucil- and xylene-containing poly 
amines leads to improved ligands for accessing the polyamine transport system, J. 
Med. Chem. 51 (2008) 1393–1401. 

 

[73] Q. Liu, Z. Tang, M. Wu, Z. Zhou, Design, preparation and application of conjugated 
microporous polymers, Polym. Int. 63 (2014) 381–392. 

 

[74] Y. Xu, S. Jin, H. Xu, A. Nagai, D. Jiang, Conjugated microporous polymers: Design, 
synthesis and application, Chem. Soc. Rev. 42 (2013) 8012–8031. 

 

[75] N.B. McKeown, P.M. Budd, K.J. Msayib, B.S. Ghanem, H.J. Kingston, C.E. 
Tattershall, S. Makhseed, K.J. Reynolds, D. Fritsch, Polymers of intrinsic 
microporosity (PIMs): Bridging the void between microporous and polymeric 
materials, Chem. - A Eur. J. 11 (2005) 2610–2620. 

 

[76] P.M. Budd, N.B. McKeown, D. Fritsch, Free volume and intrinsic microporosity in 
polymers, J. Mater. Chem. 15 (2005) 1977–1986. 

 

[77] E.S. Finkelshtein, K.L. Makovetskii, M.L. Gringolts, Y. V. Rogan, T.G. Golenko, 
L.E. Starannikova, Y.P. Yampolskii, V.P. Shantarovich, T. Suzuki, Addition-type 
polynorbornenes with Si(CH3)3 side groups: Synthesis, gas permeability, and free 
volume, Macromolecules. 39 (2006) 7022–7029. 

 

[78] Y. Hu, M. Shiotsuki, F. Sanda, B.D. Freeman, T. Masuda, Synthesis and properties 
of indan-based polyacetylenes that feature the highest gas permeability among all 
the existing polymers, Macromolecules. 41 (2008) 8525–8532. 

 

[79] I. Pinnau, L.G. Toy, Gas and vapor transport properties of amorphous perfluorinated 
copolymer membranes based on 2,2-bistrifluoromethyl-4,5-difluoro-1,3-
dioxole/tetrafluoroethylene, J. Memb. Sci. 109 (1996) 125–133. 



57 
 

 

[80] H. Zhang, S. Wang, S.G. Weber, Morphology and free volume of nanocomposite 
Teflon AF 2400 films and their relationship to transport behavior, J. Memb. Sci. 443 
(2013) 115–123. 

 

[81] Q. Zhang, G. Chen, S. Zhang, Synthesis and properties of novel soluble polyimides 
having a spirobisindane-linked dianhydride unit, Polymer. 48 (2007) 2250–2256. 

 

[82] B.S. Ghanem, N.B. McKeown, P.M. Budd, J.D. Selbie, D. Fritsch, High-
performance membranes from polyimides with intrinsic microporosity, Adv. Mater. 
20 (2008) 2766–2771. 

 

[83] P.M. Budd, E.S. Elabas, B.S. Ghanem, S. Makhseed, N.B. McKeown, K.J. Msayib, 
C.E. Tattershall, D. Wang, Solution-processed, organophilic membrane derived 
from a polymer of intrinsic microporosity, Adv. Mater. 16 (2004) 456–459. 

 

[84] N.B. McKeown, S. Hanif, K. Msayib, C.E. Tattershall, P.M. Budd, Porphyrin-based 
nanoporous network polymers, Chem. Commun. 2 (2002) 2782–2783. 

 

[85] B.S. Ghanem, K.J. Msayib, N.B. McKeown, K.D.M. Harris, Z. Pan, P.M. Budd, A. 
Butler, J. Selbie, D. Book, A. Walton, A triptycene-based polymer of intrinsic 
microposity that displays enhanced surface area and hydrogen adsorption, Chem. 
Commun. (2007) 67–69. 

 

[86] H. Izumikawa, T. Masuda, T. Higashimura, Study on the geometric structure of 
poly[1-(trimethylsilyl)-1-propyne] by 13C and 29Si NMR spectroscopies, Polym. 
Bull. 27 (1991) 193–199. 

 

[87] V.S. Khotimsky, M. V. Tchirkova, E.G. Litvinova, A.I. Rebrov, G.N. Bondarenko, 
Poly[1-(trimethylgermyl)-1-propyne] and poly[1-(trimethylsilyl)-1-propyne] with 
various geometries: Their synthesis and properties, J. Polym. Sci. Part A Polym. 
Chem. 41 (2003) 2133–2155. 

 

[88] C.E. Sroog, Polyimides., J. Polym. Sci. Macromol. Rev. 11 (1976) 161–208. 

 



58 
 

[89] X. Ma, B. Ghanem, O. Salines, E. Litwiller, I. Pinnau, Synthesis and effect of 
physical aging on gas transport properties of a microporous polyimide derived from 
a novel spirobifluorene-based dianhydride, ACS Macro Lett. 4 (2015) 231–235. 

 

[90] Y. Rogan, R. Malpass-Evans, M. Carta, M. Lee, J.C. Jansen, P. Bernardo, G. 
Clarizia, E. Tocci, K. Friess, M. Lanč, N.B. McKeown, A highly permeable 

polyimide with enhanced selectivity for membrane gas separations, J. Mater. Chem. 
A. 2 (2014) 4874–4877. 

 

[91] R. Swaidan, M. Al-Saeedi, B. Ghanem, E. Litwiller, I. Pinnau, Rational design of 
intrinsically ultramicroporous polyimides containing bridgehead-substituted 
triptycene for highly selective and permeable gas separation membranes, 
Macromolecules. 47 (2014) 5104–5114. 

 

[92] B.S. Ghanem, R. Swaidan, E. Litwiller, I. Pinnau, Ultra-microporous triptycene-
based polyimide membranes for high-performance gas separation, Adv. Mater. 26 
(2014) 3688–3692. 

 

[93] R. Swaidan, B. Ghanem, E. Litwiller, I. Pinnau, Physical aging, plasticization and 
their effects on Ggas permeation in “rigid” polymers of intrinsic microporosity, 

Macromolecules. 48 (2015) 6553–6561. 

 

[94] N.B. McKeown, B.S. Ghanem, K.J. Msayib, M. Carta, P.M. Budd, J.D. Selbie, 
Polymers of intrinsic microporosity (PIMs): Multifunctional organic materials, 
Abstr. Pap. Am. Chem. Soc. 234 (2007) 117–118. 

 

[95] D. Naiying, S. Jingshe, G.P. Robertson, I. Pinnau, M.D. Guiver, Linear high 
molecular weight ladder polymer via fast polycondensation of 5,5′,6,6′-
tetrahydroxy-3,3,3′,3′-tetramethylspirobisindane with 1,4-
dicyanotetrafluorobenzene, Macromol. Rapid Commun. 29 (2008) 783–788. 

 

[96] N.B. McKeown, P.M. Budd, Polymers of intrinsic microporosity (PIMs): organic 
materials for membrane separations, heterogeneous catalysis and hydrogen storage, 
Chem. Soc. Rev. 35 (2006) 675–683. 

 

[97] N. Du, G.P. Robertson, J. Song, I. Pinnau, M.D. Guiver, High-performance 
carboxylated polymers of intrinsic microporosity (PIMs) with tunable gas transport 



59 
 

properties, Macromolecules. 42 (2009) 6038–6043. 

 

[98] J. Weber, N. Du, M.D. Guiver, Influence of intermolecular interactions on the 
observable porosity in intrinsically microporous polymers, Macromolecules. 44 
(2011) 1763–1767. 

 

[99] C.G. Bezzu, M. Carta, A. Tonkins, J.C. Jansen, P. Bernardo, F. Bazzarelli, N.B. 
Mckeown, A spirobifluorene-based polymer of intrinsic microporosity with 
improved performance for gas separation, Adv. Mater. 24 (2012) 5930–5933. 

 

[100] M. Carta, P. Bernardo, G. Clarizia, J.C. Jansen, N.B. McKeown, Gas permeability 
of hexaphenylbenzene based polymers of intrinsic microporosity, Macromolecules. 
47 (2014) 8320–8327. 

 

[101] J. Tröger, Ueber einige mittelst nascirenden Formaldehydes entstehende Basen, J. 
Für Prakt. Chemie. 36 (1887) 225–245. 

 

[102] M.A. Spielman, The structure of Tröger’s base, J. Am. Chem. Soc. 57 (1935) 583–

585. 

 

[103] S.B. Larson, C.S. Wilcox, Structure of 5,11‐bis(chloroformyl)‐2,8‐dimethyl‐
6H,12H‐dibenzo[b,f][1,5]diazocine at 163 K, Acta Crystallogr. Sect. C. 42 (1986) 
376–378. 

 

[104] S. Sergeyev, Recent developments in synthetic chemistry, chiral separations, and 
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“[2.2]cyclic Tröger base,” J. Incl. Phenom. 2 (1984) 223–229. 

 



60 
 

[107] U. Maitra, B. Bag, P. Rao, D. Powell, Asymmetric synthesis of steroidal Tröger’s 
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Chapter 2. Advanced Polyimides: Synthesis, Physical Properties, and 

Applications 

2.1. Introduction 

Polyimides are polymers that contain a heterocycle imide moiety in their backbone 

structure which resulted from a polycondensation reaction between diamines and 

dianhydrides monomers (or dianhydride derivatives). 

Marston Bogert and Renshaw reported the first aromatic polyimide in 1908 [1]. High 

molecular weight polyimides synthesized by a polycondensation reaction consisted of two 

stages, followed by the preparation of the first commercialized polyimide by Dupont 

(Kapton®) in 1965 [2]. Since then, polyimides have attracted attention because of their 

exceptional properties including thermal stability, chemical resistance, excellent 

mechanical properties and unique electrical performance [3–6]. Within these properties, 

polyimides are applied to a versatile range of applications including adhesives, coating, 

electronics, insulators, and membrane-based gas separation.  

Wholly aromatic polyimides exhibited strong inter-chain interactions and have rigid chain 

backbones which often result in reduced solubility in common organic solvents. Strong 

inter-chain interactions originated from charge transfer complex (CTC) formation and the 

delocalization of electrons, which is braced by the strong electron donor and electron 

acceptor characteristics within the chains.  Hence, there is a need to improve the solubility 

of polyimides by controlling their chemical structure and introducing functional groups 

that can help to reduce the CTC interactions. The structural modifications of polyimides 

have utilized three different methodologies: (i) introduction of bendable linkages to the 
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polymer chains such as –O–, –CH2–, –SO2–, and –CF3; (ii) incorporating of polar or non-

polar side chains to the polymer backbone including for instance, –OH, –COOH, and –

CH3(CH)CH3; (iii) disruption of the symmetry through copolymerization or the 

introduction of aromatic, alicyclic, and fluorine-containing structures. 

2.2. Polyimides (PIs) synthesis   

The synthetic pathway for polyimides synthesis and the usage of monomers are the key 

steps for obtaining high-performance polymers ready for industrial applications. Generally, 

polyimides are derived from a polycondensation reaction between strong nucleophile core 

diamines and strong acceptor unit tetracarboxylic anhydride monomers. Herein, some 

classical synthesis methods of polyimides and recent development will be discussed. 

2.2.1. Standard two-step polyimide synthesis through poly(amic acids) (PAA) 

In the early stages of polyimide synthesis, the first attempts on direct synthesis from 

monomers (diamine and dianhydride) were unsuccessful, until reaching the first successful 

route in 1962. A high molecular weight polyimide was prepared by Endrey, and 

comprehensive synthesis was described in DuPont patents [7–9]. In this technique, the 

polyimide was prepared via a two-step synthetic procedure, starting with the preparation 

of the intermediate poly(amic) acid (PAA) precursor at room temperature using polar 

aprotic solvents like DMF, NMP, or DMAc followed by dehydration (water elimination)-

imidization- to afford the desired polyimide as described by Scheme 1: 
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Scheme 2.1 Two-step synthesis of polyimide with Kapton® as an example. 

 

Because PAA is soluble in common organic solvents, a film was obtained by casting the 

polymer in a flat Petri-dish. After obtaining the PAA film, full imidization was afforded by 

cyclodehydration reaction (imidization), in which the water molecule was removed by 

different techniques to afford the final polyimide. The imidization step can be 

accomplished in several ways: (i) thermally (heating the PAA films to an elevated 

temperature), (ii) chemically (by using dehydrating agents), or (iii) azeotropic solution 

imidization. This procedure was the first way to synthesize high-performance polyimides 

and is still the most practical way [10–12]. This method was applied and used because 

some polyimides (e. g. Kapton) were not soluble due to their inflexible structure, and 

therefore, films could not be made directly from PIs. Therefore, films are first prepared 

from the soluble PAA precursor and then undergo thermal treatment to remove water and 

form polyimide films with a fully cyclized chemical structure. The proposed detailed 

mechanism for the polyimide formation is shown in Scheme 2.2. The first step in the 

mechanism starts with a nucleophilic attack of the nitrogen atom lone pair on the 
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electrophilic carbonyl group on the dianhydride, followed by ring opening with a negative 

charge located on the oxygen atom and positive charge located on the nitrogen atom. Proton 

exchange will happen directly between oxygen and nitrogen to produce a stable 

intermediate which is the poly(amic) acid. In the case of chemical imidization, the active 

lone pair on nitrogen allows intermolecular nucleophilic attack between nitrogen and 

carbonyl groups, which leads to a formation of five-membered rings and thus eventually 

leads to water removal.  

 

Scheme 2.2 The detailed mechanism for the polyimide formation. 

 

The purity and concentration of each monomeric unit and the solvents are the critical steps 

in determining the rate of the reaction and obtaining PAA with high molecular weight. The 
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standard requirements [5] for polycondensation reaction to obtain excellent polymers are 

listed below: 

1. The purity of monomers should exceed 99% 

2. Monomers must be di-functionalized with active groups 

3. Strict one-to-one ratio must be considered 

4. The reaction time must be enough to allow complete conversion 

Many studies have shown that the reaction conditions can have some direct effects on the 

formation of poly(amic) acid. The reaction rate strongly depends on the reactivity of both 

monomers – diamine and dianhydride – toward each other. The diamine is considered as 

the electron-rich monomer because of the strong electron donating groups (-NH2) and 

tetracarboxylic anhydride is considered as an electron-poor monomer because of the four 

electron withdrawing groups (-COO-). Therefore, the rate of poly(amic)acid formation will 

be higher if the reaction happens between two strong electron-rich and strong electron poor 

groups. For instance, the five-membered phthalic anhydride groups comprised in the 

dianhydride monomer are highly electrophilic acylation agents toward diamines [13]. 

There is a direct correlation between the electrophilicity and electron affinity of the 

dianhydrides toward the diamines; To simplify, the groups that are electron poor act as 

electrophiles on the dianhydride site and they can gain and receive electrons from donor 

atoms coming from the diamines [4,14]. As dianhydrides have unique reactivity toward 

diamines, diamines also have particular reactivity toward dianhydrides. The reactivity of 

diamine has found to have a direct correlation with its basicity pKa; For example, a diamine 

with higher basicity will have the ability to donate or share electrons with an electrophile 

and thus will react faster than the diamines with a lower basicity coefficient [15]. 
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Moreover, the reactivity of the monomer toward the formation of poly(amic)acid precursor 

is essential in controlling the equilibrium of the reaction. At equilibrium, the more reactive 

monomers will lead to the formation of high molecular weight PAA. On the other hand, 

when one of the monomers or both of them are less reactive than the PAA, only a low 

molecular weight polymer will be afforded [16]. It is worth noting that the reaction solvent 

also affects the formation of PAA, and the reaction was found to be more favored when 

more basic aprotic solvent was used (NMP > DMAc > Acetonitrile > THF), and this is due 

to the formation of hydrogen bonding between the intermediates and the solvent which 

leads to an increase in the rate of the reaction [17,18]. 

2.2.1.1. Thermal imidization of poly(amic)acid 

The solubility of poly(amic)acids allows them to undergo thermal imidization and convert 

to polyimide in film form, which can be applied to different applications including 

coatings, membranes, gas separation, water purification, and fuel cells. The polyimide may 

precipitate during the reaction in solution due to increased chain rigidity with cyclization; 

hence, PAA can be cast on proper support and then heated gradually up to 250-300 °C to 

entirely remove the water molecules and form the five-membered imide ring. The 

imidization can be obtained through internal cyclization resulting from a substitution 

reaction between amide nitrogen and water molecules (attached to the carbonyl group) 

which will be released as a side product. Two proposed mechanisms for this reaction were 

reported by Harris in 1990 [19]. The significant difference between the two suggested 

mechanisms is the form of amide that undergoes attack. Harris supported mechanism 2 

because the N- is more nucleophile than NH, which gets deprotonated by the conjugated 

base of the amic acid and attacks the carbonyl group (Scheme 2.3), while the small 
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dissociation constant of the amide and the acid-catalyzed reactions tends to support 

mechanism 1 [20–22]. 

 

 

Scheme 2.3 Proposed imide formation mechanisms. 

 

To obtain polyimide films through thermal imidization of PAA, temperature control is 

needed. While heating the poly(amic) precursors, a few possible side reactions can occur 

and produce side products. For instance, the formation of crosslinked poly(amic) acid 

structure and isoimide were obtained and reported by Painter in 1989 as shown in Scheme 

2.4 [23]. Direct heating of PAA to 300 °C will increase the fraction of side-products; 

therefore a graduate heating protocol is recommended. It is worth noting that even with 
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controlled curing, the conversion of PAA to polyimide will not be 100%, most probably it 

will be between 92-95%, and the reset (5-8%) will be considered as defects [24]. An ideal 

heating protocol is: 

1. Graduate temperature ramping from room temperature to 100 °C. 

2. Isothermal heating at 100 °C for one h, then slowly increasing to 200 °C. 

3. Isothermal heating at 200 °C for one h, then gradually heating up to 250 °C -300 

°C. 

4. Holding the temperature for one h and then cool down.  

The main part of the solvent is removed during the first two steps (stage 1). However, 

cycloimidization occurs in the last two steps (stage 2) where the ring is formed, the water 

is released, and a significant shrinkage in the polyimide films will be observed [25]. One 

example on commercial polyimide made by this method is Kapton®. 
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Scheme 2.4 Possible side products formed during the curing of poly(amic) acid [23]. 

 

2.2.1.2. Chemical imidization of poly(amic) acids 

Cyclodehydration of poly(amic) acids can be afforded by the chemical imidization process 

using dehydrating agents to promote ring closure reaction when the polyimide product is 

insoluble. While the thermal treatment can affect the mechanical properties of the 

polyimide imide films and lose some of its molecular weight, chemical treatment can be 

used to obtain high molecular weight polymers [3]. Different dehydrating agents can be 

used in this process including acetic anhydride, propionic anhydride, n-butyric anhydride, 

benzoic anhydride, and many other reagents. The presence of the tertiary amine catalyst is 
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essential for complete conversion. Example of amines used include pyridine, 

methylpyridine, lutidine, tertaalkylamines, and others [26,27]. The reaction conditions 

such as a dehydrating agent, reaction temperature, and catalyst can affect the outcome of 

the imidization reaction. For example, using pyridine as a catalyst can lead to the formation 

of a mixture of imide and isoimide. However, when trimethylamine is used instead of 

pyridine, isoimide formation can practically eliminated [28]. High molecular weight 

polyimides were obtained in the existence of trialkylamines with high pKa value (>10.65), 

and even though they have low basicity, high molecular weights were observed with using 

2-methylpyridine, and isoquinoline (5.2 <pKa< 5.7) [26]. The reaction temperature plays 

an essential role in the imidization process and it was noted that full imidization was 

obtained after 2 h instead of 15 h after increasing the reaction temperature from 20 °C to 

100 °C [29]. The chemical imidization mechanism was proposed based on a kinetic study, 

as shown in Scheme 2.5 [25,30].  

Scheme 2.5 Proposed mechanism for chemical dehydration of amic acid. 

 

The first step of the mechanism involves replacing of the hydroxyl group with a good 

leaving group (like –OOCCH3)  to promote the ring closure, so the reaction starts by a 
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nucleophilic attack of the oxygen atom (nucleophile) onto the carbonyl group of acetic 

anhydride (electrophile) followed by releasing acetic acid. A dual role can be played by the 

nitrogen atom of the amide part, when it attacks the acetic carbonyl, close the ring and form 

the desired imide (path A), or undergoes tautomerization and form iminol followed by ring 

closure and formation of isoimide (path B). It is known that isoimide can thermally 

isomerize the imide through a back reaction effect which starts with the attack of acetate 

(nucleophile) ion to the electrophilic isoimide [31].  

In contrast to thermal imidization, chemical imidization does not affect the mechanical 

properties of the obtained polyimides, and it keeps the molecular weight constant. 

However, it is less attractive for industrial applications because of the high use of 

dehydrating agents and catalysts [32]. 

2.2.1.3. High-temperature solution imidization  

The polyimides that are obtained from thermal imidization of PAA demonstrated 

intractability, inflexibility, and weak processability [23]  so it is imperative to address this 

issue for the sake of industrial applications use. High-temperature solution imidization was 

successfully utilized to overcome the disadvantages of thermal imidization and produce 

soluble and fusible polyimides [33,34].  The heating of poly(amic) acid solution at high 

temperature (160-200 °C) in high boiling point solvents resulted in complete 

cyclodehydration in the presence of an azeotropic agent. Typical high boiling point 

solvents such as cresol, NMP, DMAc, and DMF can be used with any of the following 

azeotropic agents like o-dichlorobenzene (o-DCB), toluene, and xylene. It is important to 

mention that the azeotropic agents aim is to remove the water molecules from the polymer 
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solution and thus prevent polymer dissociation and push the reaction forward toward the 

polyimide formation.  

2.2.2. High-temperature one-step polycondensation reaction 

Polyimide can be obtained by a single-step synthetic procedure without proceeding with 

the two stages synthesis. The polycondensation reaction requires an equimolar amount of 

dianhydride and diamine. In this method, both monomers (i.e., dianhydride and diamine) 

are mixed in a high boiling point aprotic solvent and heated gradually to 120 °C, followed 

by the addition of a catalyst like isoquinoline [35] and then gradually increasing the 

temperature to 200 °C to ensure complete imidization. Water can be removed by using 

azeotropic agents or by continuous flushing of nitrogen gas through the reaction system 

[36,37]. Most common solvents used in this process are m-cresol, NMP, DMAc, and o-

dichlorobenzene. Unlike the two-stage process, this reaction does not require isolation of 

PAA, and the cyclodehydration step occurs after raising the temperature above 120 °C. 

The complete imidization was confirmed by Nuclear Magnetic Resonance (NMR) and 

Fourier Transform Infrared (FT-IR). The one-step high-temperature synthesis achieved 

100% conversion without detecting any defects. Also, no isoimide was obtained via this 

process. High molecular weight polyimides were prepared using this method when the 

monomers demonstrated high purity. Because the one-step high-temperature method 

produced soluble polymers, this method has several advantages over other techniques: 

1. Only one-step is required in a homogenous solution imidization process. 

2. Total conversion of PAA to polyimides can be achieved. 

3. The hydrolytic stability of polyimides over PAAs allows them to be stored at room 

temperature. 
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4.   The polyimide solids or fibers can be re-dissolved and cast to form films for 

industrial use. 

5. In general, upon heating the polyimide films up to (300 °C), no water release was 

obtained, and no shrinkage was observed for this particular membrane; some 

exceptions can be applied to functionalized polyimides. 

6. The obtained polyimide films are amorphous, transparent and demonstrate good 

physical and mechanical properties. 

2.2.3. Different synthetic procedures to prepare polyimides 

The synthesis of polyimides has attracted researchers’ attention in the last few decades 

because of the outstanding properties of polyimides and the high potential of using these 

polymers for different industrial applications and the ability for scale-up. Therefore, many 

synthetic routes to prepare polyimides were reported in the literature. In this section, we 

concisely mention these routes with some proposed mechanisms.  

2.2.3.1. From diisocyanates and dianhydrides  

The most common strategy to synthesize polyimides is mixing an equimolar amount of 

diamines and dianhydrides. In this route, diamines can be replaced by diisocyanates and 

mixed with dianhydrides. N-aryl and N-alkylphthalimides can be obtained from reacting 

aryl or alkyl isocyanate with phthalic anhydride as reported in the literature. Based on this 

reaction, polyimides and copolyimides were successfully prepared by reacting 

diisocyanates with dianhydrides [4,38–41]. The polymerization reaction involves 

diisocyanates hydrolysis to form diamines, followed by the formation of poly (amic) acids 

that can be converted to polyimides by different cycloimidization procedures as mentioned 

before. Diisocyanate showed more stability toward moisture relative to diamines, and they 
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exhibited better solution processability than some diamines. One drawback for this method 

is the limitation of available isocyanates, and only a limited number of isocyanates can be 

used. Nevertheless, the high reaction rate between diisocyanates and dianhydrides enhance 

the potential to use this method for polyimides preparation. High molecular weight 

polyimides were obtained from a direct reaction between diisocyanates and dianhydrides 

using microwave radiation, as reported by Yeganeh et al. [42] Scheme 2.6 shows the 

reaction between isocyanate and anhydrides with the possible formation of the 7-membered 

ring intermediate that results in carbon dioxide removal and polyimide 5-membered ring 

formation. 

Scheme 2.6 Proposed 7-membered ring intermediate and CO2 release mechanism [43]. 

 

The precise conditions for this reaction are still not clear, and this limits the potential use 

of this method for industrial applications and commercialization. One notable disadvantage 

of this method is that side reactions can occur when isocyanates are used. For example, 

dimerization, cyclotrimerization or even polymerization of isocyanate can be obtained 

[19].  
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2.2.3.2. From diamines and dithioanhydrides  

Dithioanydrides monomers can be used as starting materials to synthesize polyimides. 

However, dithioanhydrides are not commonly available and they need to be prepared by 

reacting tetracarboxylic acid precursor with sodium sulfide at specific reaction conditions. 

Imai et al. used this technique to synthesize poly(amid thiocarboxylic acid)s where he 

obtained the desired polyimides after  thermal removal of hydrogen sulfide as shown in 

Scheme 2.7 [44]. Liou et al. found that the inherent viscosity of the polyimides, obtained 

from the reaction between diamines and dithioanhydrides are comparable to polyimides 

that were prepared by the standard two-stage procedure [45]. 

Scheme 2.7 Schematic representation of polyimides synthesis via dithioanhydrides. 

 

2.2.3.3. From diester-acids and diamines 

Polyimides can also be prepared by a reaction between diester-acids (in place of 

dianhydrides) and diamines, where the tetracarboxylic acid is first converted to diester-

acid, followed by the attack of diamines to form poly(amic) acids, and then the desired 

polyimides as shown in Scheme 2.8. This method accepts the presence of some water 

within the solvents and inside the reactors, therefore preparing polyimides via this route is 

considered for industrial synthesis [46,47]. The first step in this route involves the 

esterification reaction in which the dianhydride is refluxed with an excess of alcohol in the 
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presence of tertiary amine that acts as an acid acceptor. Diamines are then added to prepare 

the poly(amic) acid in a polar aprotic solvent after evaporating the excess of alcohol; then 

the polymer can be afforded by thermal or solution imidization procedures as described 

earlier.  

 

Scheme 2.8 Synthesis of polyimide via a diester-acid intermediate. 

 

2.2.3.4. From tetracarboxylic acid and diamine 

Aliphatic-aromatic polyimides with high average molecular weight can be prepared by a 

reaction between aromatic tetracarboxylic acids and aliphatic diamines to form salts, like 

the preparation of Nylon via Nylon salts. The obtained salts have undergone thermal 

imidization at high pressure and at 200 °C, to form the desired polyimides as shown in 

Scheme 2.9. It was noted that the PAA intermediate could not be sensed during this process 

which means that the cycloimidization and poly(amic) acids formation are occurring at the 

same time. This indicates that the cycloimidization rate of this reaction is very high [48]. 

One of the advantages of using tetracarboxylic acids is the ease of purification and their 

stability, most of them can be recrystallized from hot water.  
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Scheme 2.9 Synthesis of polyimides by tetracarboxylic acid-amine salt. 

 

2.2.3.5. Another route to synthesis polyimides 

Quite a few methods to prepare polyimides were reported in the literature in addition to the 

routes as mentioned earlier.  Polyimides were prepared by Diels-Alder [49–51] and 

Micheal [52,53] cycloaddition reactions. Polyimides were also prepared by cross-coupling 

reactions using palladium [54–58] (Scheme 2.10) and nickel catalysts [59,60]. 

 

Scheme 2.10 Synthesis of polyimides by Pd-catalyzed cross-coupling reaction. 

 

2.3. Physical properties 

The outstanding properties of polyimides allowed this family of materials to be used in 

many industrial applications, ranging from microelectronics to high temperature and 

pressure applications (like adhesives, coating, and membranes). During the last few 
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decades, researchers have focused on designing new polyimides and modifying existing 

materials to fit specific applications. Nowadays, an enormous number of polyimides have 

been reported with their physical properties. For instance, polyimides that possess 

amorphous structure exhibit good solubility in combination with moderate-to-low 

mechanical and thermal properties compared to crystalline structures. The summarized 

physical properties of polyimides are summarized below.  

2.3.3. Solubility 

The solubility of polyimides is governed mainly by their chemical structure. Solution-

processable polymers are in high demand and producing soluble polyimides is a primary 

concern of researchers. Two key factors should be taken into consideration while designing 

soluble polyimides: i) minimizing the rigidity of polymer backbones and ii) reduce the 

density of imide rings across the backbone. Advances have been made to overcome these 

issues by using fluorinated side groups, introducing flexible linkages, and incorporating 

aliphatic side chains to minimize the possible interactions between the chains and boost 

the solubility [6,61–63]. A wide range of polyimides originated from stiff structure 

monomers like pyromellitic dianhydride (PMDA), benzophenone-3,3′,4,4′-tetracarboxylic 

dianhydride (BTDA) and biphenyl-tetracarboxylic acid dianhydride (BPDA), and revealed 

limited solution-processability in common solvents. On the other hand, polyimides 

prepared from twisted and tractable monomers which contain an ether linkage, 

isopropylidene, noncoplanar bispheneylene groups demonstrated good solubility in 

organic solvents including tetrahydrofuran (THF), N, N-dimethylacetamide (DMAc) and 

N-methyl-2-pyrrolidinone (NMP) [6].  
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Polyimides prepared by chemical imidization methods demonstrated higher solubility 

compared to those prepared by thermal imidization. The difference in solubility could 

result from partial crosslinking of polymer chains or tight packing during thermal curing 

[64]. Polyimides with kinked structures showed better solubility than planar structures due 

to the decrease in density and increase in the fractional free volume which allows the 

solvent to solubilize polymer chains. Polymers that contain polar groups such as –OH and 

–COOH, can be dissolved in polar aprotic solvents, such as THF, and DMF while they are 

typically not soluble in a non-polar solvent. In summary, the structure of polyimide and the 

functional groups incorporated on its backbone govern the solubility in organic solvents 

[65,66].   

2.3.4. Thermal stability  

In general, polyimides showed excellent stability at high temperature as tracked by thermal 

gravimetric analysis (TGA). Most polyimides start to decompose at 400-450 °C under 

nitrogen atmosphere. Research has proven that polyimides containing hetero-atomic units 

or firm aromatic rings have higher thermal resistance combined with higher Tg relative to 

polyimides containing bendable side chains or linkages showed lower decomposition and 

glass transition temperature due to their flexible backbone chains. Incorporating pyridine 

rings into the polymer backbone improve the aromaticity and symmetry of the polyimide 

chains which leads to an increment in the stability of the material, thermally and 

chemically, and retaining its mechanical properties at elevated temperature [6, 67–70].  

2.3.5. Mechanical properties 

A few key factors can control the mechanical properties of polyimides, such as chemical 

structure, density, molecular weight, treatment procedure, and thermal curing. Therefore, 
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no definite rules can be used to improve the mechanical properties since the difference 

between polyimides are obscured by large uncertainties. In general, polyimides 

demonstrated Young’s modulus of 1.0-3.0 GPa with tensile strength ranges from 20 to 100 

MPa [6,67]. However, the elongation at break varies from 2% to 15%, depending on the 

structural rigidity and flexibility [71].   

The mechanical characteristics of different polyimides generated from symmetric and 

asymmetric dianhydrides or diamines were reported by Yokota and coworkers. The two 

polyimide types showed sturdy but different mechanical properties which resulted from the 

difference in their backbone structures [72–74].  

Ring substituents in polyimides backbone can play an important role in controlling its 

mechanical properties through inter- and intra-molecular interactions, where chains can get 

more or less packing and thus change density and rigidity accordingly. Introducing 

hydrogen bonding on the backbone will directly increase density and rigidity of polyimides 

and change its mechanical flexibility; incorporating bulky pendant groups will lower 

polyimides densities and decrease intermolecular interactions. [65, 66, 75].  

2.3.6. Optical and electrical properties 

Fully aromatic polyimides usually displayed deep colors resulting from the formation of 

the charge transfer complex (CTC) between donor moieties of diamines and acceptor 

moieties of dianhydrides. Enhanced conjugation between the monomers will lead to the 

stronger formation of CTCs. Therefore, to reduce coloration in polyimides, we need to 

reduce the interactions between polymer chains and reduce the strength of CTCs [76–78]. 

Incorporating –CF3 in the polymer backbone reduces the intermolecular interactions, 

mitigates the coloration and increases the free volume of polymer. 6FDA-based polyimide 
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films demonstrated light yellow to colorless coloring as reported previously. Colorless 

polyimide films can also be obtained by using alicyclic dianhydrides or diamines. 

However, semi-aromatic polyimides exhibited lower thermal stability due to the early 

decomposition of cycloaliphatic unit [61–63,79]. For instance, adamantane (tricycle 

[3.3.3.1.1])-based polyimide films showed light coloration resulting from the high light 

transmittance in the visible region [80,81]. Using bicyclo[2.2.2]oct-7-ene-2,3,5,6-

tetracarboxylic dianhydride (BCDA) for polyimide synthesis also demonstarted increased 

light transmittance and reduced intermolecular interactions [62,63].  

Controlling the optical properties of polyimides can be obtained by tailoring the structure 

of the polymer backbone. For example, introducing carbazole will increase the polymer 

conductivity and photo-reactivity due to its conjugated structure. The high stability and 

mobility of carbazole derivatives made them a promising candidate for hole-transport and 

optical applications [82]. Functionalized polyimides tend to form colored polyimide films 

with strong CTC formation which allow them to possess magnetic memory switching 

behavior [83,84].  

2.4. Applications 

The outstanding properties of polyimides made them great candidates for different 

industrial applications due to their high thermal and chemical stability, easy preparation, 

and potential scale up. Over the decades, polyimides were involved in a vast number of 

applications including gas separation membranes, fuel cells, photoresist, liquid crystal 

alignment, nano-materials, and memory materials. In the following section, a few advanced 

applications of different polyimides are presented.  
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2.4.1. Gas separation membranes 

 As previously mentioned, polyimides were developed for the first time by Dupont (USA), 

and membrane-based polyimides were first used for separation processes by Dupont and 

Ube industries [7,8]. In 1962, Dupont commenced developing polyimide membranes for 

gas separation starting by purifying the natural gas from helium residues and collect the 

pure helium [6]. In the early 1980s, Ube industries began producing Upilex-R, a thermally 

stable polyimide material and stable to various types of separation, such as solvents and 

vapors separation, hydrogen sulfide and ammonia vapor [85]. High permeability in 

combination with high selectivity is required in the development of new membrane-based 

gas separation polymers. A trade-off curve between permeability and selectivity has been 

reported by Robeson in 1991 and then revised in 2008 [86,87]. In 2015, Pinnau’s group 

reported a new trade-off curve which is defined by newly advanced polyimides based on 

the triptycene unit [88]. Research on developing polyimides for membrane-based 

separation was increasing dramatically over the last two decades. Many novel polyimides 

bearing new building blocks have been reported and used as membrane-based gas 

separation materials, including polyimides with hyper-branched architecture [89,90], 

indane-based structures [91,92], brominated polyimides [93–95], non-coplanar structures 

[96,97], and polyimides with bulky groups [98,99] to provide better performance. In recent 

years, mixed matrix membranes have also been proposed as new materials for different 

separation applications. The mixed matrix membranes are made by adding zeolites or 

MOFs particles into a polymer matrices to enhance their performance and are showing 

promising results for separation applications [100–102].  
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Carbon molecular sieves (CMS) membranes have been studied over the last few decades 

as potential materials for gas separation. CMS can be prepared by thermal treatment where 

the polymeric membranes are treated above their decomposition temperature, to produce 

membranes with promising performance. Mechanical properties of these materials are still 

very weak and considered as one of the drawbacks for CMS. However, high 

permselectivities for different gas pairs, such as CO2/N2, O2/N2, He/N2, and, H2/ N2 are 

typical for CMS membranes [103–106].. Controlling the performance of CMS membranes 

can be achieved by using tailored structures or polymers with high carbon content, and by 

controlling the pyrolysis conditions including time and temperature. Pre- and post-

treatment have been used to obtain better properties, as reported by many research groups 

[107–110]. Achieving good transport properties can be done by fabricating defect-free 

asymmetric polyimide membranes. A dry-jet, wet quench process to fabricate defect-free 

hollow fiber membranes was reported by Koros [111]. The gas separation mechanism is 

controlled by two factors: (i) diffusivity and (ii) solubility where diffusivity is a kinetic 

factor and depends on the size of a particular gas and size-sieving properties of polymer 

chains. Therefore, designing new polymer structures is one of the critical factors to improve 

polyimide performance. The solubility is a thermodynamic factor that depends on the gases 

condensability and specific interactions with functionalized polymer chains. Thus, 

incorporating functionalities on the polyimide backbone can directly affect the gas 

transport properties [65,66,112]. Polyimides with intrinsic microporosity (PIM-PIs) have 

emerged as potential candidates for membrane-based gas separation, due to their high 

solubility in organic solvents, facile tailored structures, high fractional free volume (FFV), 

high thermal and chemical stability, with a decomposition temperature exceeding 450 °C 
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and high BET surface areas [113–115]. To date, many polyimides bearing kinked-

structures are reported with their gas data by different research groups. Pinnau’s et al. 

working on functionalizing and tailoring polyimide structures by using different polar 

groups that can create specific interactions between polymeric chains and enhance the 

properties. Hydrogen bonding can play an essential role in controlling gas transport 

properties due to an increase in chain packing and thus produce more size-sieving 

properties in these polymers [75,112,116]. 

2.4.2. Photoresist 

Photosensitive polyimides (PSPIs) with their low dielectric constant, low dissipation 

factors and high thermal and chemical stability are used in various applications including 

interconnection, chip modules, optical transmitters, and layers for protection. The usage of 

poly (amic) acids as photoresists was originally reported by Kerwin and Goldrick [117]. 

The first issue of using these materials in electronics was the instability of polymer 

solutions against additive residues which can be improved by using functionalized 

monomers to prepare the poly (amic) acid precursor or by chemical post-functionalization, 

where the polymer photoresist properties can be tailored [118]. These newly functionalized 

polyimides have shown good thermal stability, solution processability and notable 

enhancements in photoresists properties [119,120].  

One-step high-temperature polycondensation reaction for polyimide synthesis provide 

additional applications for using these polymers in microelectronics, without needing to go 

through the less stable poly (amic) acids. Photosensitive polyimide insulation layers were 

presented to fabricate superconducting integrated circuits, by using polyimides made from 

on-step polycondensation reaction. PSPIs were used as passivation or insulation materials 
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as a replacement for some inorganic materials, due to their improved properties, such as 

stability and processability [121]. 

2.4.3. Polyelectrolytes 

The idea of using organic cation exchange membranes in electrochemical cells was 

described for the first time in 1959. Nafion membranes are almost the only advanced 

membrane type used in practical systems, keeping in mind their high cost, low 

conductivity, low humidity, high temperature and high methanol permeability [122]. 

Perfluorinated ionomer membranes are used as proton transfer materials with their high 

proton conductivity and physical and chemical stability[123,124]. These membranes 

deteriorate above their glass transition temperature. High cost, high gas permeability, and 

the impact of fluorinated compounds on the environment prevent them from being 

applicable to these applications. Polyimides bearing sulfonated groups have been proposed 

as membranes for PEFCs, due to their high proton conductivity, low fabrication cost and 

solution processability [125,126]. A series of novel sulfonated copolyimides prepared by a 

polycondensation reaction between naphthalene-1,4,5,8-tetracarboxylic dianhydride 

(NTDA), 2,2’-bendizine sulfonic acid (BDSA) and nonsulfonated diamine monomers, 

were reported by Mercier and coworkers [127]. These polymers demonstrated a proton 

conductivity of 10−2 S cm−1 tested at 100% relative humidity, which is necessary to 

maintain the hydrolytic stability. These sulfonated polymers have been tested as 

membranes in a real fuel cell customized apparatus and demonstrated high performance 

[128].  

Litt’s group also reported a few sulfonated copolyimides using BDSA as a sulfonated 

diamine, and claimed that polymers with bulky structures could exhibit better conductivity 



87 
 

than Nafion membranes at all humidity levels [129]. Okamoto’s group reported a new 

series of sulfonated polyimides with different monomer structures, and their studies 

showed that some of their polymers had better performance than Nafion [130,131]. Several 

groups reported other sulfonated polyimides during the last two few decades, showing the 

potential of using polyimides as an alternative for fuel membranes with lower cost and 

better performance [132–134]. 

2.4.4. Other applications 

The advanced research on polyimides has increased their potential to be used in a wide 

variety of industrial applications due to their outstanding properties. Providing new 

applications for polyimides can be achieved by controlling their morphology and polymer 

backbone structure. Polyimides with different functionalities and structures were used as 

electroluminescent [135–137], liquid crystal alignment (LCD) [138,139], nanomaterials 

[140–142], polymer memory [143,144], fiber reinforced composites [145–147], 

electrochromic and Langmuir–Blodgett (LB) films [148].  
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Chapter 3. Materials and Methods 
 

 

3.1. Materials: Names and structures 

In the table below, I report materials that were used during my Ph.D. work including 

commercially available starting materials and newly synthesized monomers and polymers. 

The synthetic procedure are described in details in each related chapter. Full 

characterization was done to confirm the structure of novel polymers and building blocks.   

 

Table 3.1 Structures and names of all chemical compounds used for this thesis. 

Chemical Name Chemical Structure 

2-(p-Tolyl)acetonitrile 

 

2,4-Di-p-tolylpentanedinitrile 

 

2,8-Dimethyl-5,11-
methanodibenzo[a,e][8]annulene-

6,12(5H,11H)-dione 

 

2,8-Dimethyl-5,6,11,12-tetrahydro-
5,11-

methanodibenzo[a,e][8]annulene-
6,12-diol 
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6,12-Dichloro-2,8-dimethyl-5,6,11,12-
tetrahydro-5,11-

methanodibenzo[a,e][8]annulene 

 
2,8-Dimethyl-5,6,11,12-tetrahydro-

5,11-methanodibenzo[a,e][8]annulene 
 

2,8-Dimethyl-3,9-dinitro-5,6,11,12-
tetrahydro-5,11-

methanodibenzo[a,e][8]annulene  
2,8-Dimethyl-5,6,11,12-tetrahydro-

5,11-
methanodibenzo[a,e][8]annulene-3,9-

diamine  

4,4′-
(Hexafluoroisopropylidene)diphthalic 

anhydride (6FDA) 
 

6FDA-CTBDA 

 

2-Methyl-3-nitroaniline 
 

4,10-Dimethyl-3,9-dinitro-6H,12H-
5,11-

methanodibenzo[b,f][1,5]diazocine 
 

4,10-Dimethyl-6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine-

3,9-diamine 
 

6FDA-TBDA 
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3,3,3',3'-Tetramethyl-6,6'-dinitro-
2,2',3,3'-tetrahydro-1,1'-
spirobi[indene]-5,5'-diol 

 

6,6'-Diamino-3,3,3',3'-tetramethyl-
2,2',3,3'-tetrahydro-1,1'-
spirobi[indene]-5,5'-diol 

 

Bicyclo[2.2.2]oct-7-ene-2,3,5,6-
tetracarboxylic dianhydride 

 

Tetrabromothiophene 
 

Tetrabromothiophene -1,1-dioxide 

 

Maleic anhydride 

 

1,4,7,8-Tetrabromobicyclo[2.2.]oct-7-
ene-2,3,5,6-tetracarboxylic anhydride 

 

BC-SBIDA 

 

BCBr4-SBIDA 
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2,4,6-Trimethylbenzene-1,3-diamine 

 

2,4,6-Trimethylbenzoic acid 

 

3,5-Nitro-2,4,6-trimethylbenzoic acid 

 

Methyl 2,4,6-trimethyl-3,5-
dinitrobenzoate 

 

3,5-Diamino-2,4,6-trimethylbenzoic 
acid 

 

6FDA-TrMPD 

 

6FDA-TrMCA 

 

4-Bromo-2-methylaniline 

 

3-Bromo-2-methylaniline 
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4-Bromo-2,6-dimethylaniline 

 

4-Bromo-3-methylaniline 

 

1,3-Dimethyl-2-nitrobenzene 

 

1-Bromo-2,4-dimethyl-3-nitrobenzene 

 

3-Bromo-2,6-dimethylaniline 

 

Bicyclo[2.2.1]hepta-2,5-diene 
 

3,8-Dimethyl-4b,5,5a,9b,10,10a-
hexahydro-5,10-

methanobenzo[3,4]cyclobuta[1,2-
b]biphenylene-2,7-diamine  

1,6-Dimethyl-4b,5,5a,9b,10,10a-
hexahydro-5,10-

methanobenzo[3,4]cyclobuta[1,2-
b]biphenylene-2,7-diamine 

 
1,3,6,8-Tetramethyl-

4b,5,5a,9b,10,10a-hexahydro-5,10-
methanobenzo[3,4]cyclobuta[1,2-

b]biphenylene-2,7-diamine 
 

4,9-Dimethyl-4b,5,5a,9b,10,10a-
hexahydro-5,10-

methanobenzo[3,4]cyclobuta[1,2-
b]biphenylene-2,7-diamine 
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CANAL-PI-1-MeNH2 

 

CANAL-PI-2-Me2NH2 

 

CANAL-PI-3-MeNH2 

 

CANAL-PI-4-Me2NH2 

 

2,5-Dimethylphenol 

 

3,6-Dimethyl-2-nitrophenol 

 

N-Bromosuccinimide 

 

4-Bromo-3,6-dimethyl-2-nitrophenol 
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1-Bromo-4-methoxy-2,5-dimethyl-3-
nitrobenzene 

 

3-Bromo-6-methoxy-2,5-
dimethylaniline 

 
3,7-Dimethoxy-1,4,6,9-tetramethyl-
4b,5,5a,9b,10,10a-hexahydro-5,10-
methanobenzo[3,4]cyclobuta[1,2-

b]biphenylene-2,8-diamine  

2-Bromo-6-nitrophenol 

 

1-Bromo-2-methoxy-3-nitrobenzene 

 

3-Bromo-2-methoxyaniline 

 
1,6-Dimethoxy-4b,5,5a,9b,10,10a-

hexahydro-5,10-
methanobenzo[3,4]cyclobuta[1,2-

b]biphenylene-2,7-diamine 
 

6FDA-(CANAL-1-OMe) 
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6FDA-(CANAL-1-OH) 

 

6FDA-(CANAL-2-OMe) 

 

6FDA-(CANAL-2-OH) 

 

4-Bromo-1,2-dimethoxybenzene 
 

2,3,7,8-Tetramethoxy-
4b,5,5a,9b,10,10a-hexahydro-5,10-
methanobenzo[3,4]cyclobuta[1,2-

b]biphenylene  
4b,5,5a,9b,10,10a-Hexahydro-5,10-
methanobenzo[3,4]cyclobuta[1,2-

b]biphenylene-2,3,7,8-tetraol  
4b,5,5a,9b,10,10a-Hexahydro-5,10-
methanobenzo[3,4]cyclobuta[1,2-

b]biphenylene-2,3,7,8-tetrayl 
tetrakis(trifluoromethanesulfonate)  
4b,5,5a,9b,10,10a-Hexahydro-5,10-
methanobenzo[3,4]cyclobuta[1,2-

b]biphenylene-2,3,7,8-
tetracarbonitrile  

4b,5,5a,9b,10,10a-Hexahydro-5,10-
methanobenzo[3,4]cyclobuta[1,2-

b]biphenylene-2,3,7,8-tetracarboxylic 
acid  
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CANAL dianhydride (CANAL-DA) 

 

3,3'-Dimethyl-[1,1'-binaphthalene]-
4,4'-diamine (DMN) 

 

2,3,5,6-Tetramethylbenzene-1,4-
diamine (TMPD) 

 

(CANAL-DA)-DMN 

 

(CANAL-DA)-TMPD 

 
   

3.2. Spectroscopic characterization 

3.2.1. Nuclear magnetic resonance (NMR) 

Nuclear magnetic resonance spectroscopy, known as NMR spectroscopy, is a unique 

tractable technique used by chemist and biochemist to identify organic molecules. For 

organic chemistry practice, NMR analysis is used to determine the molecular structure of 

organic compounds by detecting hydrogens and carbons environment. Each functional 

group has its specific environment and characteristic peaks. 1H and 13C NMR are the most 

useful experiments in this technique; only a few milligrams of a compound are dissolved 

in a suitable deuterated solvent used for the analysis. In this work, 1H NMR (400 MHz) 
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and 13C NMR (100 MHz) spectra were recorded on a Bruker DRX 400 spectrometer in 

CDCl3 or DMSO-d6. 

 

Figure 3.1 Nuclear magnetic resonance (NMR-400 MHz) instrument. 

 

3.2.2. Single crystal X-ray diffraction (XRD) 

Single-crystal X-ray diffraction is a technique used to detect the alignment of molecules 

inside the lattice of crystalline materials. It is a non-destructive analytical method which 

gives data about the arrangement of the molecules, type of orders, and it measures the bond 

lengths and bond angles. The generated data from the X-ray can be used to identify the 

crystal structure. In this work, single-crystal diffraction of the monomers was carried out 

on Bruker single-crystal diffractometer (Bruker D8 Venture Single Crystal XRD) using Cu 

Kα as the X-ray source.  
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Figure 3.2 (a) Bruker D8 venture single crystal XRD analyzer. (b) crystal holder. 

 

3.2.3. High-resolution mass spectroscopy (HRMS) 

Mass spectrometry is an analytical technique that ionizes chemical species and sorts the 

ions based on their mass-to-charge ratio. A mass spectrum is a plot of the ion signal as a 

function of the mass-to-charge ratio. The most intense peak reflects the mass of the 

compound which helps in detecting the molecular formula of the organic compounds. In 

this work, high-resolution mass spectrometry (HRMS) was conducted on a Thermo LC/MS 

system with LTQ Orbitrap Velos detectors (Figure 3.3).  

 

Figure 3.3 High-resolution mass spectrometry instrument. 
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3.2.4. Elemental analysis (CHNX analyzer) 

Elemental analysis is a technique used to determine the elemental concentration of an 

organic sample. It detects the mass fractions of carbon, hydrogen, nitrogen, sulfur, and 

oxygen to identify the molecular structure of unknown compounds. Few milligrams are 

required to run the sample which uses combustion to decompose the organic sample to a 

few simple compounds which can be assigned by the thermal conductivity detector (Figure 

3.4). In this work, elemental analyses were carried out using a Perkin-Elmer 2400 CHNS/O 

elemental analyzer. 

 

Figure 3.4 The principle of operation of 2400 CHNS/O elemental analyzer. 

 

3.2.5. Fourier transform infrared spectroscopy (FTIR) 

Fourier transform infrared spectroscopy is an analytical technique used to identify organic 

materials by measuring the absorption of infrared radiation by the sample material versus 

wavelength. The infrared absorption bands detect molecular components and structures. 

When the material absorbs the IR radiation, it excites the electrons to higher vibration 

states, the wavelengths that are consumed by a sample are the characteristic of its molecular 

structure. Each functional group has an absorption band range with a well-defined 

wavenumber value. We used a Varian 670-IR FTIR spectrometer with smart Omni 
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transmission (Figure 3.5) to measure the IR absorption bands of our monomers and 

polymers.      

 

Figure 3.5 Varian 670-IR FT-IR spectrometer with Smart-Omni transmission. 

 

3.2.6. Ultraviolet-visible spectroscopy (UV-vis) 

Ultraviolet-visible spectroscopy measures the absorption of light across the ultraviolet and 

visible light wavelengths through solid or liquid samples. Absorption spectroscopy is 

complementary to fluorescence spectroscopy, while fluorescence deals with transitions 

from the excited state to the ground state, UV-vis measures transitions from the ground 

state to the excited state [1]. Here, UV-vis spectra of the polymer films were recorded using 

a Lambda 1050 spectrophotometer. 
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Figure 3.6  (a) Absorption and fluorescence molecular energy diagram and (b) Lambda 

1050 spectrophotometer. 

 

3.2.7. Fluorescence spectroscopy  

Fluorescence spectroscopy (spectrofluorometry) is a spectroscopic method that is used to 

determine the fluorescence emission of different materials. The emission of light is 

resulting from the excitation of electrons after hitting the compounds or polymers by a 

particular wavelength, and the obtained results (intensity and wavelength distribution) 

were collected by a fluorimeter (Figure 3.7) [2]. In our experiments, a PerkinElmer LS45 

setup with fixed 10 nm slits was used to obtain the fluorescence excitation and emission 

spectra with a wavelength of excitation ranged from 380 nm to 420 nm for dense polymer 

films (~ 10-20 µm). This experiment was used to evaluate the strength of charge transfer 

complexes within particular polyimides.  
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Figure 3.7 Simple fluorimeter design that is used to record fluorescence parameters (i.e., 

intensity and wavelength distribution of emission spectrum) after excitation. 

 

3.2.8. Wide-angle X-ray diffraction (WAXD) 

Wide-angle X-ray diffraction is a technique which is often used to determine the 

crystallinity of polymers. It refers to the analysis of Bragg’s peaks scattered to wide angles 

using Bragg’s law (nλ = 2dsinθ) to determine the d-spacing between the polymer chains. 

The sample is scanned in a wide angle X-ray goniometer, and the scattered intensity is 

plotted as a function of 2θ angle. WAXD is not a destructive method for characterization 

of solid materials, and the sample can be used for further characterizations. The experiment 

starts with exposing the material by X-ray light which reflects on different patterns based 

on the internal structure of the polymers. In our work, we used the WAXD technique to 

determine the d-spacing which provides information about the microporous distribution of 

polymers. WAXD spectra of polymer samples were recorded on a Bruker D8 Advanced 

diffractometer in a 2θ range of 8-60o and the d-spacing were calculated with Bragg’s law.  
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Figure 3.8 (a) Schematic illustration of basic 2D WAXD setup, and (b) Schematic 

description of Bragg’s Diffraction Law. 

 

3.3. Thermal and physical characterizations 

3.3.1. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) is a technique which measures the mass of the sample 

over time as the temperature changes. This measurement provides information about the 

thermal stability of a particular material and its thermal decomposition temperature [3]. In 

this work, TGA was used to evaluate the decomposition temperature of the polymers and 

to make sure of complete solvent removal from the films before testing. The thermal 

stability was obtained using thermogravimetric analysis (TA, Q-5000) under nitrogen 

atmosphere Figure 3.9. Roughly, 5 mg of the powder or film were loaded in an HT-

platinum pan with maximum temperature up to 900 °C, dried at 100 °C for 15 min and 

ramped up to 800 °C at 3 °C /min.  
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Figure 3.9 Thermogravimetric analysis (TGA) Q 5000. 

 

3.3.2. Differential scanning calorimetry (DSC)  

The primary usage of this technique is to detect the physical transformation of a particular 

material as a phase transition, and it depends on the heat flow between the sample and the 

reference. Thus it can measure the heat released or absorbed for a specific conversion. It is 

crucial for the reference sample to have a well-defined heat capacity over the range of 

temperatures to be scanned. Therefore, it is used to measure melting points of monomers 

and the glass transition temperature (Tg) of polymers [4]. For melting point measurements, 

5 mg of dried samples were packed in a T-Zero® pan (TA) and covered with a lid. 

Endothermic and exothermic heat flows were measured by differential scanning 

calorimeter (TA, DSC Q 2000) Figure 3.10. The temperature was ramped from 25 to 400 

°C at 3 °C /min. 
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Figure 3.10 Differential scanning calorimetry (DSC) Q 2000. 

 

3.3.3. Dynamic mechanical analysis (DMA) 

Dynamic mechanical analysis (DMA) is a method to analyze and characterize the 

mechanical properties of specific materials, and it is mainly used to evaluate the 

viscoelastic behavior of polymers [5]. In this work, we used DMA to determine the glass 

transition temperature (Tg), Young’s modulus (elastic modulus) which measures the 

stiffness of a solid material, stress-strain ratio, tensile strength and elongation a break. 

Bone-shaped specimens (Figure 3.11a) were used to estimate stress-strain curves with a 

dynamic mechanical analyzer (TA, Q 800) in air at room temperature (Figure 3.11b). The 

average from three runs were calculated and reported. The calibration was verified using 

commercially available materials (e.g., Matrimid®) with reported tensile strength and 

Young’s modulus. However, triangular specimens were used to obtain the Tg by using 

multi-frequency strain method with temperature ramping from 25 to 400 °C at a ramping 

rate of 15 °C/min. 



121 
 

 

Figure 3.11 (a) Standard bone-shaped specimen. (b) Dynamic mechanical analysis 

(DMA) Q 800. 

 

3.3.4. Density  

The density or volumetric mass density is defined as the degree of compactness of a 

substance, and it is the mass of a substance per unit volume. The following formula used 

to calculate the density = 𝑚

𝑉
 , where 𝜌 the density, m is is the mass, and 𝑉 is the volume. In 

this work, two methods were used to calculate the density, Archimedes’ principle by using 

a Mettler-Toledo balance equipped with a density measurement kit using iso-octane as the 

reference liquid, and geometrical density by calculation from the volume of circular 

membrane coupons, their mass and area. 
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Figure 3.12 (a) Geometric density calculation protocol. (b) Mettler-Toledo equipped with 

density measurement kit. 

 

3.3.5. Gel permeation chromatography (GPC) 

Gel permeation chromatography is a type of size exclusion chromatography (SEC), which 

separates materials based on their size. GPC is commonly used to identify the molecular 

weight of the polymers (Mw and Mn) and the polydispersity index (PDI). GPC separates 

based on the size or the hydrodynamic volume; the separation occurs in a column packed 

with porous beads. The lower molecular weight chains can enter the pores easily and then 

spend more time in it, so its retention time increases and it elutes last; whereas the chains 

with high molecular weight can spend less time in the pores and elute first (Figure 3.13). 

Each column has a limit of molecular weight to separate. Therefore the size of the pores 

for packing should be chosen based on the range of the analytes molecular weight. In this 

work, gel permeation chromatography (GPC, Agilent 1260 and Agilent 1200) was carried 

out using chloroform, THF, and DMF as an eluent; polystyrene was used as a reference.  
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Figure 3.13 (a) GPC Agilent 1260 with multi detectors. (b) separation mechanism using 

gel permeation chromatography (GPC). 

 

3.4. Gas sorption  

3.4.1. Brunauer-Emmett-Teller (BET) surface area measurement 

In 1938 Stephen Brunauer, Paul Hugh Emmett, and Edward Teller published the first paper 

about the BET (Brunauer-Emmett-Teller) theory in the Journal of the American Chemical 

Society (JACS) [6]. BET analysis provides precise surface area evaluation of materials by 

nitrogen multilayers adsorption measured as a function of relative pressure using a fully 

automated analyzer. To determine the surface area of porous materials, which is a 

measurement of an irregular internal surface that the object occupies. Several methods were 

used to determine the surface area of materials, including optical methods [7], 

computational methods [8,9], and porosimetry method using mercury [10]. Gas adsorption 

is widely used to evaluate the surface area and the pore size distribution of porous materials. 

The adsorption process can be divided into two types based on the kind of interactions 

between the gas molecules and the surface of specific materials: chemical adsorption 
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(chemisorption) and physical adsorption (physisorption). Chemisorption is a phenomenon 

that takes place between the surface and the gas molecule through the formation of 

chemical bonds, while physisorption takes place between the gas and the surface based on 

weak interactions like van der Waals forces and it is reversible. Surface area can be 

determined by measuring the amount of gas adsorbed by a porous material, either by 

measuring the change in volume of the probe gas (volumetric analysis) or the change in 

weight (gravimetric analysis) of a powder sample. BET theory often uses a volumetric 

technique which was developed from Langmuir theory for monolayer molecular adsorption 

[6]. In this system, the equilibrium can be established between the free gases and the gases 

trapped inside the pores and absorbed by the materials. Temperature control is very critical 

for these measurements based on the type of gases used, for instance, when N2 gas is used 

the proper temperature for BET measurement would be -196 °C, while it is 0 °C for CO2. 

IUPAC has categorized the adsorption isotherms for six types, as shown in Figure 3.14.  

 

Figure 3.14 IUPAC classification of the adsorption isotherms [6]. 
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Type I represents the microporous materials adsorption isotherm, where high BET surface 

area and microporosity can be obtained from the high gas uptake at low pressure. The 

isotherm steeply increases at low pressure until the surface of the material becomes mostly 

covered with adsorbate gas molecules. Then, the plot passes through an almost linear 

region from 0.05 ≤ p/p0≤ 0.35 where the first monolayer is fully covered. Multilayers are 

built on the top of the first layer, and the pores become filled with adsorbate until a 

saturation point is reached at p/p0=1. Macroporous materials show type II, III and VI 

isotherms while mesoporous materials show type IV and V isotherms [11]. 

3.4.2. Gravimetric gas sorption (IGA) 

The gas solubility of polyimides was measured by a Hiden Intelligent Gravimetric 

Analyzer (IGA-003, Hiden Isochema, UK), which measures gas isotherms at high pressure 

up to 20 bar. 30 mg of dried polymer powder sample (120 °C for 24 h in a vacuum oven) 

was mounted in the sorption system and degassed under high vacuum (10-7 mbar) and 

constant temperature (35 °C) until the sample weight readings stabilized. The isotherm 

points were then collected after introducing the appropriate gas into the sample chamber 

by a stepwise ramping of 100 mbar/min until the desired pressure was reached. The 

automated system measures the weight of the polymer sample at a specific pressure, and 

from the obtained values the solubility of the gases were calculated accordingly. In my 

Ph.D. work, I used IGA to measure the solubility of CH4 and CO2 to study the effect of 

functionalities on chain packing (which affect diffusivity) or specific interactions (which 

affect solubility) and to draw some important conclusions from the results. 
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Figure 3.15 IGA sorption apparatus. 

 

3.5. Gas permeation  

3.5.1. Polymer film preparation 

Polymers were dissolved in a suitable solvent–based on their solubility (2-3% w/v, g ml-1), 

then filtered through 0.45 µm polypropylene filters and clear isotropic films were obtained 

by slow evaporation of the solvent at room temperature (in the case of low boiling point 

solvents) or 80 °C (in the case of high boiling point solvents) from a leveled petri dish. The 

dry films were soaked for 24 h in methanol to remove any residual solvent traces, air-dried 

and then heated at 120 °C for 24 h in a vacuum oven for non-hydroxyl functionalized 

polyimides and 200 °C for hydroxyl- or carboxyl-functionalized polyimides. TGA was 

used to confirm complete removal of solvent traces. Films with a thickness of ~30-60 µm 

were used for gas permeability measurements. 
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3.5.2. Film masking and loading 

A polymer coupon of known thickness and diameter was taken from a dried film and placed 

between two impermeable adhesive aluminum tapes, which were punched based on the 

size of the permeation cell. Potting epoxy was applied carefully to the film tape interface 

to prevent any possible leakage, as shown in Figure 3.16. The masked membrane was then 

placed in the permeation cell and left for a few hours to dry the epoxy layer and was then 

closed. The membrane was degassed in the cell at 35 °C for 24 h before the experiment. 

The film was removed carefully from the cell and stored in a dessicator, for later testing of 

physical aging studies. 

 

Figure 3.16 Masked film after removing it from the permeation cell. 

 

3.5.3. Pure-gas permeation 

The pure-gas permeability of H2, N2, O2, CH4, and CO2 was measured at 35 °C and 2 bar 

via the constant-volume/variable pressure method and calculated by: 

𝑃 = 𝐷 ∗ 𝑆 = 1010 (
𝑉𝐿

𝐴𝑅𝑇𝑝𝑢𝑝
) (

𝑑𝑝

𝑑𝑡
) 

Where 𝑃 is the permeability coefficient in barrers (1 barrer = 10-10 cm3 (STP) cm cm-2 s-1 

cmHg-1), 𝑉 is the calibrated volume of the downstream gas reservoir (cm3), 𝐿 is the film 
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thickness (cm), 𝐴 is the effective membrane area (cm2), 𝑅 is the gas constant (0.278 cm3 

cmHg (cm-3 (STP) K-1), 𝑇 is the operating temperature (K), 𝑝𝑢𝑝 is the upstream pressure 

(cmHg), and 𝑑𝑝/𝑑𝑡 is the steady-state downstream pressure increase (cmHg s-1). The 

apparent diffusion coefficient 𝐷 (cm2 s-1) of the polymer membrane was calculated by 𝐷 =

𝐿2/6𝜃, where 𝐿 is the membrane thickness and θ (s) is the time lag of the permeability 

measurement. The solubility coefficient 𝑆 (cm3 (STP) cm-3 cmHg-1) was obtained from the 

relationship 𝑆 =  𝑃/𝐷. The pure-gas permeability of He, H2, N2, O2, CH4, and CO2 was 

measured at 35 °C and 2 bars. 

3.5.4. Mixed-gas permeation 

The binary mixed-gas permeation properties were measured using a feed gas mixture of 

50:50 CO2:CH4 at 35 °C. Samples were tested at a total pressure of 5, 9, 12, 15, and 18 bar. 

The mixed gas permeabilities were calculated by using the following equation: 

𝑃𝐶𝑂2
= 1010 (

𝑦𝐶𝑂2
𝑉𝑑𝑙

𝑥𝐶𝑂2
𝑝𝑢𝑝𝐴𝑅𝑇

) (
𝑑𝑝

𝑑𝑡
) 

𝑃𝐶𝐻4
= 1010 (

𝑦𝐶𝐻4
𝑉𝑑 𝑙

𝑥𝐶𝐻4
𝑝𝑢𝑝𝐴𝑅𝑇

) (
𝑑𝑝

𝑑𝑡
)  

Where 𝑥 and 𝑦 are the mole fractions in the feed and permeate, respectively. The permeate 

mole fraction 𝑦 was measured by the GC, where a minimum of six GC runs were conducted 

to ensure the accuracy at each pressure. Mixed-gas CO2/CH4 selectivities were obtained 

from the following equation:  

𝛼𝐶𝑂2/𝐶𝐻4  
= (

𝑦𝐶𝑂2

𝑦𝐶𝐻4

)/(
𝑥𝐶𝑂2

𝑥𝐶𝐻4

)   
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3.6. Molecular dynamics simulations (MDS) 

Materials Studio 8.0 (Accelrys) was used to construct repeat units for polymers. To build 

the polymer chains, the backbone was defined by identifying head and tail atoms in the 

“Repeat Unit” dialog box in the “Build” menu. An isotactic homopolymer was built with 

5-10 repeat units using random torsions between the repeat units. Finally, the polymer 

chain was geometrically optimized using the Forcite module and COMPASS Forcefield. 

The Smart algorithm was employed with a convergence tolerance set at 1x10-4 kcal mol-1 

Å-1 for the derivative of overall energy with continuous molecular motions (i.e., “fine” 

quality). A maximum number of 50,000 iterations were permitted for the calculation and 

were sufficient for a “normal” termination status in all cases. The cubic amorphous cell 

filled with five polymer chains, in which each chain composed from five repeating units 

were built using an amorphous module. From the obtained amorphous cell and after 

geometry optimization, molecular dynamics simulation were carried out at 298 K using the 

Forcite module with 800 loading steps; Coulombic interactions within the long range were 

considered with the Ewald sum procedure, and a cut-off distance of 9.5 Å was used to 

calculate the non-bonded energy. A probe radius of 1.65 Å was utilized to determine the 

fractional free volume using the following equation: 

𝐹𝐹𝑉 =
𝑉𝑓

𝑉𝑓 + 𝑉𝑜
 

Where Vf and Vo, respectively, are the free volume and the occupied volume of the polymer 

chains in a cell. 
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Chapter 4. Synthesis and Characterization of a Microporous 6FDA-

Polyimide Made From a Novel Carbocyclic Pseudo Tröger’s Base 

Diamine: Effect of Bicyclic Bridge on Gas Transport Properties 

 

This chapter presents the synthesis of a new kinked structure named as carbocyclic 

Tröger’s base (CTB) which is used as a porosity generator by inhibiting the sufficient 

packing of the polymer chains due to its V-shaped geometry. The effect of the tertiary 

amine groups, in the Tröger’s base (TB) structure, on gas performance was studied by 

comparing two polyimides prepared by the new CTB to already reported polyimide 

prepared by using a TB diamine.  

This chapter was reprinted with permission from M.A. Abdulhamid, X. Ma, X. Miao, I. 

Pinnau, Synthesis and characterization of a microporous 6FDA-polyimide made from a 

novel carbocyclic pseudo Tröger’s base diamine: Effect of bicyclic bridge on gas transport 

properties, Polymer. 130 (2017) 182–190. Copyright (2017) Elseiver.  

4.1. Abstract 

A newly designed carbocyclic pseudo Tröger’s base diamine (CTB) monomer, 2,8-

dimethyl-3,9-diamino-5,6,11,12-tetrahydro-5,11-methanodibenzo[a,e][8]annulene 

(CTBDA) and its isomeric analogue 2,8-dimethyl-(1,7)(4,10)(3,9)-diamino-5,6,11,12-

tetrahydro-5,11-methanodibenzo[a,e][8]annulene (iCTBDA), were designed for the 

synthesis of microporous 6FDA-based polyimides (6FDA-CTBDA and 6FDA-iCTBDA). 

Both polyimides were soluble, exhibited excellent thermal stability of ~490 °C, and had 

high surface areas of 587 m2 g-1 (6FDA-CTBDA) and 562 m2 g-1 (6FDA-iCTBDA). A 
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6FDA-based polyimide derived from 4,10-dimethyl-3,9-diamino-6H,12H-5,11-

methanodibenzo[b,f][1,5]-diazocine (6FDA-TBDA) was made for comparison to 

investigate the effects of the basic tertiary nitrogen functionality in the Tröger’s base 

diamine on the polymer properties relative to the carbocyclic 6FDA-CTBDA analogue. 

6FDA-TBDA displayed lower gas permeabilities but moderately higher gas-pair 

permselectivities than 6FDA-CTBDA. The enhanced permselectivity of 6FDA-TBDA 

resulted exclusively from higher diffusion-based selectivity. Direct gas sorption 

measurements demonstrated that the basicity in the Tröger’s base bridge moiety enhanced 

the sorption capacity of CO2 only slightly and had no effect on the CO2/CH4 solubility 

selectivity in 6FDA-TBDA vs. 6FDA-CTBDA.  

4.2. Introduction 

 Intrinsically microporous amorphous polymers (PIMs) have emerged as a burgeoning 

membrane materials class with great potential in highly demanding gas separation 

applications [1-6]. The unique properties of this new materials class include: (i) high gas 

permeability and moderate to high selectivity; (ii) high Brunauer-Teller-Emmett (BET) 

surface area; (iii) narrow pore size distribution with pores < 20 Å; (iv) high thermal stability 

and (v) solubility in a wide variety of organic solvents for thin-film composite or 

asymmetric membrane formation [7]. The microporous structure of PIMs results from the 

presence of highly rigid and contorted molecular building blocks, which severely restrain 

sufficient chain packing of the polymer matrix leading to high free volume [1,8,9]. The 

first generation of PIMs were based on ladder polymers derived from the reaction of 

5,5′,6,6′-tetrahydroxy-3,3,3′,3′-tetramethyl-1,1′-spirobisindane and 

tetrafluoroterephtalonitrile (PIM-1) or 5,5’,6,6’-tetrachlorophenazyl-spirobisindane (PIM-
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7) [10,11]. Recently developed ladder PIMs using triptycene [12-14] and Tröger’s base 

[15] building blocks demonstrated enhanced gas separation performance defining the 2015 

permeability/selectivity upper bounds for O2/N2, H2/N2 and H2/CH4 [5]. 

The second generation of PIMs for gas separations originated from extensions of earlier 

developments of low-free-volume polyimides that exhibited high selectivity but only low 

to moderate permeability [16-20]. McKeown’s group reported for the first time the efficient 

incorporation of kinked spirobisindane contortion sites into intrinsically microporous 

polyimides (PIM-PIs) [21-23]. PIM-PIs showed significantly higher gas permeability 

coupled with a reduction in gas-pair selectivity compared to conventional polyimides; 

however, their performance was close to the 2008 upper bounds for various gas pairs. 

Intensive investigations to tailor the structural design using ethanoanthracene- and 9,10-

bridgehead-substituted triptycene moieties resulted in advanced PIM-PIs that demonstrated 

significantly enhanced selectivity for several gas pairs, especially O2/N2 and H2/CH4 while 

maintaining very high gas permeability [24-28]. Moreover, hydroxyl- and carboxyl-

functionalized PIM-PIs have shown excellent performance in the removal of CO2 and H2S 

from methane in natural gas applications [29-35]. 

Recently, novel ladder PIMs and PIM-PIs using Tröger’s base-derived building blocks 

attracted much attention as membrane materials due to their promising gas separation 

properties and extremely versatile chemistry [15,37-38]. Tröger’s base is a chiral organic 

molecule, in which the chirality results from the presence of two bridgehead stereogenic 

nitrogen atoms in its structure [39]. The cleft-like shape of Tröger’s base conferred by the 

diazocine bridge has resulted in the incorporation of this rigid framework into a variety of 

polymers with intrinsic microporosity. Tröger’s base-derived PIM-PIs demonstrated good 
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performance as materials for membrane-based gas separations with high permeabilities and 

commendable selectivities [15, 40-47].  

Carbocyclic analogues of Tröger’s base biscatecols as new building blocks for ladder PIMs 

were recently reported by Carta et al. Carbocyclic ladder PIMs made by reaction with 

tetrafluoroterephtalonitrile displayed high BET surface area of up to 685 m2 g-1 but were 

either insoluble or had too low molecular weight (Mw ~ 10,000 g mol-1) to form strong 

isotropic films for gas permeation testing [48].  

Here, we report the synthesis and gas transport properties of a soluble, high molecular 

weight intrinsically microporous polyimide made from a novel carbocyclic V-shaped 

pseudo Tröger base-derived diamine (CTBDA) and 4,4'-

(hexafluoroisopropylidene)diphthalic anhydride (6FDA) via high-temperature 

polycondensation reaction. A related 6FDA-based Tröger’s base polyimide (6FDA-

TBDA) was made to evaluate the effects of the nitrogen-containing bridgehead compared 

to the carbon-substituted cleft derivative polyimide (6FDA-CTBDA). The polyimides were 

fully characterized by 1H NMR, Fourier transform infrared spectroscopy (FTIR), gel 

permeation chromatography (GPC), thermogravimetric analysis (TGA) and gas sorption 

measurements. Moreover, pure-gas permeation data for fresh and aged samples are 

reported. 

4.3. Experimental  

4.3.1. Monomer synthesis 
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Scheme 4.1 Synthetic route of carbocyclic pseudo Tröger’s base (CTB) (VI). 

 

4.3.1.1. Synthesis of 2,8-dimethyl-5,11-methanodibenzo[a,e][8]annulene-

6,12(5H,11H)-dione (III) (Scheme 4.1a) 

2,8-Dimethyl-5,11-methanodibenzo[a,e][8]annulene-6,12(5H,11H)-dione was prepared as 

previously reported [49]. 4-Methylbenzyl cyanide (8 g, 61.0 mmol) and KOH (3.41 g, 61 

mmol) were dissolved in diiodomethane (8.3 g, 31 mmol) and heated at 165 °C for 2 h. 

The reaction mixture was cooled down and poured into water (200 mL), extracted with 

dichloromethane (3x50 mL), washed with brine, dried over MgSO4, and the solvent was 

removed under vacuum to give meso-phenylpentanedinitrile (I) (8 g), which was 

hydrolyzed by heating for 18 h at 80 °C in a mixture of ethanol (80 mL) and potassium 

hydroxide solution (160 mL, 40%). Ethanol was removed under vacuum, and the residue 

was diluted with water and washed with dichloromethane until the organic phase became 

colorless. The aqueous phase was acidified to pH<1 by adding conc. HCl (20 mL), 

extracted with ethyl acetate (3x50 mL) and dried over MgSO4. The solvents were removed 

under vacuum to give crude meso-phenylpentanedioic acid (II) (6 g). The crude acid was 

heated at 100 °C for 3 h in methanesulfonic acid (CH3SO3H), poured on ice and extracted 
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with ethyl acetate. The organic layers were combined, washed with KOH solution (5 wt.%), 

dried over MgSO4, filtered and evaporated to dryness to give crude (III). Purification by 

silica gel chromatography using dichloromethane/ethyl acetate: 100/1 afforded pure (III) 

as a white solid (4 g, yield: 64%); mp = 182.2 °C. 1H NMR (400 MHz, DMSO-d6): 7.62 

(br s, 2H), 7.4-7.43 (dd, 2H, J = 8.8 Hz, 1.2 Hz), 7.3 (d, 2H, J = 7.6 Hz), 3.95 (t, 2H, J = 

2.8 Hz), 2.92 (t, 2H, J = 2.8 Hz), 2.27 (s, 6H). 13C NMR (100 MHz, DMSO-d6): 194.7, 

138.9, 137.8, 135.7, 129.6, 129.2, 128.6, 127.9, 48.1, 32.0, 21.0.   

4.3.1.2. Synthesis of 2,8-dimethyl-5,6,11,12-tetrahydro-5,11-

methanodibenzo[a,e][8]annulene-6,12-diol (IV) (Scheme 4.1b)   

2,8-Dimethyl-5,11-methanodibenzo[a,e][8]annulene-6,12(5H,11H)-dione (III)  (2.00 g, 

7.24 mmol) was dissolved  in THF (100 mL) and then LiAlH4 (1.1 g, 28.9 mmol) was 

added in portions. The mixture was stirred at room temperature overnight, then poured on 

150 g ice and HCl (6N) was added. The solution was extracted with dichloromethane (3x50 

mL), dried over MgSO4, filtered and the solvent was removed by vacuum. The resulting 

yellowish solid was washed using a n-hexane/dichloromethane mixture (1:1) to afford an 

off-white powder (1.42 g, yield: 71%) as a final product; mp = 215.6 °C. 1H NMR (400 

MHz, CDCl3): 7.40 (s, 2H), 7.18 (d, 2H, J = 8 Hz), 7.03 (d, 2H, J = 7.6 Hz), 5.02 (d, 2H, J 

= 5.6 Hz), 3.3 (m, 2H), 2.4 (t, 2H, J = 3.2 Hz), 2.29 (s, 6H), 1.66 (s, 2H).  13C NMR (100 

MHz, CDCl3): 139.4, 137.4, 130.9, 129.9, 128.2, 127.8, 72.6, 39.1, 29.5, 21.2. 
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4.3.1.3. Synthesis of 6,12-dichloro-2,8-dimethyl-5,6,11,12-tetrahydro-5,11-

methanodibenzo[a,e][8]annulene (V) (Scheme 4.1b)    

2,8-Dimethyl-5,6,11,12-tetrahydro-5,11-methanodibenzo[a,e][8]annulene-6,12-diol (v) (2 

g, 7.13 mmol) was suspended in SOCl2 (30 mL) and 0.3 mL DMF were added. The solution 

was refluxed overnight and SOCl2 was removed by vacuum. The collected product was 

dried at 100 °C for 3 h. The resulting product (2.1 g, yield: 93%) was obtained as an off-

white solid; mp = 191.0 °C. 1H NMR (400 MHz, CDCl3): 6.19 (d, 2H, J = 8 Hz), 7.08 (d, 

2H, J = 7.6 Hz), 7.02 (s, 2H), 5.05 (d, 2H, J = 1.6 Hz), 3.54 (m, 2H), 2.67 (t, 2H, J = 2.8 

Hz), 2.26 (s, 6H). 13C NMR (100 MHz, CDCl3): 137.9, 133.8, 133.6, 131.6, 130, 129.3, 

62.2, 40.9, 21.0, 18.7.  

4.3.1.4. Synthesis of 2,8-dimethyl-5,6,11,12-tetrahydro-5,11-

methanodibenzo[a,e][8]annulene (VI) (Scheme 4.1b)   

6,12-Dichloro-2,8-dimethyl-5,6,11,12-tetrahydro-5,11-methanodibenzo[a,e][8]annulene 

(V) (5 g, 15.8 mmol) was dissolved in THF (250 mL) and LiAlH4 ( 2.4 g, 63 mmol) was 

added in portions over 30 minutes. The reaction was refluxed overnight and the resulting 

mixture was then poured on ice (200 g) and HCl (6N, 100 mL) was added. The solution 

was extracted with dichloromethane three times, dried over MgSO4, filtered and then the 

solvent was removed by rota-evaporation. The resulted light orange powder was washed 

by n-hexane/DCM: 4/1 to afford VI (3 g, yield: 76%) as a white powder product; mp = 

109.5 °C. 1H NMR (400 MHz, CDCl3): 7.11 (d, 2H, J = 7.6 Hz), 6.94 (d, 2H, J = 7.6 Hz), 

6.78 (s, 2H), 3.29 (m, 2H), 3.25(d, 2H, J = 5.2 Hz), 2.81 (d, 2H, J = 16 Hz), 2.24 (s, 6H), 

2.13 (t, 2H, J = 2.8 Hz). 13C NMR (100 MHz, CDCl3): 138.2, 135.4, 134.4, 129.9, 128.7, 

126.7, 39.5, 32.56, 29.1, 21.0. 
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Scheme 4.2 Synthetic route of iCTBDA (VIII a) and CTBDA (VIII b) monomer. 

 

4.3.1.5. Synthesis of 2,8-dimethyl-1,7(4,10)(3,9)-dinitro-5,6,11,12-tetrahydro-5,11-

methanodibenzo[a,e][8]annulene (VII a) and 2,8-dimethyl-3,9-dinitro-

5,6,11,12-tetrahydro-5,11-methanodibenzo[a,e][8]annulene (VII b) 

(Scheme 4.2)  

2,8-Dimethyl-5,6,11,12-tetrahydro-5,11-methanodibenzo[a,e][8]annulene (VI) (1.25 g, 5 

mmol) was dissolved in 50 mL acetonitrile (CH3CN) followed by the addition of KNO3 

(1.12 g, 11.1 mmol) and then trifluoroacetic anhydride (TFAA) (5.2 mL, 35.7 mmol) was 

added dropwise. After stirring for one hour at room temperature, the reaction was poured 

on ice and then extracted with dichloromethane (DCM). The crude product was purified 

by silica gel column chromatography using DCM/n-hexane: 1/1 as eluent. The product was 

obtained as a yellow powder (0.8 g, yield: 47%); mp = 224.5 °C. 1H NMR and 13C NMR 

showed that the product contained three isomers. Recrystallization was performed to obtain 
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only one isomer as a light yellow powder. The structure of the pure isomer was confirmed 

by single-crystal XRD (Fig. S1). The crystallographic data for VII b were deposited in the 

Cambridge Structural Database (CCDC 1545077). 1H NMR (400 MHz, CDCl3): 7.90 (s, 

2H), 6.94 (s, 2H), 3.45 (m, 2H), 3.32 (dd, 2H, J = 12 Hz), 2.91 (d, 2H, J = 17.2 Hz), 2.49 

(s, 6H), 2.19 (t, 2H, J = 2.8 Hz). 13C NMR (100 MHz, CDCl3): 147.3, 140.3, 139.4, 133.7, 

131.7, 125.2, 39.3, 31.9, 28.2, 20.3.  

4.3.1.6. Synthesis of 2,8-dimethyl-3,9-diamine-5,6,11,12-tetrahydro-5,11-

methanodibenzo[a,e][8]annulene (VIII b, CTBDA) (Scheme 4.2)  

2,8-Dimethyl-3,9-dinitro-5,6,11,12-tetrahydro-5,11-methanodibenzo[a,e][8]annulene 

(VII b) (0.4 g, 1.2 mmol) was suspended in 20 mL ethanol followed by the addition of Pd/C 

(0.2 g) and 2 mL N2H4
.H2O. The mixture was refluxed for 3 h under nitrogen and then 

cooled down to room temperature, precipitated in water and filtrated. The white solid was 

dried in the vacuum oven for 24 h at 60 °C (0.26 g, yield: 80%); mp = 192.2 °C. 1H NMR 

(400 MHz, DMSO-d6): 6.44 (d, 2H, J = 4 Hz), 6.40 (d, 2H, J = 3.6 Hz), 4.46 (br s, 4H), 3.1 

(d, 2H, J = 18 Hz), 3.0 (m, 4H), 2.47 (m, 2H), 1.9 (s, 6H). 13C NMR (100 MHz, DMSO-

d6): 144.6, 139.3, 130.5, 122.4, 120.2, 114.3, 39.0, 32.8, 18.0, 17.4. The same synthetic 

procedure was applied to the produce the 2,8-dimethyl-(3,9)(1,7)(4,10)-diamine-5,6,11,12-

tetrahydro-5,11-methanodibenzo[a,e] [8]annulene (VIII a, iCTBDA).  

 

 

Scheme 4.3 Synthetic route of diamino Tröger’s base monomer (TBDA). 
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4.3.1.7. Synthesis of 4,10-dimethyl-3,9-dinitro-6H,12H-5, 

methanodibenzo[b,f][1,5] diazocine (IX) (Scheme 4.3)  

4,10-Dimethyl-3,9-dinitro-6H,12H-5,methanodibenzo[b,f][1,5]diazocine (IX) was 

synthesized by a previously reported procedure [40]. 2-Methyl-3-nitroaniline (5 g, 32.86 

mmol) and para-formaldehyde (2.07 g, 69.01 mmol, 2.1 equiv) were dissolved in 

trifluoroacetic acid (TFA) (65 mL) to form a black-colored solution. The reaction was 

stirred for 48 h and then poured into H2O (200 mL) to yield an intensely yellow precipitate. 

Aq. NaOH (6N) was added to this suspension to afford a basic solution (pH = 9). The 

precipitate was filtered off and washed with hot acetone. Yellow crystals were obtained 

with 85% yield.  1H NMR (400 MHz, CDCl3): 6.56 (d, 2H, J = 8.4 Hz), 6.93 (d, 2H, J = 

8.4 Hz), 4.67 (d, 2H, J = 17.6 Hz), 4.32 (s, 2H), 4.01 (d, 2H, J = 17.6 Hz), 2.59 (s, 6H). 13C 

NMR (100 MHz, CDCl3): 149.8, 147.3, 132.9, 128.8, 124.9, 119.8, 67.2, 55.4, 13.5. 

4.3.1.8. Synthesis of 4,10-dimethyl-3,9-diamino-6H,12H-5, 

methanodibenzo[b,f][1,5]-diazocine (X) (TBDA) (Scheme 4.3)  

4,10-Dimethyl-3,9-dinitro-6H,12H-5, methanodibenzo[b,f][1,5]-diazocine (IX)  (1 g, 2.94 

mmol) was suspended in 100 mL ethanol followed by the addition of Fe powder (2.22 g, 

39.7 mmol) and acetic acid (10 mL). The obtained mixture was refluxed for 12 h under 

nitrogen, then cooled down to room temperature and precipitated in water. Excess iron was 

filtered off, and the aqueous layer was extracted using dichloromethane (3x50 mL). The 

organic layer was washed with saturated solution of NaHCO3 and dried over MgSO4; 

volatiles were removed by rota-evaporation at room temperature to afford a light brown 

powder as a final product (0.7 g, 85% yield). 1H NMR (400 MHz, DMSO-d6): 6.46 (d, 2H, 
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J = 8.4 Hz), 6.33 (d, 2H, J = 8.4 Hz), 4.57 (br s, 4H), 4.35 (d, 2H, J = 16 Hz), 4.11 (s, 2H), 

3.67 (d, 2H, J = 16 Hz), 2.04 (s, 6H). 13C NMR (100 MHz, DMSO-d6): 146.4, 145.8, 124.4, 

116.4, 115.4, 111.2, 67.7, 55.3, 11.3.  

4.3.2. Typical procedure for the synthesis of polyimides (Scheme 4.4) 

To a dry 25 mL reaction tube equipped with a Dean-Stark trap, nitrogen inlet and outlet, 

and reflux condenser were added the diamine (VIII a, VIII b or X) (1.0 mmol), equimolar 

amount of the dianhydride monomer (6FDA) (1.0 mmol) and isoquinoline (0.1 mL). The 

reaction mixture was stirred at room temperature for 1 h, and the temperature was then 

raised gradually to 200 °C and kept at that temperature for 4 h under a steady flow of 

nitrogen. Fibrous polyimide was obtained by the dropwise addition of the polymer solution 

to an excess of methanol (300 mL). The resulting solid fibers were filtered off, and the 

polymer was purified by re-precipitation from chloroform solution into methanol and dried 

at 120 °C in a vacuum oven for 24 h. 

 

 

Scheme 4.4 Synthesis of 6FDA-based TBDA and CTBDA polyimides. 
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4.3.2.1. Synthesis of 6FDA-CTBDA and 6FDA-iCTBDA 

Following the above general procedure 6FDA-CTBDA and 6FDA-iCTBDA were prepared 

from 6FDA dianhydride and TB diamine VIII a or VIII b, respectively, and obtained as 

off-white powder (~ 80-90% yield). 1H NMR (400 MHz, DMSO-d6, ): 2.02(br s, 6H), 

2.68 (br m, 2H), 3.25-3.34 (br m, 6H), 6.98 (br s, 2H), 7.24 (br s, 2H), 7.79 (br s, 2H), 7.96 

(br s, 2H), 8.15 (br s, 2H). FT-IR (Powder, ν, cm-1): 1785 (C=O asym), 1724 (C=O sym, 

str), 1367 (C−N, str), 722 (imide ring deformation); BET surface area = 587 [562] m2 g-1; 

GPC (DMF): Mn = 100,000 [85,000] g mol-1, Mw = 164,000 [155,000] g mol-1; PDI= 1.64 

[1.82]. TGA: Td,5% at ~490 [490] °C.  Numbers in brackets refer to 6FDA-iCTBDA. 

4.3.2.2. Synthesis of 6FDA-TBDA  

Following the above general procedure 6FDA-TBDA was prepared from the 6FDA 

dianhydride and diamine X (TBDA) as an off-white powder (95% yield). 1H NMR (400 

MHz, DMSO-d6, ): 2.32(s, 6H), 4.04 (d, 2H, J = 13.6 Hz), 4.2 (s, 2H), 4.38 (d, 2H, J = 

13.6 Hz), 7.03 (br s, 2H), 7.18 (br s, 2H), 7.78 (d, 2H, J = 10.8 Hz), 7.94 (s, 2H), 8.17 (s, 

2H). FT-IR (Powder, ν, cm-1): 1787 (C=O asym), 1727 (C=O sym, str), 1375 (C−N, str), 

725 (imide ring deformation); BET surface area = 403 m2 g-1; GPC (DMF): Mn = 33,000 g 

mol-1, Mw = 61,700 g mol-1; PDI = 1.86. TGA: Td,5% at ~450 °C. 

 

4.4. Results and discussion 

4.4.1. Synthesis of carbocyclic pseudo Tröger’s base-containing diamine (CTBDA)  

The carbocyclic pseudo-Tröger’s base (VI) was synthesized via a six-step synthetic route 

(Scheme 1). The intermediate (I) was synthesized through a reaction between 2-
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phenylacetonitrile and diiodomethane in the presence of KOH at 160 °C. Compound (II) 

was afforded by hydrolyzing cyano groups (-CN) to carboxylic acid groups (-COOH) using 

KOH and an ethanol/water mixture (1/1) at 100 °C. The desired product (III) was then 

prepared by mixing (II) with methanesulfonic acid at 80 °C. The reduction of the diketo 

groups of the CTB was achieved via a three-step synthetic route, starting by converting the 

carbonyl- to hydroxyl groups (IV) using lithium aluminum hydride (LiAlH4) at room 

temperature, followed by overnight refluxing with thionyl chloride (SOCl2) to replace the 

hydroxyl groups (-OH) by chloro groups (-Cl) (V), and finally by replacing the chlorine 

groups by hydrogens using LiAlH4 at 80 °C for 12 h to yield compound (VI). The molecular 

structures of all products were confirmed by 1H and 13C NMR.  

The CTB diamine was prepared via a reaction between the CTB precursor (VI) and 

potassium nitrate (KNO3) in trifluoroacetic anhydride (TFAA) solution to afford the dinitro 

compounds. The molecular structure of 2,8-dimethyl-3,9-dinitro-5,6,11,12-tetrahydro-

5,11-methanodibenzo[a,e][8]annulene (VII b) was confirmed by single-crystal x-ray 

crystallography (Figure 4.1). The dinitro compound was reduced using hydrazine 

monohydrate (N2H4
.H2O) and palladium on carbon (Pd/C) to afford the corresponding 

diamine. 1H and 13C NMR confirmed the structures of all products. 
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Figure 4.1 Molecular structure of 2,8-dimethyl-3,9-dinitro-5,6,11,12-tetrahydro-5,11-

methanodibenzo[a,e][8]annulene (VII b). 

 

4.4.2. Synthesis and characterization of CTBDA- and TBDA-based 6FDA 

polyimides  

The polyimides were synthesized via one-step high-temperature cycloimidization reaction 

between equimolar amounts of the diamine and dianhydride in m-cresol. This study 

revealed that structural isomerism had only small effects on the physical properties of 

6FDA-CTBDA (mono) and 6FDA-iCTBDA (multi) as indicated by FT-IR spectra, TGA, 

BET surface area and gas transport data, as discussed below. The molecular structures of 

the polymers were confirmed by 1H NMR and FT-IR spectroscopy. The characteristic 

absorption bands of the imide group were obtained at about 1785 and 1724 cm-1 (imide 

asymmetric and symmetric C=O stretching) and 1367 cm-1 (C−N, stretching frequency), 

as shown in Figure 4.2. Complete imidization was confirmed by the absence of 1H NMR 

signals above 10 ppm and lack of FTIR peaks around 3200 - 3500 cm-1. 
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Figure 4.2 FT-IR spectra of 6FDA-CTBDA, 6FDA-iCTBDA and 6FDA-TBDA 

polyimides. 

 

The polyimides were further characterized by GPC, TGA, and BET surface area (Table 

4.1). The CTBDA-based polyimides showed high average molecular weights (Mw ~ 

155,000-164,000 g mol-1) and a narrow polydispersity index of ~1.6-1.8. The 6FDA-

TBDA polyimide displayed lower Mw of ~ 62,000 g mol-1 which was similar to a 

previously reported value for the same TB polyimide [40]. 
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Table 4.1 Physical properties of 6FDA-CTBDA, 6FDA-iCTBDA and 6FDA-TBDA 

polyimides. 

Polymer Mw 

(g mol-1) 

Mn 

(g mol-1) 

PDIa
              

(-) 

Td,5%
b 

(°C) 

Density 

(g cm-3) 

BET surface 

area 

(m2 g-1) 

6FDA-CTBDA 164,000 100,000 1.64 490 1.26 587 

6FDA-iCTBDA 155,000   85,000 1.82 490 1.30 562 

6FDA-TBDA 61,700   33,000 1.87      450 1.30 403 

6FDA-TBDA [40] 52,000   23,000 2.30 450 1.28 349 

a PDI = polydispersity index; b Td,5% = temperature at which 5% weight loss was recorded 

by TGA. 

 

The three polyimides showed excellent solubility in common organic solvents, such as 

CHCl3, THF, DMF, DMAc, NMP, and DMSO. The 6FDA-CTBDA and 6FDA-TBDA 

polyimides exhibited high thermal stability with Td,5% of ~490 and 450 °C, respectively, as 

determined by TGA in a nitrogen atmosphere (Figure 4.3). 
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Figure 4.3 Thermal gravimetric analysis (TGA) of 6FDA-CTBDA, 6FDA-iCTBDA and 

6FDA-TBDA polyimides. 

 

Nitrogen adsorption isotherms of 6FDA-CTBDA, 6FDA-iCTBDA, and 6FDA-TBDA 

measured at -196 °C up to 1 bar are shown in Figure. 4.4a. High nitrogen uptake was 

evident at low relative pressure, indicating the presence of intrinsic microporosity in the 

polyimides. The BET surface areas of 6FDA-CTBDA (587 m2 g-1) and 6FDA-iCTBDA 

(562 m2 g-1) were practically identical within experimental error. The 6FDA-TBDA 

polyimide showed a BET surface area of 403 m2 g-1, which was ~15% higher than the 

previously reported value of 349 m2 g-1 by Wang et al. [40].  
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Figure 4.4  (a) Nitrogen adsorption isotherms measured at -196 °C up to 1 bar and (b) 

NLDFT-derived pore size distributions of 6FDA-CTBDA, 6FDA-iCTBDA and 6FDA-

TBDA. 

 

The NLDFT-derived pore size distributions for 6FDA-CTBDA, 6FDA-iCTBDA, and 

6FDA-TBDA calculated based on their N2 adsorption isotherms are shown in Figure 4.4b. 

All polyimides displayed pore size distributions with pores in the ultra-microporous range 

(< 7 Å) and a significant fraction of micropores in the range of 10-20 Å. The shift towards 

smaller ultra-micropores for 6FDA-TBDA was an indication to yield better size-sieving 

properties with correspondingly higher gas-pair selectivity compared to 6FDA-CTBDA 

and 6FDA-iCTBDA, as previously demonstrated for other PIM-PIs [26,50].  

4.4.3. Gas transport properties  

Pure-gas permeation experiments were performed at 2 bar and 35 °C on fresh and 60-day 

aged samples of 6FDA-CTBDA, 6FDA-iCTBDA, and 6FDA-TBDA. Both CTBDA-

derived polyimides exhibited high permeabilities and moderate selectivities, as shown in 

Table 2. The gas permeabilities of the polyimides followed the order: 

H2>CO2>O2>N2>CH4, a trend that is typically observed for moderately microporous PIM-
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PIs. The gas permeabilities of the two CTBDA-based polyimides were similar; for 

example, the CO2 permeabilities of fresh 6FDA-CTBDA and 6FDA-iCTBDA films were 

291 and 230 barrer, respectively, with identical CO2/CH4 selectivity of 25. This result 

indicates that isomerism in the CTB moiety of the 6FDA-based polyimides had only a 

small effect on their gas permeation properties. Physical aging of the 6FDA-CTBDA film 

over 60 days resulted in ~30-40% decrease in permeabilities with slight increase in 

selectivities. The performance of 6FDA-CTBDA and 6FDA-iCTBDA is shown for 

CO2/CH4 and H2/CH4 separation on a 2008 Robeson trade-off curve in Figure 4.5. 

Compared to industrial membrane materials for CO2/CH4 separation, such as cellulose 

triacetate (CTA), aged 6FDA-CTBDA showed commendable performance with ~30-fold 

higher CO2 permeability of 201 barrer (vs. 6.6 barrer for CTA) and similar CO2/CH4 

selectivity of 28 (vs. 32 for CTA) [51]. 

 

Table 4.2 Pure-gas permeabilities and selectivities for 6FDA-CTBDA, 6FDA-iCTBDA 

and 6FDA-TBDA (2 bar; 35 °C; film thickness ~40 µm). 

Polymer                               Permeability (barrer)                            Ideal selectivity  

                                        H2     CO2     O2        N2     CH4      H2/CH4     CO2/CH4     O2/N2 

6FDA-CTBDA 375 291 56 14.8 11.6 32 25   3.8 

6FDA-CTBDA* 286 201 43 10.3 7.2 40 28   4.2 

6FDA-iCTBDA 313 230 49 12.2 8.9 35 25   3.9 

6FDA-TBDA 262 174 35 7.6 5.2 50 33   4.6 

6FDA-TBDA* 241 157 33 7.3 4.8 50 33   4.5 

6FDA-TBDA [40] ** 390 285 47 12.0 8.0 49 36   4.0 

* 60 days aged sample. 
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** Data from reference [40]; film thickness 70-80 µm; T = 35 °C; p = 1 bar. 

 

 

Figure 4.5 Location of 6FDA-CTBDA, 6FDA-iCTBDA and 6FDA-TBDA on the 2008 

Robeson permeability/selectivity trade-off for CO2/CH4 (left) and H2/CH4 (right). 

 

The gas permeation properties of a structurally related 6FDA Tröger’s base-derived 

polyimide containing a methyl group in ortho position to the imide linkages (6FDA-

TBDA) are shown in Table 2 for comparison. In qualitative agreement with its lower BET 

surface area (Figure. 4.4a), the gas permeabilities of a fresh 6FDA-TBDA film were 40-

60% lower than those of the carbocyclic analogue 6FDA-CTBDA polyimide. 

Concurrently, the gas-pair selectivities of the 6FDA-TBDA polyimide were higher than 

those of the carbocyclic pseudo-Tröger’s base analogue. This trend follows the qualitative 

shift in pore size distribution towards smaller ultra-micropores in the 6FDA-TBDA relative 

to 6FDA-CTBDA, as shown in Figure. 4.4b. 

 6FDA-TBDA showed good stability against physical aging as gas-pair selectivities 

remained constant and gas permeabilities decreased by only 10% over 60 days (Table 4.2). 

Previously, Wang et al. [40] reported gas permeation properties for 6FDA-TBDA with 
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~40-60% higher gas permeabilities than those of the fresh 6FDA-TBDA film reported here; 

permselectivity values were similar, as shown in Table 4.2. The differences in gas 

permeabilities could have stemmed from a variety of reasons including different film 

formation protocols, storage conditions, and film thickness.  

It has been proposed that the tertiary amine groups in the Tröger’s base building block in 

PIMs and PIM-PIs may significantly enhance the affinity towards CO2 due to Lewis acid-

base interactions [40-42]. Moreover, it was suggested that the strong adsorption interaction 

might hinder CO2 diffusion [40-42]. This was supported by data for 6FDA-TBDA 

generated by gas diffusion coefficients deduced from time lag measurements (D = l2/6 

where l is the film thickness and  is the time lag) and calculated solubility coefficients 

from the relationship S = P/D. Using this methodology, very high CO2/N2 and CO2/CH4 

solubility selectivities were obtained and attributed to the nitrogen functionality of the 

tertiary amine groups in the bridgehead of the Tröger’s base moiety [40-42]. Hence, 

differences in the gas sorption properties of the nitrogen-containing Tröger’s base 6FDA-

TBDA polyimide and carbocyclic pseudo-Tröger’s “base” 6FDA-CTBDA polyimide were 

expected.  
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Figure 4.6 CO2 and CH4 sorption isotherms measured gravimetrically at 35 °C. (a) 

6FDA-CTBDA and (b) 6FDA-TBDA. 

 

In this work, CO2 and CH4 sorption isotherms of 6FDA-TBDA and its carbocyclic 

analogue 6FDA-CTBDA were measured directly by gravimetric gas sorption at 35 °C up 

to ~ 15 bar (Figure. 4.6). Only small differences in both CO2 and CH4 sorption uptake for 

6FDA-CTBDA and 6FDA-TBDA were evident from the isotherms. The CO2 and CH4 

solubility coefficients measured at 2 bar are shown in Table 4.3. The Tröger’s base-derived 

6FDA-TBDA polyimide exhibited only ~15% higher CO2 solubility than measured for 

6FDA-CTBDA polyimide demonstrating only small sorption enhancement due to CO2-

selective interactions with the tertiary amine groups in the Tröger’s base derived polyimide. 

Moreover, CH4 sorption uptake in 6FDA-TBDA also increased by ~ 15%; therefore, both 

polyimides exhibited CO2/CH4 solubility selectivity of 4.1 at 1 bar (Table 4.4) and ~3.5 at 

2 bar (Table 4.5). Hence, our study clearly demonstrated that the basicity of the Tröger’s 

base moiety in 6FDA-TBDA had only a marginal effect on the gas sorption properties. 

However, it appears that the tertiary amine groups in the 6FDA-TBDA polyimide affected 

the chain packing due to enhanced chain interactions, which resulted in a tighter polymer 
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structure. This hypothesis is supported by lower BET surface area, reduced diffusion 

coefficients and higher diffusion selectivity (Table 4.5), as compared to the carbocyclic 

6FDA-CTBDA. 

 

Table 4.3 CO2 and CH4 diffusion coefficients and solubility coefficients for 6FDA-

CTBDA and 6FDA-TBDA (T = 35 °C, p = 2 bar). 

    Polymer                           Diffusion coefficienta                      Solubility coefficientb 

                                                    (10-8 cm2/s)                             (10-2 cm3(STP)/cm3 cmHg) 

                                           CO2                       CH4                        CO2                     CH4 

6FDA-CTBDA 13.3 1.87 21.8 6.2 

6FDA-TBDA 6.8 0.7 25.5 7.4 

6FDA-TBDAc 5.3 1.1 54 7.3 

a Determined from D = P/S (S measured directly by gravimetric method); 2 bar, 35 °C. 

b Measured gravimetrically at 2 bar and 35 °C. 

c Data from reference [40]. D determined by time lag method; S calculated from S = P/D 

(1 bar, 35 °C). 

 

Table 4.4 CO2 and CH4 solubility coefficients for 6FDA-CTBDA, 6FDA-iCTBDA and 

6FDA-TBDA (T = 35 °C, p = 1 bar). 

    Polymer                           Solubility coefficient                          Solubility selectivity 
                                        (10-2 cm3(STP)/cm3 cmHg)                                     (-) 
                                           CO2                       CH4                                   CO2/CH4 
6FDA-CTBDAa            30.4          7.5              4.1  

6FDA-TBDAa            35.7          8.7              4.1  

6FDA-TBDAb             54          7.3              7.4  
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a S measured directly by the gravimetric method at 1 bar, 35 °C. 

c Data from reference [1]. D determined by time lag method; S calculated from S = P/D 
(1 bar, 35 °C). 

 

Table 4.5 CO2/CH4 diffusion selectivity and solubility selectivity for 6FDA-CTBDA and 

6FDA-TBDA (T = 35 °C, p = 2 bar). 

 
       Diffusion selectivitya 

           (𝛼)D 

  Solubility selectivityb 

                (𝛼)S 

    Polymer CO2/CH4  CO2/CH4  

6FDA-CTBDA 7.1       3.5 

6FDA-TBDA 9.7       3.4 

6FDA-TBDAc 4.8       7.4 

a Determined from D = P/S (S measured directly by gravimetric method); 2 bar, 35 °C. 

b Measured gravimetrically at 2 bar and 35 °C. 

c Data from reference [40]. D determined by time lag method; S determined indirectly from 

S = P/D. (1 bar, 35 °C). 

 

4.5. Conclusions 

A novel carbocyclic pseudo Tröger’s base-containing diamine (CTBDA) and its isomeric 

analogue (iCTBDA) were designed and used to prepare two intrinsically microporous 

CTB-based polyimides by a high-temperature polycondensation reaction with 

commercially available 6FDA. The polyimides exhibited high thermal stability, high 

molecular weight, excellent solubility and high BET surface area of ~560-590 m2 g-1. In 

comparison to a Tröger’s base polyimide analogue, 6FDA-TBDA, the carbocyclic 



155 
 

polyimide displayed higher BET surface area and higher gas permeability with slightly 

lower gas-pair selectivity. Physical aging over a period of 60 days reduced the gas 

permeabilities in 6FDA-CTBDA by 30-40% with a small increase in gas-pair selectivity. 

Direct gravimetric gas sorption measurements indicated that the tertiary amine groups in 

the Tröger’s base polyimide increased the CO2 sorption uptake only slightly and had no 

effect on CO2/CH4 solubility selectivity relative to the carbocyclic pseudo-Tröger’s “base” 

polyimide.  
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Chapter 5. Synthesis and Characterization of Organo-Soluble 

Polyimides Derived from Alicyclic Dianhydrides and a Dihydroxyl-

Functionalized Spirobisindane Diamine 

 

As shown in Chapter 4, a small modification in the monomer’s structure can lead to a 

significant change in the gas transport performance. Therefore, more investigations on the 

effect of functional groups are needed for better understanding the relationships between 

the structure and the gas transport performance. For this reason, the main aspect of the 

work reported in chapter 5 was to introduce a new contorted building block to the PIMs 

family and study the effect of bromine groups on the gas transport performance.  

This chapter was reprinted with permission from M. A. Abdulhamid, X. Ma, B. Ghanem, 

I. Pinnau. Synthesis and characterization of organo-soluble polyimides derived from 

alicyclic dianhydrides and a dihydroxyl-functionalized spirobisindane diamine. ACS Appl. 

Polym. Mater., 2019, 1(1), pp 63-69. Copyright (2019) American Chemical Society. 

5.1. Abstract 

Two novel organo-soluble polyimides were made by polycondensation reaction of alicyclic 

bicyclo[2.2.2]oct-7-ene-2,3,5,6-tetracarboxylic dianhydride (BC) or 1,4,7,8-

tetrabromobicyclo[2.2.2]oct-7-ene-2,3,5,6-tetracarboxylic anhydride (BCBr4) with 

3,3,3’,3’-tetramethyl-1,1’-spirobisindane-5,5’-diamino-6,6’-diol (SBIDA). BC-SBIDA 

and BCBr4-SBIDA exhibited excellent thermal stability of ~420 and 352 °C and displayed 

microporosity as indicated by Brunauer-Emmett-Teller (BET) surface areas of 191 and 243 

m2 g-1, respectively. The polyimide films were solution-processable in common polar 
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organic solvents and exhibited strong mechanical properties with tensile modulus of 1.15-

1.4 GPa, tensile strength of 27-28 MPa, and elongation at break of 2-4%. Introducing 

alicyclic moieties disturbs the delocalization of π-electrons across the polyimide backbone 

that reduces charge transfer complex (CTC) formation leading to the formation of 

colourless and transparent polyimide films. A freshly made bromine substituted BCBr4-

SBIDA membrane showed promising gas separation performance with O2 permeability of 

31 barrer and O2/N2 selectivity of 5.9. Physical aging of BCBr4-SBIDA over 365 days 

resulted in a reduction in gas permeability to 17 barrer with a commensurate increase in 

O2/N2 selectivity to 6.6, which demonstrated highly competitive performance compared to 

commercially available polymers for air separation.  

5.2. Introduction   

Polyimides (PIs) are used in a diverse range of demanding applications because of their 

excellent thermal stability, mechanical strength, chemical resistance, and electrical 

properties [1,2]. Fully aromatic PIs typically display strong intra-and inter-chain 

interactions due to their highly conjugated structure and strong charge transfer complex 

(CTC) formation [3–5]. The CTCs originate from interactions of the electron-withdrawing 

groups in the aromatic dianhydride and the electron-donating moieties in the aromatic 

diamine building block. As a result, aromatic PI films often show deep yellow to brown 

colors with poor optical transmittance which restrict their use in optical and optoelectronic 

applications [6]. High optical transparency in polyimide films can be achieved by several 

strategies, including introduction of: (i) electronegative groups, such as –CF3, (ii) alicyclic 

building blocks, and (iii) sterically hindered groups with twisted or bulky structures [7–

14]. These modifications can influence the color, dielectric constant and LCD alignment 
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of polyimides. A commercially available fluorinated dianhydride, 4,4'-

(hexafluoroisopropylidene)diphthalic anhydride (6FDA), has been extensively 

investigated as an architectural building block for polyimide synthesis because it can yield 

organo-soluble, transparent and almost colorless polyimides [15–18]. 6FDA has also been 

used for the synthesis of linear polyimides of intrinsic microporosity (PIM-PIs) for 

membrane-based gas separation applications by reaction with diamines bearing bulky 

contortion sites based on spirobisindane-[19,20], spirobifluorene-[21–23], triptycene-[24–

28], Tröger’s base- [29–34] and carbocyclic pseudo Tröger’s base [35] building blocks. 

Alternatively, PIM-PIs can also be designed from dianhydrides with various architectural 

motifs that induce microporosity in the polymer. Specifically, optimized PIM-PIs made 

from triptycene-and ethanoanthracene-derived dianhydrides [36,37] demonstrated 

excellent gas separation properties with performance defining the 2015 

permeability/selectivity upper bounds for O2/N2 and H2/CH4 separations [38]. 

Here, we report the synthesis and characterization of solution-processable PIM-PIs derived 

from alicyclic dianhydrides, bicyclo[2.2.2]oct-7-ene-2,3,5,6-tetracarboxylic dianhydride 

(BC) and 1,4,7,8-tetrabromobicyclo[2.2.2]oct-7-ene-2,3,5,6-tetracarboxylic anhydride 

(BCBr4), reacted with a hydroxyl-functionalized PIM-motif diamine, 3,3,3’,3’-

tetramethyl-1,1’-spirobisindane-5,5’-diamino-6,6’-diol (SBIDA). The optical and gas 

transport properties of semi-aromatic BC-SBIDA and BCBr4-SBIDA polyimides are 

compared to those of a previously reported fully aromatic 6FDA-SBIDA polyimide 

analogue [19,20]. 
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5.3. Experimental  

5.3.1. Monomer synthesis 

 

 

Scheme 5.1 Synthetic procedure for BCBr4 (II) and SBIDA (III) monomers. 

5.3.1.1. Synthesis of tetrabromothiophene-1,1-dioxide (I) 

Tetrabromothiophene-1,1-dioxide was synthesized according to a previously reported 

procedure [39]. Tetrabromothiophene (4.5 g, 11.3 mmol) and 3-chloroperbenzoic acid (8.4 

g, 48.4 mmol) were refluxed in 1,2-dichloroethane (75 ml) for 5 days. The solution was 

then cooled down to room temperature and the precipitated 3-chlorobenzoic acid was 

filtered off. The filtrate was washed twice with saturated sodium bicarbonate solution, 

dried over magnesium sulfate (MgSO4), and the volatiles were removed by vacuum to 

afford a violet solid. The crude solid was purified by column chromatography over silica 

gel with dichloromethane (DCM)/petroleum ether 1:1 as an eluent. The solvents were 

removed by Rota-evaporation to give the tetrabromothiophene-1,1-dioxide as light yellow 

crystals. (3 g, 63% yield); mp = 201 °C; 13C NMR (100 MHz, CDCl3, δ): 119.9, 128. FT-
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IR (powder, ν, cm-1): 1570 and 1530 (conjugated C=C, str), 1325 (asym S=O, str), 1311 

(sym S=O, str). 

5.3.1.2. Synthesis of 1,4,7,8-tetrabromobicyclo[2.2.2]oct-7-ene-2,3,5,6-

tetracarboxylic anhydride (BCBr4) (II).   

The product (I) (3.26 g, 7.55 mmol) was reacted with maleic anhydride (1.85 g, 18.9 mmol) 

in bromobenzene (40 ml) under reflux for 5 days. The reaction system was cooled down to 

room temperature and the crystallized product, 1,4,7,8-tetrabromo-bicyclo[2.2.2]oct-7-

ene-2,3,5,6-tetracarboxylic anhydride, was then filtered and dried at 120 °C under vacuum. 

The obtained product was recrystallized using acetic anhydride to afford white crystals as 

a final product. (1.8 g, 42% yield); mp = 355 °C; 1H NMR (400 MHz, DMSO-d6, δ): 4.23 

(s, 4H). 13C NMR (100 MHz, DMSO-d6, δ): 51.5, 114.6, 125.0, 165.2. 

5.3.1.3. Synthesis of 3,3,3’,3’-tetramethyl-1,1’-spirobisindane-5,5’-diamino-6,6’-

diol (III) (SBIDA) [14]. 

To a stirred mixture of 3,3,3’,3’-tetramethyl-1,1’-spirobisindane-5,5’-dinitrol-6,6’-diol 

(2.5 g, 6.3 mmol) and 5% palladium/carbon (0.6 g) in absolute ethanol (70 ml), 7 ml 

hydrazine hydrate was added dropwise. After refluxing overnight, the cooled mixture was 

filtered through Celite into stirred water (600 ml). The resulting white solid was dried under 

vacuum at 120 °C for 20 h to give off-white powder. (2.25 g, 90 % yield); mp = 263 °C; 

1H NMR (400 MHz, DMSO-d6, δ): 1.21 (s, 6H), 1.27 (s, 6H), 1.97 (d, J = 16 Hz, 2H), 2.15 

(d, J = 16 Hz, 2H,), 4.31 (br s, 4H), 6.05 (s, 2H), 6.39 (s, 2H), 8.66 (br s, 2H). 13C NMR 

(100 MHz, DMSO-d6, δ): 31.1, 32.1, 42.7,56.7, 60.2, 107.5, 109.6, 135.9, 139.2, 142.6, 

144.2.  
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5.3.2. Typical procedure for the synthesis of polyimides (Scheme 5.2) 

 To a dry 25 ml reaction tube equipped with a Dean-Stark trap, nitrogen inlet and outlet, 

and reflux condenser were added SBIDA (1.0 mmol), an equimolar amount of the 

dianhydride monomer (1.0 mmol), m-cresol (3 ml) and isoquinoline (0.1 ml). The reaction 

mixture was stirred at room temperature for one hour and the temperature was raised 

gradually to 200 °C and kept at that temperature for four hours under a steady flow of 

nitrogen. The fibrous polyimide was obtained by the dropwise addition of the polymer 

solution to an excess of methanol (300 ml). The resulting solid was filtered and dried in an 

oven at 120 °C. Purification was achieved by re-precipitation from DMF into methanol, 

and the final product was dried at 120 °C in the vacuum oven for 24 h. 

 

 

Scheme 5.2 Synthesis of BC-SBIDA and BCBr4-SBIDA. 6FDA-SBIDA is included for 

comparison [19,20]. 
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5.3.2.1. Synthesis of BC-SBIDA 

Following the above general procedure BC-SBIDA was prepared from the dianhydride BC 

(0.22 g, 0.88 mmol) and SBIDA (0.3 g, 0.88 mmol) (III) diamine as an off-white powder 

(90% yield). 1H NMR (400 MHz, DMSO-d6, δ): 1.26-1.31 (br d, J= 19.56 Hz, 12H), 2.15-

2.32 (br m, 4H), 3.47 (br m, 6H), 6.21-6.21 (br m, 2H), 6.59 (br s, 2H), 6.9 (br s, 2H), 9.49 

(br s, 2H). FT-IR (film, ν, cm-1): 3100-3500 (br, str O-H), 1775 (C=O asym), 1769 (C=O 

sym, str), 1385 (C−N, str), 780 (imide ring deformation); Mn = 95,400 g mol-1; PDI = 2.0; 

ρ = 1.26 g ml-1; SBET = 191 m2 g-1; TGA analysis: Td,5% = 420 °C. 

5.3.2.2. Synthesis of BCBr4-SBIDA 

Following the above general procedure BCBr4-SBIDA was prepared from the dianhydride 

BCBr4 (0.167 g, 0.295 mmol) (II) and SBIDA (0.1 g, 0.295 mmol) (III) as a white powder 

(91% yield). 1H NMR (400 MHz, DMSO-d6, δ): 1.32-1.33 (br s, 12H), 2.21 (br m, 2H), 

2.36 (br m, 2H), 3.82-4.12 (br m, 4H), 6.36 (br s, 2H), 6.54 (br m, 2H). FT-IR (film, ν, cm-

1): 3100-3500 (br, str O-H), 1787 (C=O asym), 1717 (C=O sym, str), 1372 (C−N, str), 780 

(imide ring deformation); Mn = 140,600 g mol-1; PDI = 1.7; ρ = 1.55 g ml-1. SBET = 243 m2 

g-1; TGA analysis: Td,5%= 352 °C.  

5.4. Results and discussion 

5.4.1. Synthesis and physical characterization 

 Substituted BCBr4 (II) was synthesized by a previously reported procedure via a two-step 

synthetic route [39]. The key intermediate, tetrabromothiophene-1,1-dioxide (I) was 

prepared by reacting tetrabromothiophene with m-chloroperbenzoic acid (m-CPBA) at 

90 °C for 5 days followed by a double Diels-Alder reaction with maleic anhydride at a 

reaction temperature of 160 °C for 5 days (Scheme 5.1). The chemical structure of BCBr4 
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was confirmed by 1H NMR and 13C NMR. The polyimides (Scheme 5.2) were obtained by 

reaction of the two alicyclic dianhydrides, BC and BCBr4, with SBIDA under a catalytic 

amount of isoquinoline (0.1 ml) in m-cresol (3 ml) at 200 °C for four h under a continuous 

flow of nitrogen. The molecular structures of the two polyimides were confirmed by FT-

IR (Figure 5.1) and 1H NMR spectroscopy. 1H NMR showed no signals above 10 ppm 

indicating complete imidization. The characteristic absorption bands of the imide group 

were obtained at about 1787 and 1717 cm-1 (imide asymmetric and symmetric C=O 

stretching), and 1372 cm-1 (C−N, stretching frequency). 

 

 

Figure 5.1 FT-IR spectra of BC-SBIDA and BCBr4-SBIDA. 

 

The two polymers demonstrated good solubility in highly polar aprotic solvents including 

DMF, NMP, DMAc, DMSO, and m-cresol. A related previously reported 6FDA-SBIDA 
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polyimide showed enhanced solubility in low-boiling solvents, such as acetone and 

tetrahydrofuran (THF), compared to the alicyclic derivatives (Table 5.1)  [19,20].  

 

Table 5.1 Solubility of BC-SBIDA, BCBr4-SBIDA, and 6FDA-SBIDA in organic 

solvents. 

Polymer CH3Cl Acetone THF DMF NMP DMAc DMSO m-Cresol 

BC-SBIDA -- -- -- ++ ++ ++ ++ ++ 

BCBr4-SBIDA -- -- -- ++ ++ ++ ++ ++ 

6FDA-SBIDA -- ++ ++ ++ ++ ++ ++ ++ 

 

Robust BC-SBIDA and BCBr4-SBIDA films with good mechanical properties were 

obtained as shown in Table 5.2 and Figure 5.2. The tensile strength (27-28 MPa), tensile 

modulus (1.15-1.4 GPa) and elongation at break (2-4%) of the BC-SBIDA and BCBr4-

SBIDA polyimides were similar, indicating that the bromine substitution in the alicyclic 

based dianhydride had only a relatively small effect on the rigidity of the polyimides.  

 

Table 5.2 Mechanical properties of bicyclo-based polyimides. 

Polymer  
Tensile strength 

(MPa) 

Tensile modulus 

(GPa) 

Elongation at break 

(%) 

BC-SBIDA 26.6±2.2 1.15±0.04 4.0±0.5 

BCBr4-SBIDA 28.2±2.5 1.4±0.05 2.1±0.3 
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Figure 5.2 Stress-strain curves of BC-SBIDA and BCBr4-SBIDA. 

 

The molecular weights of the polymers were obtained by GPC in DMF using narrow 

polydispersity polystyrene as external standard (Table 5.3). BC-SBIDA and BCBr4-

SBIDA had number-average molecular weights of 95,400 and 140,600 g mol-1 with a 

narrow polydispersity index (PDI) of 2.0 and 1.7, respectively. BC-SBIDA and BCBr4-

SBIDA exhibited good thermal stability with 5% weight loss decomposition temperatures, 

Td5%, of 420 and 352 °C, respectively, as determined by TGA under a nitrogen atmosphere 

(Figure 5.3, Table 5.3). The lower Td5% of BCBr4-SBIDA at 352 °C resulted from the 

decomposition of the bromine substituents in the bicycle moiety which led to a decrease in 

the thermal stability of BCBr4-SBIDA compared to BC-SBIDA. 
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Table 5.3 Basic properties of BC-SBIDA, BCBr4-SBIDA and 6FDA-SBIDA polyimides. 

 

Polymer 

Mw  

(g mol-1) 

Mn  

(g mol-1) 

PDI 

 (-) 

Td,5%
a

   

(°C) 

 Density 

 (g ml-1) 

SBET  

(m2 g-1) 

  BC-SBIDA 190,000 95,400 2.0 420 1.26 191 

BCBr4-SBIDA 243,250 140,600 1.7 352 1.55 243 

6FDA-SBIDAb 165,000 85,400 1.9 400 1.26 190 

aDecomposition temperature at 5% weight loss. bPolyimide denoted as PIM-6FDA-OH in 

reference [19]. 

 

 

Figure 5.3 Thermal gravimetric analysis (TGA) of BC-SBIDA and BCBr4-SBIDA under 

a nitrogen atmosphere. 

   

Nitrogen adsorption isotherms of BC-SBIDA, BCBr4-SBIDA and, for comparison 6FDA-

SBIDA [19], measured at -196 °C are shown in Figure 5.4. BC-SBIDA, BCBr4-SBIDA, 



172 
 

and 6FDA-SBIDA had BET surface areas of 191, 243 and 190 m2 g-1, respectively, 

indicating moderately high microporosity in this series of polyimides. It is suggested that 

the bromine substitution in the BCBr4-SBIDA exhibited two effects on the molecular 

polymer chain packing: (i) tightening of micropores in the interchain bicyclic structure 

(internal free volume) leading to higher gas-pair selectivity and (ii) increase in interchain 

spacing due to the bulky bromine atoms that resulted in moderately higher BET surface 

area and gas permeability than BC-SBIDA. 

 

Figure 5.4 N2 adsorption isotherms of BC-SBIDA (blue), BCBr4-SBIDA (red) and 

6FDA-SBIDA (black) measured at -196 °C up to 1 bar. 

 

5.4.2. Optical properties 

To compare the strength of the interchain charge transfer complex (CTC) formation 

between the aromatic 6FDA-SBIDA polyimide and semi-alicyclic/semi-aromatic BCBr4-

SBIDA polyimide fluorescence spectroscopy experiments were carried out in the solid 
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state. Figure 5.5 shows the results of the emission spectra for the polyimide films. CTCs 

are typically formed between the nucleophilic five-member rings and electrophilic six-

member rings in polyimides [4,40]. Both polyimides showed emission spectra band peaks 

at ~545 nm when excited at 400 nm. However, the existence of the alicyclic ring in the 

BCBr4-SBIDA polyimide structure resulted in an apparent decrease in the emission peak 

intensity as compared to 6FDA-SBIDA. The BCBr4-SBIDA featured a colorless film, 

whereas the 6FDA-SBIDA film was yellow colored which followed the qualitative trend 

in the strength of the charge transfer complex formation (Figure 5.5). 

 

 

Figure 5.5 Solid-state fluorescence emission spectra (excitation at 400 nm) of BCBr4-

SBIDA and 6FDA-SBIDA. 
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Figure 5.6 Transmission UV-vis spectra of 11-12 µm thick BC-SBIDA, BCBr4-SBIDA, 

and 6FDA-SBIDA polyimide films. 

 

The optical properties of the polyimide films were further evaluated by UV–vis 

spectroscopy. The transmission UV-vis spectra of 11-12 µm thick polyimide films are 

shown in Figure 5.6. BC-SBIDA and BCBr4-SBIDA films exhibited UV cutoffs (λo) at a 

wavelength of ~ 300-310 nm and were entirely transparent and colorless, whereas the 

yellow colored 6FDA-SBIDA film displayed a wavelength cutoff of 380 nm. Transparency 

in the visible region was evaluated in the range from 400 to 800 nm, as shown in Table 5.4.  
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Table 5.4 Optical transparency of BC-SBIDA, BCBr4-SBIDA and 6FDA-SBIDA films. 

Polymer 0 (nm)a T400 (%)b T450 (%)b T500 (%)b 

BC-SBIDA 310 83 83 84 

BCBr4-SBIDA 300 80 82 83 

6FDA-SBIDA 380 49 70 76 

a UV cut-off wavelength; b transmittance at 400, 450 and 500 nm, respectively. 

 

Clearly, the two SBIDA-based polyimides derived from alicyclic dianhydrides, BC-

SBIDA and BCBr4-SBIDA, exhibited significantly better transparency than the aromatic 

6FDA-SBIDA analogue over the entire UV-vis spectrum. This resulted from the weaker 

electron withdrawing effect of the alicyclic fraction in the polyimide repeat units that 

reduced the intra- and intermolecular CTCs in the polymers [12]. 

 

5.4.3. Gas permeation properties of the BC-SBIDA and BCBr4-SBIDA polyimides 

The gas permeation properties of the semi-alicyclic/semi-aromatic BC-SBIDA and BCBr4-

SBIDA polyimide films, determined by the constant-volume/variable-pressure technique 

at 2 bar and 35 °C, are summarized in Table 5.5. The gas transport properties of the 

previously reported aromatic 6FDA-SBIDA polyimide are included in Table 5.5 for 

comparison. Interestingly, the BC-SBIDA and 6FDA-SBIDA films displayed similar 

permeability and a marginal difference in perm-selectivity for different gas pairs. For 

example, H2 permeabilities of fresh 6FDA-SBIDA and BC-SBIDA films were 181 and 206 

barrer with H2/CH4 selectivities of 53 and 45, respectively.  
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It is well known that bromine substitution can significantly affect the gas transport 

properties of glassy polymers, as previously demonstrated for polycarbonate (PC) [41,42], 

poly(phenylene oxide) (PPO) [43] and Matrimid polyimide [44]. For example, 

Muruganandam et al. demonstrated a notable increase in O2/N2 selectivity from 4.8 to 7.5 

by 3,3’,5,5’-tetrabromo substitution of the biphenol-A polycarbonate backbone with 

essentially no change in O2 permeability of ~ 1.4-1.5 barrer. It was suggested that the boost 

in O2/N2 resulted from stronger interchain cohesive forces induced by the bromine 

substitution leading to more pronounced size sieving properties [41]. Chowdhury et al. 

studied the effect of bromination on the performance of poly(phenylene oxide) [43]. An 

increase in O2 permeability from 16.7 barrer for the pristine PPO to 24.7 barrer for the 60% 

brominated PPO was observed with a small rise in O2/N2 selectivity from 4.8 to 5.0. Guiver 

et al. reported the gas permeation properties of brominated Matrimid polyimide and 

demonstrated a significant increase in O2 permeability to 3 barrer from 1.9 barrer for the 

pristine polyimide with a small concurrent decrease in O2/N2 selectivity from 7.0 to 6.5 

[44]. 

In our study, BCBr4-SBIDA displayed higher gas permeability and gas-pair selectivity 

values compared to the unsubstituted BC-SBIDA polyimide. For example, the O2 

permeabilities of  BCBr4-SBIDA and BC-SBIDA were 31 and 23 barrer with O2/N2 

selectivities of 5.9 and 4.2, respectively. The increased O2  permeability of BCBr4-SBIDA 

resulted from a ~ 20% higher O2 diffusion coefficient and ~ 10% higher O2 solubility 

coefficient than observed in BC-SBIDA (Table 5.6). The enhanced size-sieving properties 

of BCBr4-SBIDA are evident from higher O2/N2 permselectivity due to increased O2/N2 

diffusion selectivity, as shown in Table 5.7.  
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Table 5.5 Gas permeability and selectivity of BC-SBIDA, BCBr4-SBIDA and 6FDA-

SBIDA polyimides (p = 2 bar; 35 °C). 

Polymer 
 Permeability (barrer)   Ideal selectivity (αX/Y)  

 H2 N2 O2 CH4 CO2
 H2/N2 H2/CH4 O2/N2 CO2/CH4 

BC-SBIDAa 206 5.5 23 4.6 130  37 45 4.2 28 

Aged 365 d 127 3.0 14.6 2.4   79 43 54 4.9 33 

BCBr4-SBIDAa 274 5.3 31.2 4.9 138 52 55 5.9 28 

Aged 365 d 152 2.6 17.2 2.5   81 58 61 6.6 33 

6FDA-SBIDAb 181 5.5 23.8 3.4 119 33 53 4.3 35 

a Freshly made membranes were soaked in MeOH for 24 h and then dried at 120 °C in a 

vacuum oven for 24 h; b freshly made membranes were soaked in MeOH for 24 h and then 

dried at 250 °C under vacuum for 24 h; 1 barrer = 10-10 cm3(STP) cm cm-2 s-1 cmHg-1. 

 

Table 5.6 Gas diffusion and solubility coefficients of BC-SBIDA, BCBr4-SBIDA and 

6FDA-SBIDA polyimides (p = 2 bar; 35 °C). 

 Diffusion coefficient 

(10-8 cm2 S-1) 

Solubility coefficient 

(10-2 cm3(STP)cm-3 cmHg-1) 

Polymer  N2  O2 CH4 CO2 N2 O2 CH4 CO2 

BC-SBIDA 2.63 11.4 0.83 7.4 2.00 2.04 5.5 17.7 

BCBr4-SBIDA 2.65 14.1 0.66 5.1 1.98 2.21 7.5 27.1 
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Table 5.7 Gas diffusion and solubility selectivities of BC-SBIDA, BCBr4-SBIDA and 

6FDA-SBIDA polyimides for O2/N2 and CO2/CH4 (p = 2 bar; 35 °C). 

Polymer 

Diffusion selectivity (α)D Solubility selectivity (α)S 

O2/N2 CO2/CH4 O2/N2 CO2/CH4 

BC-SBIDA 4.3 8.9 1.02 3.2 

BCBr4-SBIDA 5.3 7.7 1.12 3.6 

 

Upon physical aging over 365 days, gas permeabilities dropped significantly by 40-50% 

for BC-SBIDA and BCBr4-SBIDA polyimides, which is typical behavior for glassy 

polymers of intrinsic microporosity due to the densification of insufficiently packed glassy 

polymer chains toward their equilibrium state [45]. On the other hand, aging resulted in a 

moderate increase in the gas-pair selectivities. Interestingly the aged BCBr4-SBIDA 

polyimide showed good performance for O2/N2 separation with O2 permeability of 17 

barrer and O2/N2 selectivity of 6.6. For comparison, the most selective commercially 

available membranes for O2/N2 separation,  Matrimid [44] and tetrabromo-polycarbonate 

[42], exhibit slightly higher O2/N2 selectivity (7.0 and 7.5, respectively) but with ∼10-fold 

lower O2 permeability, as shown in the 2008 permeability/selectivity performance upper 

bound for air separation (Figure 5.7) [46]. 
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Figure 5.7 Performance of BC-SBIDA and BCBr4-SBIDA compared to commercially 

available materials for air separation relative to the 2008 O2/N2 permeability/selectivity 

upper bound [46]. 

 

In summary, this study demonstrated that the bicyclo[2.2.2]oct-7-ene-2,3,5,6-

tetracarboxylic dianhydride (BC) and its brominated derivative (BCBr4) are promising 

building blocks for the synthesis of high-performance PIM-PIs for membrane gas 

separation applications, especially air separation.  

5.5. Conclusions 

Two novel organo-soluble and colorless polyimides of intrinsic microporosity were made 

from two alicyclic bicyclo dianhydrides (BC and BCBr4) and 3,3,3’,3’-tetramethyl-1,1’-

spirobisindane-5,5’-diamino-6,6’-diol (SBIDA). The BC-SBIDA and BCBr4-SBIDA 

polyimides displayed a microporous texture with BET surface areas of 191 and 243 m2 g-

1, respectively. Better size-sieving properties were obtained with the bromine-substituted 
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PI due to some intermolecular polar interactions between the polymer chains. Compared 

to the highest selective commercially available polymer membranes (TB-PC and 

Matrimid,) for air separation, BCBr4-SBIDA showed ~10-fold higher O2 permeability with 

similar O2/N2 selectivity. The excellent balance between high gas permeability and high 

O2/N2 selectivity makes alicyclic BCBr4-SBIDA a promising candidate for membrane-

based gas separation.  
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Chapter 6. Unravelling the Relationships between High Permeability 

and Selectivity through Designing Plasticization Resistant Carboxyl-

Functionalized Homopolymer 

 

The incorporation of bromine atoms into the polymer backbone led to a remarkable 

enhancement in O2/N2 separation as shown in chapter 5, which can be referred to some 

polar-polar interactions due to the high electronegativity of bromine atoms. Therefore, 

polar groups can induce notable changes in the performance of polyimides with 

microporosity. Thus, the aim of the work reported in chapter 6 is to achieve high 

permeabilities and high gas-pair selectivities by design of a carboxyl-containing 

homopolymer. The carboxyl group can form hydrogen bonds to tighten the polymer 

structure to increase the size-sieving properties of the material. 

6.1. Introduction 

Polymers of intrinsic microporosity (PIMs) have attracted attention as materials for 

membranes separation, sensors, catalysis and other applications due to their high BET 

surface area, gas sorption and gas permeability which resulted from insufficient packing of 

polymer chains [1–7]. An ideal membrane is depicted by both high permeability and 

selectivity. The general trade-off of polymeric membranes was described by Robeson 

upper bound, in which materials with high permeability demonstrated low selectivity and 

vice versa [8,9]. A large number of PIMs materials with high permeability and low-to-

moderate selectivity have been reported in the literature over the past 10 years [10–17]. 

The linear glassy polymer poly(1-trimethyl-silyl-1-propyne) (PTMSP), which was first 

reported in 1983, was the first generation of PIMs materials and one of the highest 
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permeable polymers known to date due to the presence of a bulky trimethylsilyl side chain 

group and an alternating double bond in the main chain [18]. Mckeown and Budd reported 

a new generation of glassy polymers as rigid ladder polymers in 2004 [10]. These materials 

were soluble in common organic solvents, exhibited high gas permeabilities and moderate 

selectivities. In 2007, the intrinsic microporosity concept was extended to polyimides, 

where a series of linear polyimides with intrinsic microporosity (PIM-PIs) were prepared 

using spirobisindane (SBI) kinked monomer as a microporosity generator [14,19]. As a 

result of structural engineering and modifications, some PIM-PIs have surpassed the 2008 

trade-off curve offering high gas permeabilities and good perm-selectivities [15,20–22] 

However, for most applications, high selectivity is required in combination with moderate 

permeability [23,24]. As reported previously, achieving high selectivity with average 

permeability can be afforded by incorporating polar groups such as hydroxyl (–OH), 

carboxyl (–COOH), and bromine (–Br) groups into the polymer backbone [22,25–29]. 

Stern’s group was the first to report hydroxyl- and carboxyl-containing polyimides with 

very high CO2/CH4 [28]. Park et al. also reported 4,4'-(hexafluoroisopropylidene)diphthalic 

anhydride (6FDA) and 3,5-diaminobenzoic acid (DABA) gas separation [30]. The treated 

film of 6FDA-DABA at 150 °C for 10 h under vacuum demonstrated CO2 permeability of 

5-6 barrer with CO2/CH4 selectivity of 52. Ma et al. recently reported a CO2 permeability 

of 11 barrer with CO2/CH4 selectivity of 72 for a 6FDA-DABA film treated at 250 °C for 

24 h under vacuum [27].  

The ability of the carboxyl group for cross-linking and hydrogen bonding formation has 

attracted the attention of researchers in the last few years [27,31–36]. Du et al. first reported 

the effect of incorporating –COOH groups on PIMs performance for gas separation, and 
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noted that increasing the degree of carboxylation in PIM-1, the gas permeability decreased, 

whereas the permselectivity increased significantly [35]. Koros and coworkers reported 

several types of 6FDA-DABA containing copolymers to combine good permeabilities and 

high selectivities, where one monomers is responsible for producing high permeability and 

a second one for generating high selectivity and crosslinking. For instance, the best 

copolymer prepared from 6FDA and 1,3,5-trimethylphenylene diamine (DAM) (6FDA-

DAM: DABA 3:2) exhibited CO2 permeability of 144 barrer with CO2/CH4 of 34 [37]. 

Furthermore, PMDC (chemically modified 6FDA-DAM: DABA 3:2 using 1,3-propane 

diol as a cross-linker) cross-linked polymer exhibited CO2 permeability of 57.5 barrer and 

CO2/CH4 of 37 [38]. Ma et al. reported bi-functionalized copolymers prepared from –OH 

containing SBI diamine and –COOH-containing diamine (DABA) with 6FDA. The 

resulting copolymers exhibitedstrong intermolecular interactions due to hydrogen bonding 

formation between the –OH and –COOH groups which led to CO2 permeability of 77 

barrer and CO2/CH4 selectivity of 53 by using a 1:1 copolymer ratio [27]. It is important to 

mention that the most commonly used commercial membrane for CO2/CH4 separation is 

cellulose acetate with a pure-gas CO2 permeability of 6.6 barrer and CO2/CH4 selectivity 

of 33 [39]. In contrast, under harsh conditions with high pressure and mixed-gas, the 

CO2/CH4 selectivity is reduced to less than 15 [40,41]. It has been proposed that new 

membrane materials with mixed-gas selectivity of 40 and higher, would elevate the overall 

economical practicability of natural gas sweetening [23]. 

Herein, we report a newly designed –COOH containing diamine and its homo-polymer 

polyimide– soluble in common organic solvents prepared by reacting 3,5-diamino-2,4,6-

trimethylbenzoic acid (TrMCA) with 4,4'-(hexafluoroisopropylidene)diphthalic anhydride 
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(6FDA) in m-cresol at 200 °C (Scheme 1). 6FDA-TrMPD (noted before as 6FDA-DAM) 

is included for comparison and systematic study. The polyimides were fully characterized 

by 1H NMR, gel permeation chromatography (GPC), thermogravimetric analysis (TGA), 

Fourier transform infrared spectroscopy (FTIR) and wide-angle X-ray diffraction 

(WAXD). Moreover, pure- and mixed-gas permeation data and sorption measurements are 

reported. 

6.2. Experimental section 

6.2.1. Monomer synthesis 

 

 

Scheme 6.1 Synthesis of 3,5-diamino-2,4,6-trimethylbenzoic acid (TrMCA) . 

 

6.2.1.1. Synthesis of 2,4,6-trimethyl-3,5-dinitrobenzoic acid (I) 

2,4,6-trimethylbenzoic acid (1 g, 6.1 mmol) was suspended in H2SO4 (13 ml) and HNO3 

(20 ml) was added dropwise. The reaction was stirred overnight at room temperature. The 

reaction mixture was then poured onto water and the dinitro compound was precipitated as 

white solid, filtrated, washed with water 3 times and then dried under vacuum at 100 °C 

for 24 h to afford white powder (1.24 g, 80 % yield); mp = 219 °C; 1H NMR (400 MHz, 

DMSO-d6): δ 2.19 (s, 3H), 2.27 (s, 6H). 13C NMR (100 MHz, DMSO-d6): δ 12.9, 15.2, 

122.4, 128.2, 137.6, 150.1, 167.7. 
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6.2.1.2. Synthesis of 3,5-diamino-2,4,6-trimethylbenzoic acid (II) 

2,4,6-trimethyl-3,5-dinitrobenzoic acid (I) (0.64 g, 2.5 mmol) was suspended in methanol 

(10 ml) followed by the addition of Pd/C 5% (0.1 g) and N2H4.H2O (3 ml). The reaction 

was refluxed for two days and then cooled down to room temperature, filtered through 

Celite and the solution was concentrated by Rotavap. The concentrated solution was then 

added to dichloromethane (DCM) solution to obtain a white precipitate. The obtained solid 

was filtered and placed in the oven at 90 °C for 24 h to afford the pure diamino compound 

(0.44g, 90 % yield); mp = 286 °C; 1H NMR (400 MHz, DMSO-d6): δ 1.89 (s, 3H), 1.91 (s, 

6H), 4.99 (br s, 4H). 13C NMR (100 MHz, DMSO-d6): δ 11.6, 15.2, 103.6, 105.0, 141.9, 

142.0, 176.1. 

6.2.2. General procedure for polyimides synthesis  

As shown in Scheme 6.2, 6FDA-TrMPD and 6FDA-TrMCA were prepared by one-step 

high temperature polycondensation reaction using an equimolar amounts of the 

commercially available 4,4-(hexafluoroisopropylidene) diphtalic anhydride (6FDA) and 

their corresponding diamines in m-cresol and in the presence of catalytic amount of 

isoquinoline. The reaction was stirred for 20 min at room temperature under a flow of 

nitrogen and then the temperature was raised gradually to 200 °C and kept at this 

temperature for four h under a steady flow of nitrogen. The obtained water resulting from 

the imidization reaction was removed with a stream of nitrogen, after cooling down the 

reaction was added to methanol. The resulting polymers were filtrated and purified two 

times by re-precipitation from their dimethylformamide (DMF) solutions into methanol, 

and then dried under vacuum for 24 h at 150 °C as off-white solid or fibers. The polymers 
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were fully characterized by 1H NMR, FT-IR, GPC, BET surface area and demonstrated 

good solubility in organic solvents from which robust and transparent films were cast.  

 

 

Scheme 6.2 Synthesis of 6FDA-TrMCA and 6FDA-TrMPD. 6FDA-DAM: DABA 3:2 is 

included for comparison. 

 

6.2.2.1. Synthesis of 6FDA-TrMPD 

Following the general procedure for polyimide synthesis, 6FDA-TrMPD was prepared by 

reacting 6FDA (0.59 g, 1.33 mmol) with TrMPD (0.2 g, 1.33 mmol) in 3 ml m-cresol to 

afford white powder (92%) as a final product. 1H NMR (400 MHz, DMSO-d6): δ 1.91 (s, 

3H), 2.13 (s, 6H), 7.32 (s, 1H), 7.92 (s, 4H), 8.17 (s, 2H).  Mn= 135,800 g mol-1; PDI = 

1.22; ρ = 1.24 g ml-1; SBET = 450 m2 g-1; TGA analysis: Td,5% = 502 °C. 
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6.2.2.2. Synthesis of 6FDA-TrMCA 

6FDA-TrMCA was prepared by reacting 6FDA( 0.46 g, 1.03 mmol) with TrMCA (0.2 g, 

1.03 mmol) in 3 ml m-cresol to afford white fiber (95%) as a final product. 1H NMR (400 

MHz, DMSO-d6): δ 1.96 (s, 3H), 2.13 (s, 6H), 7.94 (br s, 2H), 8.19 (d, 4H, J = 7.92 Hz), 

13.79 (br s, 1H). FT-IR (ν, cm-1): 3200-3700 (br, str O-H), 1791 (C=O asym), 1714 (C=O 

sym, str), 1351 (C−N, str), 718 (imide ring deformation); Mn= 113,700 g mol-1; PDI = 1.16; 

ρ = 1.31 g ml-1; SBET = 260 m2 g-1; TGA analysis: Td,5% = 360 °C. 

6.3. Results and discussion 

6.3.1. Synthesis of 3,5-diamino-2,4,6-trimethylbenzoic acid (TrMCA) 

3,5-Diamino-2,4,6-trimethylbenzoic acid (TrMCA) was prepared by a two-step synthetic 

route, starting by a nitration reaction of 2,4,6-trimethylbenzoic acid using nitric acid 

(HNO3) in the presence of H2SO4 at room temperature. The dinitro compound was reduced 

to diamine by reacting it with hydrazine monohydrate (N2H4.H2O) and palladium on carbon 

(Pd/C, 5%) in ethanol under reflux. The molecular structures of the dinitro and the diamino 

compounds were confirmed by 1H and 13C NMR. 

6.3.2. Synthesis and characterization of the polyimides 

Two polyimides were prepared by one-step high-temperature polycondensation reaction 

between 6FDA and the two diamines (i.e., TrMPD and TrMCA) in m-cresol at 200 °C and 

in the presence of isoquinoline. Total conversion of poly (amic) acids into polyimides were 

confirmed by FT-IR and 1H NMR. The characteristic absorption bands of the imide group 

were obtained at about 1791 and 1714 cm-1 (imide asymmetric and symmetric C=O 

stretching) and 1351 cm-1 (C-N, stretching frequency). The hydroxyl absorption of –COOH 

was found as a broadband between 3200 and 3700 cm-1, as shown in Figure 6.1. 
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Figure 6.1 FT-IR spectra of 6FDA-TrMPD and 6FDA-TrMCA polyimides. 

 

TGA was used to evaluate the thermal stability of the newly designed carboxyl 

functionalized polyimide. As expected, the carboxyl-functionalized polyimides 

decomposed in two stages, where the first stage resulted from the thermal removal of –

COOH starting from 350 °C to 450 °C, and the second stage involved decomposition to 

graphitic carbon [26,42]. 6FDA-TrMCA displayed Td,5% of 412  °C which is lower than 

the decomposition temperature of the non-functionalized polyimide 6FDA-TrMPD (Td,5% 

of 502 oC). However, due to lack of functionalities, 6FDA-TrMPD did not undergo any 

thermal rearrangement but simply degraded into its carbon structure in a single-stage 

process, as shown in Figure 6.2. 
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Figure 6.2 Thermal gravimetric analysis (TGA) of 6FDA-TrMPD and 6FDA-TrMCA 

polyimides. 

 

The polyimides were further characterized by GPC (Table 6.1). 6FDA-based polyimides 

demonstrated high average molecular weight Mn with a low polydispersity index (PDI). 

For instance, 6FDA-TrMPD and 6FDA-TrMCA revealed Mn of 135,800 g mol-1 and 

113,700 g mol-1 with PDI of 1.22 and 1.16, respectively. 6FDA-TrMCA showed higher 

density (determined geometrically) compared to 6FDA-TrMPD, which resulted from 

stronger interchain packing in the case of carboxyl functionalized polyimides. The two 

polyimides exhibited excellent solubility in common organic solvents such as THF, DMF, 

DMSO, DMAc, NMP, and m-cresol (Table 6.2). 
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Table 6.1 Characteristics of 6FDA-trimethylphenyldiamine-based polyimides. 

 

Polymer 

Mw a 

(g mol-1) 

Mn a 

(g mol-1) 

PDI a Td,5% 
b
  

(°C) 

SBET 

(m2 g-1) 

Density c 

(g ml-1) 

6FDA-TrMPD 165,700 135,800 1.22 502 450 1.24 

6FDA-TrMCA 131,900 113,700 1.16 412 260 1.31 

a Measured by GPC with polystyrene as the calibration standard; b Measured by TGA with 

a ramp rate of 3 °C/min to 800 °C; c Measured geometrically using weight, thickness and 

area of the films.    

 

Table 6.2 Solubility of 6FDA-based polyimides in organic solvents. 

Polymer CH3Cl THF DMF NMP DMAc DMSO m-cresol 

6FDA-TrMPD ++ ++ ++ ++ ++ ++ ++ 

6FDA-TrMCA -- -+ ++ ++ ++ ++ ++ 

++: soluble; -+: soluble with heating; --: insoluble. 

6.3.3. Microstructure of the functionalized polyimides 

The BET surface areas of the functionalized and non-functionalized 6FDA-based 

polyimides were calculated from the nitrogen adsorption isotherms at -196 °C. 6FDA-

TrMPD exhibited a BET surface area of 450 m2 g-1. In the case of 6FDA-TrMCA, the 

addition of the carboxylic acid group resulted in a reduction in the BET surface area to 260 

m2 g-1 in the case of 6FDA-TrMCA (Figure 6.3). This significant reduction results from 
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strong chain packing induced by the formation of hydrogen bonding between the polymeric 

chains, as reported earlier [22]. 

 

Figure 6.3 Physisorption isotherms for 6FDA-TrMPD and 6FDA-TrMCA measured by 

N2 at -196 °C up to 1 bar. 

 

Along with the BET surface areas measurement, the fractional free volume of the 

functionalized and non-functionalized polyimides, which were obtained by Materials 

Studio 8.0, followed the same trend. 6FDA-TrMPD displayed the highest surface area and 

the highest FFV, whereas 6FDA-TrMCA preserved the lower surface area and FFV, as 

shown in Figure 6.4. 
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Figure 6.4 Molecular dynamics simulation of 6FDA-TrMPD and 6FDA-TrMCA 

polyimides in an amorphous cell with their corresponding calculated FFV. 

 

It has been proven that incorporating polar groups into the polymer backbone can create 

strong chain packing by forming hydrogen bonding between donor and acceptor atoms 

[22,26,28]. The tighter chain packing will lead consequently to a decrease in the fractional 

free volume occupied by the polymer chains and enhance the size sieving properties of the 

materials. Molecular dynamics simulation was used to predict the different possible types 

of hydrogen bonding within the same polymer. As shown in Figure 6.5, the presence of 

carboxyl group which contains –OH group can act as a hydrogen donor and form different 

types of hydrogen bonding with acceptor atoms. For instance, the hydrogen atom in the 

carboxylic acid group can form hydrogen bonding with the C=O of the carboxylic acid 

group and with the fluorine atoms in the –CF3 groups. Moreover, -COOH extended the 

hydrogen bonding to the carbonyl and imide groups within a range less than 4 Å. Therefore, 

the decrease in the BET surface area after appending –COOH group to the polymer chains, 
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the reduction in the FFV, and the increase in density are results of hydrogen bonding 

formation induced by the presence of the polar functional –COOH group.  

 

Figure 6.5 H-bonding between polymer chains using Molecular Dynamic Simulations 

(Materials Studio version 8.0) for 6FDA-TrMCA. 

 

Furthermore, sufficient packing of the polymer chains enhances the delocalization of the 

π-electrons through conjugation and increases the potential of charge transfer complex 

(CTC) formation between electron-withdrawing groups in the aromatic dianhydride and 

the electron-donating moieties in the aromatic diamine building block [43,44]. The 

carboxyl-functionalized polyimide 6FDA-TrMCA demonstrated higher fluorescence 

emission intensity compared to 6FDA-TrMPD at an excitation wavelength of 380 nm. 

Moreover, the stronger delocalization of π-electrons increases the coloration of the 

obtained film, where 6FDA-TrMCA displayed intense color relative to 6FDA-TrMPD, as 

shown in Figure 6.6 [28]. 
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Figure 6.6 Solid state fluorescence emission spectra (excitation at 380 nm) of 6FDA-

TrMPD and 6FDA-TrMCA.  

 

6.3.4. Pure-gas permeation and pressure dependence properties 

The pure-gas permeation properties of the two polyimides were measured at 35 °C and 2 

bar in the following order H2, N2, O2, CH4 and CO2 and are listed in Table 6.3. Previously 

reported data for 6FDA-DABA and 6FDA-TrMPD: DABA (3:2) are included in Table 6.3 

for comparison. 6FDA-TrMPD exhibited higher gas permeabilities but lower selectivities 

relative to 6FDA-TrMCA. For example, the CO2 permeability of 6FDA-TrMPD was 

reduced from 388 to 144 barrer by introducing –COOH groups to the polymer backbone. 

However, the CO2/CH4 selectivity increased significantly by 125% (from 20 to 45) for the 

carboxyl-functionalized polyimide. Therefore, the -COOH groups have boosted 

dramatically the size-sieving properties of the polyimide, as can be clearly seen from the 

remarkable improvements in the perm-selectivities of all gases.  

Combining high permeabilities and selectivities is still one of the most challenging issues 

for advanced gas separation membrane materials. Several attempts, including 
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copolymerization and cross-linking, have been used to overcome the 

permeability/selectivity trade-off behavior of polymer materials. Koros and coworkers 

have utilized carboxyl-functionalized 6FDA-DABA in combination with 6FDA-TrMPD 

as copolymer (6FDA-TrMPD: DABA (3:2)) to combine high permeabilities and high 

selectivities in one material. The best copolymer composition demonstrated CO2 

permeability of 144 with CO2/CH4 selectivity of 34, measured at 6.8 bar and 35 °C [37]. 

After thermal crosslinking of PMDC (chemically modified 6FDA-DAM: DABA 3:2 using 

1,3-propane diol), the cross-linked polymer exhibited slightly higher CO2/CH4 selectivity 

(37) with a notable drop in permeability, form 144 to 57 barrer, in comparison with the 

pristine copolymer 6FDA-TrMPD: DABA (3:2) [37, 38]. 

Moreover, Ma et al. reported bi-functionalized copolymers prepared from –OH-containing 

spriobisindane (SBI) diamine and –COOH-containing diamine (DABA) with 6FDA. The 

resulting copolymers demostrated strong intermolecular interactions due to hydrogen 

bonding formation between the –OH and –COOH groups which led to CO2 permeability 

of 77 barrer and CO2/CH4 selectivity of 53 by using 1:1 copolymer ratio [27]. It is important 

to note that the newly prepared 6FDA-TrMCA displayed better gas separation properties 

compared to all polymers mentioned earlier. 6FDA-TrMCA merged good CO2 

permeability (144 barrer) and high selectivity 45 in a homo-polymer structure which can 

be easily prepared by a facile method. 6FDA-TrMCA revealed 22-fold higher CO2 

permeability compared to cellulose acetate (DS 2.85) (6.6 barrer) with 36 % higher 

CO2/CH4 selectivity (33) [39]. 
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Table 6.3 Pure-gas permeabilities and ideal selectivities for 6FDA-TrMPD and 6FDA-

TrMCA measured at 2 bar and 35 °C. 

Polymer 
 Permeability (barrer)   Ideal selectivity (αX/Y)  

 H2 N2 O2 CH4 CO2
 H2/N2 H2/CH4 O2/N2 CO2/CH4 

6FDA-TrMPDa 362 22 78  19 388  16   19 3.5 20 

Aged 600 days 171 7.7 30.5 6.1 156  22   28 3.9 25 

6FDA-TrMCAa 192 5.52 26.4 3.17 144  35   60 4.8 45 

6FDA-DABAb [27] 49 0.42 2.86 0.15 11 115 327 6.7 72 

6FDA-DABAc [37] - 0.51 3.14 0.2 12.8 - - 6.1 62 

6FDA-

TrMPD:DABAc (3:2) 

[37] 

- 7.04 32 4.19 144   -   - 4.5 34 

a Treated at 200 °C for 24 h under vacuum; b Treated at 250 °C for 24 h under vacuum; c 

measured at 6.8 bar and 35 °C. 

 

The pressure-dependence of pure CO2 and CH4 permeability and CO2/CH4 selectivity for 

the carboxyl-functionalized polyimide, 6FDA-TrMCA, is shown in Figure 6.7a and 6.7b, 

respectively. 6FDA-TrMCA behaves as a conventional glassy polymer, where the CO2 

permeability decreases upon increasing the partial pressure due to dual-mode sorption 

effects over a pressure range of 2-15 bar. On the other hand, methane permeability was 
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essentially independent of feed pressure. As a result, the CO2/CH4 selectivity suffered from 

22 % loss (from 45 at 2 bar to 35 at 15 bar) at high pressure [26]. 

 

 

Figure 6.7 (a) Pressure dependence of pure-gas CO2 and CH4 permeability and (b) 

pressure dependence of pure-gas CO2/CH4 selectivity for 6FDA-TrMCA. 

 

6.3.5. High-pressure mixed-gas permeation properties 

The mixed-gas permeation results of 6FDA-TrMCA was determined at 35 °C with a feed 

containing 50 vol% CO2/ 50 vol% CH4. The feed pressure was varied in a range between 

4 and 30 bar to obtain similar partial pressure used for pure-gas pressure dependence 

measurements (2 – 15 bar). CO2 permeability of mixed-gas was slightly lower than that 

obtained from pure-gas at the same partial pressure. For example, at 15 bar the pure-gas 

permeability of CO2 was 105 barrer compared to 92 barrer in the mixed-gas environment, 

as shown in Figure 6.8a. This marginal difference could have resulted from competitive 

sorption effects between CO2 and CH4 under the mixed-gas conditions [45,46]. 

Subsequently, the CO2/CH4 selectivity decreased along with the reduction of mixed-gas 
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CO2 permeability over the whole pressure range, as shown in Figure 6.8b. A 22% reduction 

in CO2/CH4 selectivity was noticed from 46 to 35 as the feed pressure was increased from 

4 to 30 bar. It is worth to noting that the typical CO2 partial pressure of natural gas wells is 

in the range of 5-10 bar [47]. Interestingly, within the typical partial pressure range (5-10 

bar) 6FDA-TrMCA demonstrated CO2 permeability of ~110 barrer and CO2/CH4 

selectivity of ~40. These results can improve the overall economic feasibility of CO2 

removal from natural gas, as proposed by Baker and Lokhandwala [23]. 

 

Figure 6.8 (a) Pressure-dependence of pure and mixed-gas CH4 and CO2 permeabilities 

and (b) CO2/CH4 selectivities for 6FDA-TrMCA. 

 

6.4. Conclusions 

In this study, the effect of carboxylic acid groups incorporated in the polymer backbone, 

on high-pressure pure- and mixed-gas permeation properties was investigated for 6FDA-

TrMCA. 6FDA-TrMCA displayed pure gas permeation results better than commercially 

available membrane materials and performed better than previously reported copolymers 

and crosslinked –COOH-functionalized polyimides. No plasticization was noted for this 
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polymer at high pressure in both pure-and mixed-gas measurements. At standard 

conditions of natural gas wells (5-10 bar), 6FDA-TrMCA demonstrated CO2 permeability 

about 100 barrer with CO2/CH4 ~ 40. Therefore, this novel polymer can be an excellent 

candidate for gas separation under harsh conditions and can be easily scaled up due to the 

facile synthetic procedure.  
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Chapter 7.  Microporous Polyimides from Ladder Diamines and 

Dianhydride Synthesized by Facile Catalytic Arene-Norbornene 

Annulation as High-Performance Membranes for Gas Separation 

 

Chapter 4, 5, and 6 have shown the importance of functionalities in optimizing the gas 

transport performance. However, another major disadvantage of designing and 

synthesizing contorted monomers is the number of synthetic steps required. For instance, 

to prepare spirobisindane diamine an average of three step-synthesis is required with an 

overall yield less than 40%. To overcome this issue, a new synthetic method is highlighted 

in this chapter where a kinked diamine can be prepared by single-step with a yield that can 

exceed 70%. This chapter is divided into three parts, where the first part will discuss the 

synthesis of CANAL polyimides from non-functionalized CANAL-diamine and their gas 

transport properties. The second part will show in details the effect of methoxy and 

hydroxyl groups on the CANAL polymer properties. The third part will cover the synthesis 

and gas transport properties of CANAL-based dianhydride polyimides.  

Portions of this chapter were reprinted with permission from M. A. Abdulhamid, H. W. H. 

Lai, Y. Wang, Z. Jin, Y. C. Teo, X. Ma, I. Pinnau, Y. Xia. Microporous polyimides from 

ladder diamines synthesized by facile catalytic arene-norbornene annulation as high-

performance membranes for gas separation. Chem. Mater., 2019, 31 (5), pp 1767-1774. 

Copyright (2019) American Chemical Society. 
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7.1. Abstract  

Facile catalytic arene-norbornene annulation (CANAL) was used to synthesize a series of 

rigid ladder-type diamines from bromoanilines reacted with norbornadiene in one step. The 

same synthetic strategy was used to prepare a CANAL dianhydride precursor. 

Polycondensation of these CANAL ladder building blocks with dianhydrides or diamines 

led to a series of intrinsically microporous polyimides (PIM-PIs) with different degrees of 

rotational freedom around the imide linkages. The PIM-PIs exhibited good solubility in 

common organic solvents, excellent mechanical properties, and high thermal stability with 

decomposition temperature above 380 °C. These PIM-PIs showed high Brunauer-Emmett-

Teller (BET) surface areas of ~ 200 – 600 m2 g-1 and abundant micropores with variable 

pore size distribution as revealed by wide-angle X-ray diffraction. Pure-gas permeation 

measurements of mechanically robust films of these PIM-PIs yielded high permeabilities 

and moderate selectivities for multiple industrially relevant gas pairs. CANAL PIs had 

higher permeability and similar permselectivity compared to analogous PIs from Tröger’s 

base (TB) and carbocyclic Tröger’s base (CTB) diamines under identical conditions and 

sample preparation, thereby residing closer to the upper bound of separation performance 

than TB and CTB analogues. CANAL PIs also exhibited relatively slow aging. 

7.2. Introduction 

Soluble microporous polymers have emerged as an important class of processable 

membrane materials for gas separation applications, which have stringent requirements for 

many of the polymers’ physical, transport, and processing properties [1–6]. In order to 

achieve microporosity while remaining soluble and thus solution-processible, the polymers 

must contain a high density of rigid yet contorted spirocyclic and/or ladder-shaped 
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molecular motifs [1,7–9]. Rigid and contorted molecular structures that have been 

commonly used for soluble microporous polymers are limited to a few building blocks, 

such as triptycene [10–15], spirobisindane [16–19], spirobifluorene [20–23], and Tröger’s 

base [18,24–28]. This is largely due to the limited chemical toolbox for an efficient and 

versatile synthesis of rigid ladder molecular motifs. Additionally, functionalized ladder 

motifs often require multistep synthesis [13,21,27]. Rational design of new polymer 

membranes for gas separation applications necessitates the understanding of how different 

molecular motifs affect the polymer’s chain packing and transport properties. Therefore, it 

is highly desirable to develop new contorted ladder- or pseudo-ladder polymers via 

efficient chemistry and compare physical parameters and separation performance between 

a diverse array of motifs.  

Yan et al. reported the synthesis of rigid ladder polymers with norbornyl benzocyclobutene 

backbones via efficient catalytic arene-norbornene annulation (CANAL) from readily 

available dibromoarenes and norbornadiene or dinorbornenes as monomers [29–31]. Rigid 

and frequent contortion in the backbones of CANAL ladder polymers led to high surface 

area and microporosity. CANAL polymers also exhibited excellent thermal stability, 

despite the high density of strained four-membered rings. No glass transition was detected 

by differential scanning calorimetry (DSC) up to 300 °C [29]. However, it has been 

challenging to obtain mechanically robust membranes from CANAL ladder polymers. 

While we continue to tackle this challenge, we envisioned that efficient and versatile 

CANAL chemistry could also be used to synthesize ladder motifs as monomers for other 

types of polymers, such as polyimides (PIs). PIs generally exhibit robust mechanical 
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properties [32,33], and the constituent CANAL ladder repeat units are expected to generate 

microporosity. 

Herein, we report the facile synthesis of a series of functionalized and non-functionalized 

CANAL ladder diamines prepared from bromoanilines and norbornadiene. We also report 

the synthesis of CANAL dianhydride building block prepared from 4-bromoveratrol and 

norbornadiene, and their polymerization with dianhydrides and diamines to form 

polyimides of intrinsic microporosity (PIM-PIs). These PIM-PIs exhibited remarkable 

thermal and mechanical properties as well as promising transport properties for gas 

separation. The simplicity and high efficiency of the CANAL reaction allow for the 

synthesis of structurally, conformationally, and functionally diverse microporous PIs, 

opening the door to further investigations of the structure-property relationships of soluble 

microporous polymers. 

7.3. Part #1: Synthesis and characterization of microporous polyimides 

made from non-functionalized CANAL diamines. 

This part focuses on designing of novel non-functionalized diamines prepared by one-step 

synthesis using catalytic arene-norbornene annulation. A series of polyimides with intrinsic 

microporosity are reported here with full characterization and gas permeation data. 

7.3.1. Monomer synthesis: General procedure for CANAL diamines synthesis 

To a flame-dried 50-mL glass pressure tube were added bromoaniline (1 eq.), Pd(OAc)2 

(0.01 eq.), PPh3 (0.02 eq.), Cs2CO3 (1.0 eq.) and 1,4-dioxane. After the pressure tube was 

flushed with nitrogen for 5 min, NBD (0.5 equiv) was added. The mixture was then stirred 

at 150 °C for 24 h (Scheme 7.1). The mixture was cooled to room temperature and passed 
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through a thin layer of Celite to remove inorganic salts. The filtered solution was 

concentrated and then washed with methanol to obtain a brown solid. The crude solid was 

purified by a silica gel column using dichloromethane: petroleum ether/1:1 as an eluent to 

yield the CANAL diamine in a mixture of syn and anti-isomers as a white solid. 

 

Scheme 7.1 Facile synthesis of CANAL diamines. Reaction conditions: 0.5 equiv. 

nobornadiene 1 mol% Pd(OAc)2, 2 mol% PPh3, 1 equiv. Cs2CO3, 1,4-dioxane, 150 °C. 
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7.3.1.1. Synthesis of CANAL-1-MeNH2 

CANAL-1-MeNH2 was prepared following the above general procedure using 4-bromo-2-

methylaniline (1) as the starting material. (0.9 g, 28% yield); mp = 262 °C; 1H NMR (400 

MHz, DMSO-d6, δ): 0.64 (s, 2H), 2.0 (s, 6H), 2.1(t, J = 6.44 Hz, 2H), 3.0 (s, 4H), 4.56 (br 

s, 4H), 6.30 (s, 2H), 6.57 (s, 2H). 13C NMR (100 MHz, DMSO-d6, δ): 18.5, 26.2, 37.7, 48.5, 

48.6, 108.2, 120.72, 120.74, 123.7, 133.66, 133.74, 144.2, 144.28, 146.6. HRMS-APPI 

(m/z): [M + H]+ calcd for [C21H23N2]+: 303.1783; found, 303.1850. 

7.3.1.2. Synthesis of CANAL-1’-MeNH2 

CANAL-2-MeNH2 was prepared using 3-bromo-2-methylaniline (1’) as the starting 

material.  (1.1 g, 73% yield); 1H NMR (300 MHz, CDCl3, δ): 0.8 (s, 2H), 2.03 (s, 3H), 2.05 

(s, 3H), 2.26-2.33 (m, 2H), 3.16 (m, 4H), 3.48 (br s, 4H), 6.55 (d, J= 5.67 Hz, 2H), 6.68 (d, 

J= 5.67 Hz, 2H). 13C NMR (75 MHz, CDCl3, δ): 11.8, 11.9, 26.3, 36, 36.9, 37.7, 47.5, 47.8, 

114.6, 114.7, 117.3, 120.1, 120.2, 135.9, 143.9, 145.6. LC-MS-ESI (m/z): [M + H]+ calcd 

for [C21H23N2]+: 303.17; found, 303.10. 

7.3.1.3. Synthesis of CANAL-2-Me2NH2 

CANAL-4-Me2NH2 was prepared using 4-bromo-2,6-dimethylaniline (2) or 3-bromo-2,6- 

dimethylaniline (2’) as the starting material. (1 g, 30% yield for 2 and 0.3 g, 73% yield for 

2’); mp = 173 °C; 1H NMR (400 MHz, DMSO-d6, δ): 0.61 (br s, 2H), 1.91-1.94 (m, 6H), 

2.03 (br s, 6H), 2.14 (s, 1H), 2.21 (s, 1H), 2.98-3.08 (m, 4H), 4.27 (br s, 4H), 6.47 (br s, 

2H). 13C NMR (100 MHz, DMSO-d6, δ): 12.5, 12.6, 19.0, 26.4, 36.0, 37.0, 37.9, 47.5, 47.6, 

47.7, 47.8, 115.6, 120.6, 121.4, 132.8, 132.9, 142.8, 142.9, 143.9. HRMS-APPI (m/z): [M 

+ H]+ calcd for [C23H27N2]+: 331.2096; found: 331.2161. 



216 
 

7.3.1.4. Synthesis of CANAL-3-MeNH2 

CANAL-3-MeNH2 was prepared using 4-bromo-3-methylaniline (3) as the starting 

material.  (0.33 g, 81% yield); mp = 227 °C; 1H NMR (500 MHz, DMSO-d6): δ 6.14 (s, 

2H), 6.04 (s, 2H), 4.68 (s, 4H), 2.97 (t, 4H, J = 1.56 Hz, 1.56 Hz), 2.12 (m, 2H), 1.97 (s, 

6H), 0.63 (s, 2H); 13C NMR (125 MHz, DMSO-d6): δ 149.2,146.1, 132.0, 131.9, 114.5, 

105.8, 48.0, 47.3, 36.7, 26.4, 17.0. HRMS-APPI (m/z): [M + H]+ calcd for [C21H23N2]+: 

303.1856; Found. 303.1850. 

7.3.2. Typical procedure for the synthesis of polyimides 

To a dry 25-mL reaction tube equipped with a Dean-Stark trap, nitrogen inlet and outlet, 

and a reflux condenser were added CANAL diamine (1.0 mmol), an equimolar of the 

dianhydride (1.0 mmol) and isoquinoline (0.1 ml) to m-cresol. The reaction mixture was 

stirred at room temperature for one hour, and the temperature was then raised gradually to 

200 °C and kept at that temperature for four hours under a steady flow of nitrogen. The 

fibrous polyimide was obtained by the dropwise addition of the polymer solution to 

methanol (300 ml). The resulting solids were filtered and dried in the oven at 120 °C. 

Purification was achieved by re-precipitation from chloroform into methanol and dried at 

120 °C in the vacuum oven for 24 hours. 
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Scheme 7.2 Synthesis of CANAL PIs (only the anti-isomers of diamines are shown in the 

structures of the PIs for clarity). Reaction conditions: isoquinoline, m-cresol, 200 °C. (b) 

Structures of previously reported ladder diamines. 
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7.3.2.1. Synthesis of CANAL-PI-1-MeNH2 

The dianhydride 6FDA and diamine CANAL-1-MeNH2 were used to prepare CANAL-PI-

1-MeNH2 as an off-white powder (0.23 g, 93% yield). 1H NMR (400 MHz, CDCl3, δ): 0.94 

(br s, 2H), 2.14 (br s, 6H), 2.41 (br s, 2H), 3.29 (br s, 4H), 6.77 (br s, 2H), 6.99 (br s, 2H), 

7.85-8.0 (m, 6H). FT-IR (ν, cm-1): 2940 (C-H, str), 1785 (C=O asym), 1721 (C=O sym, 

str), 1361 (C−N, str), 748 (imide ring deformation); Mn = 27,000 g mol-1; PDI = 2; ρ = 1.22 

g ml-1; SBET = 216 m2 g-1; TGA analysis: Td,5% = 488 °C. 

7.3.2.2. Synthesis of CANAL-PI-1’-MeNH2 

The dianhydride 6FDA and diamine CANAL-1’-MeNH2 were used to prepare CANAL-

PI-1’-MeNH2 as a white fibers (0.305 g, 95 % yield). 1H NMR (300 MHz, CDCl3, δ): 1 (br 

s, 2H), 2.1 (s, 6H), 2.52 (m, 2H), 3.35 (m, 4H), 7.04 (m, 4H), 7.94 (m, 4H), 8.07 (m, 2H).  

7.3.2.3. Synthesis of CANAL-PI-2-Me2NH2 

  The dianhydride 6FDA and the diamine CANAL-2(2’)-Me2NH2 were used to prepare 

CANAL-PI-2(2’)-Me2NH2 as a white powder (0.208 g, 89% yield). 1H NMR (400 MHz, 

CDCl3, δ): 1.0 (br s, 2H), 2.03 (br s, 6H), 2.16 (br s, 6H), 2.43-2.49 (br m, 2H), 3.29(br s, 

4H), 6.87 (br s, 1H), 6.9 (br s, 1H), 7.9-7.97 (br m, 4H), 8.06 (br s, 2H). FT-IR (Powder, 

ν, cm-1): 2933 (C-H, str), 1784 (C=O asym), 1711 (C=O sym, str), 1361(C−N, str), 725 

(imide ring deformation); Mn = 91,500 g mol-1; PDI = 1.9; ρ = 1.17 g ml-1. SBET = 533 m2 

g-1; TGA analysis: Td,5%= 480 °C. 

7.3.2.4. Synthesis of CANAL-PI-3-MeNH2 

The dianhydride 6FDA and diamine CANAL-3-MeNH2 were used to prepare CANAL-PI-

3-MeNH2 as an off-white powder (0.23 g, 92% yield). 1H NMR (400 MHz, CDCl3, δ): 0.97 



219 
 

(br s, 2H), 2.27 (br s, 3H), 2.29 (br s, 3H), 2.49-2.51 (br m, 2H), 3.32-3.35 (br m, 4H), 6.86 

(br s, 2H), 7.01 (br s, 2H), 7.88 (br d, 2H, J = 7.76 Hz), 7.93 (br s, 2H), 8.04 (br d, 2H, J = 

7.96 Hz). FT-IR ( ν, cm-1): 2927 (C-H, str), 1786 (C=O asym), 1717 (C=O sym, str), 

1372(C−N, str), 717 (imide ring deformation); Mn= 50,000 g mol-1; PDI = 1.35; ρ = 1.2 g 

ml-1. SBET = 199 m2 g-1; TGA analysis: Td,5%= 451 °C. 

7.3.2.5. Synthesis of CANAL-PI-4-Me2NH2 

The dianhydride SBFDA and the diamine CANAL-2-Me2NH2 were used to prepare 

CANAL-PI-4-Me2NH2) as a white powder (0.273 g, 92 % yield). 1H NMR (400 MHz, 

CDCl3, δ): 0.98 (br s, 2H), 1.98 (br s, 6H), 2.12 (br s, 6H), 2.4 (br s, 2H), 3.24 (br s, 4H), 

6.87 (br m, 4H), 7.26 (br s, 2H), 7.32 (br s, 2H), 7.55 (br s, 2H), 8.04 (br s, 2H), 8.43 (br s, 

2H). FT-IR (Powder, ν, cm-1): 2923 (C-H, str), 1777 (C=O asym), 1711 (C=O sym, str), 

1362 (C−N, str), 745 (imide ring deformation); Mn= 88,000 g mol-1; PDI = 1.7; ρ = 1.0 g 

ml-1. SBET = 600 m2 g-1; TGA analysis: Td,5%= 490 °C. 

7.3.3. Results and discussion 

7.3.3.1. Synthesis of CANAL ladder diamines and polyimides 

We sought to synthesize a series of CANAL diamines with and without methyl groups 

ortho to the amine, which can lead to different degrees of rotational freedom for the imide 

linkage in the PIs. We first attempted the synthesis of CANAL diamines by reaction of 2 

equiv. 4-bromo-2-methylaniline 1 or 4-bromo-2,6-dimethylaniline 2 with 1 equiv. NBD in 

the presence of 1 mol% Pd(OAc)2 and 2 mol% PPh3 in toluene at 115 °C, the standard 

condition we previously reported [29]. However, the reaction was very slow with < 10 % 

conversion after 24 h. Increasing the temperature to 150 °C and changing the solvent to 
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1,4-dioxane led to complete consumption of starting materials and ~30% yields of the 

CANAL diamines, CANAL-1-MeNH2 and CANAL-2-Me2NH2, in syn and anti 

regioisomers (Scheme 7.1). To further improve the yields of CANAL diamines, we 

hypothesized that a noncoordinating substituent ortho to the bromide might promote the 

formation of palladacycle, an important intermediate in the catalytic cycle, and its reductive 

elimination to form the desired product (Scheme 7.3) [29,34]. Therefore, we used 

bromoanilines with methyl groups ortho to the bromide, 1’ and 2’, as substrates. While 

reactions of 1 and 1’ gave distinct CANAL diamines, reactions of both 2 and 2’ yielded 

the same diamine.  1’ and 2’ indeed gave significantly improved yields of >70% for 

CANAL diamines (Scheme 1). Using 4-bromo-3-methylaniline 3, we also synthesized 

CANAL-3-MeNH2 without substituents ortho to the amino group in 81% yield. Notably, 

the CANAL reactions using the bromoanilines with an o-methyl to the bromide can be 

carried out on relatively large gram scale with simple column chromatography to yield pure 

ladder diamines. 
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Scheme 7.3 Catalytic mechanism of CANAL reaction. 

 

Because of the selective exo-isomer formation in CANAL as reported previously [29], the 

N2BC motif is W-shaped, as clearly revealed by the crystal structure of a model compound 

(CANAL-model, Figure 7.1). The crystal structure also revealed a 119° angle between the 

benzocyclobutene plane and the norbornyl unit (Figure 7.1b). Interestingly, the four-

membered rings showed a trapezoidal shape with a significantly elongated C-C bond of 

1.6 Å that is fused with the norbornyl unit and slightly distorted phenyl rings, due to ring 

strain (Figure 7.1a). 
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Figure 7.1 X-ray crystal structure of a CANAL model compound showing a W-shape in 

(a) top and (b) side view. Hydrogen atoms are omitted for clarity. 

 

We next synthesized CANAL PIs by reacting the CANAL diamines (used as a mixture of 

regioisomers) with dianhydrides 6FDA and SBFDA (Scheme 7.2), in the presence of a 

catalytic amount of isoquinoline in m-cresol at 200 °C for 4 h under a continuous flow of 

N2 gas. 1H NMR spectroscopy of the isolated polymers showed no signals downfield of 10 

ppm, indicating complete imidization. Observation of all the expected signals from the 

N2BC motifs suggested the preservation of the ladder repeat units in the formed PIs. The 

characteristic IR absorption bands of the imide group were observed at 1774, 1711 cm-1 

(imide asymmetric and symmetric C=O stretching, respectively), and 1361 cm-1 (C−N, 

stretching frequency) (Figure 7.2).  
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Figure 7.2 FT-IR spectra of CANAL polyimides. 

 

The CANAL PIs demonstrated good solubility in common organic solvents as listed in 

Table 7.1. GPC analysis with polystyrene standard calibration determined the Mn of the 

CANAL PIs to be in the range of 27-92 kg mol-1 with dispersities (PDI) around 2 (Table 

7.2). Homogenous, transparent, and mechanically robust films of CANAL PIs were 

obtained by casting their chloroform solutions in a circular and flat Petri dish. The dry film 

thickness was controlled to be 40-65 μm. 

Table 7.1 Solubility of CANAL-based polyimides in common organic solvents. 

Polymer CH3Cl THF DMF NMP DMAc DMSO m-cresol 

CANAL-PI-1-MeNH2 ++ ++ ++ ++ ++ ++ ++ 

CANAL-PI-2-Me2NH2 ++ ++ ++ ++ ++ ++ ++ 

CANAL-PI-3-MeNH2 ++ ++ ++ ++ ++ ++ ++ 
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CANAL-PI-4-Me2NH2 ++ ++ -+ -+ -+ -+ -+ 

Soluble at room temperature = ++; soluble upon heating = -+ 

 

Table 7.2 Characteristics of CANAL polyimides. 

 

Polymer 

Mw a 

(g mol-1) 

Mn a 

(g mol-1) 

PDI a Td,5% 
b
  

(°C) 

 Density c 

 (g cm-3) 

CANAL-PI-1-MeNH2 55,800 27,000 2.0 488 1.22 

CANAL-PI-2-Me2NH2 175,800 91,500 1.9 480 1.17 

CANAL-PI-3-MeNH2 67,700 50,000 1.4 451 1.20 

CANAL-PI-4-Me2NH2 148,700 88,000 1.7 490 1.00 

a Obtained by GPC with polystyrene as the calibration standard; b Measured using TGA 

(TA Q-5000) with a ramp rate of 3 °C/min to 800 °C. c Measured geometrically by using 

weight, thickness and area of the films.    

 

7.3.3.2. Thermal and mechanical properties 

CANAL PIs showed remarkably high thermal stability with decomposition temperatures 

exceeding 450 °C (Figure 7.3 and Table 7.2). Similar to CANAL ladder polymers, no glass 

transition was detected in the CANAL PIs by DMA up to 350 °C (Figure 7.4). CANAL 

PIs also exhibited excellent mechanical properties with high Young’s modulus (0.6-1.1 

GPa) and tensile strength (24-50 MPa) and elongation at break  4% (Figure 7.5 and Table 

7.3). As a result, these CANAL PI films can be easily processed to fabricate mechanically 

strong membranes. 
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Figure 7.3 Thermal gravimetric analysis of CANAL-based polyimides; the polymer film 

samples were heated under N2 atmosphere at a rate of 3 °C/min from room temperature to 

800 °C. 
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Figure 7.4 Tan delta as a function of temperature of CANAL polyimides for Tg detection. 

6FDA-DABA is included for comparison. 

 

 

Figure 7.5 Stress-strain curves of CANAL polyimides. 
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Table 7.3 Mechanical properties of CANAL polyimides. 

Polymer 
Tensile strength 

(MPa) 

Tensile modulus 

(GPa) 

Elongation at break 

(%) 

CANAL-PI-1-

MeNH2 
47.85±2.2 1.1±0.05 5.9±0.5 

CANAL-PI-2-

Me2NH2 
49.47±2.5 0.977±0.04 11.8±0.3 

CANAL-PI-3-

MeNH2 
24.6±1.2 0.952±0.02 3.6±0.4 

CANAL-PI-4-

Me2NH2 
28.1±2.0 0.667±0.03 8.4±0.2 

PI-TB-1 [24] 59.4±4 1.58±0.04 5.08±0.38 

PI-TB-2 [24] 64±2.8 1.38±0.04 17.32±3.21 

 

7.3.3.3. Surface area characterizations 

When incorporated into PIs, the N2BC motif remained effective at preventing dense chain 

packing. CANAL PIs exhibited Brunauer-Emmett-Teller (BET) surface areas of 200-600 

m2 g-1, based on N2 sorption isotherms at -196 °C (Figure 7.6). Ortho substitution on the 

aryl imide is expected to restrict the C-N bond rotation in the backbones of PIs, thus leading 

to higher intrachain rigidity and more frustrated chain packing [32]. Therefore, PIs from 

CANAL-2-Me2NH2, which has two methyl substituents ortho to the imide linkage, had 

higher BET surface areas (600 m2 g-1 for CANAL-PI-4-Me2NH2 and 533 m2 g-1 for 

CANAL-PI-2-Me2NH2) than the PIs from CANAL diamines with only one methyl 
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substituent ortho to the imide linkage. CANAL-PI-1-MeNH2 represents CANAL PIs with 

one o-methyl to the imide linkage showed a BET surface area of 216 m2 g-1. However, 

CANAL-PI-3-MeNH2, which has no methyl groups ortho to the imide linkage, had the 

lowest BET surface area of 199 m2 g-1. Overall, CANAL PIs exhibited BET surface areas 

that are comparable to those of CANAL ladder polymers [29–31]. 

 

Figure 7.6 N2 sorption isotherms of CANAL PIs at -196 °C and their BET surface area. 

 

Consistent with the BET surface areas, molecular dynamics simulation showed that 

CANAL-PI-4-Me2NH2 exhibited the highest fractional free volume (FFV) of 0.34 among 

the synthesized CANAL PIs, followed by CANAL-PI-2-Me2NH2 with FFV of 0.29. The 

PIs with one or no ortho-methyl groups had similar and lower FFV of about 0.25, despite 

their more significant differences in BET surface area (Figure 7.7). 
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Figure 7.7 Molecular dynamics simulation of CANAL PIs in an amorphous cell with their 

calculated fractional free volume illustrated in blue. 

 

7.3.3.4. Gas permeation properties 

The permeability of light gases in CANAL PIs qualitatively followed the same trend as the 

BET surface areas of the polymers. CANAL-PI-4-Me2NH2, which had the highest BET 

surface area, also exhibited the highest permeability, followed by CANAL-PI-2-Me2NH2, 

CANAL-PI-1-MeNH2, and CANAL-PI-3-MeNH2. The presence of o-methyl groups to the 

imide linkage significantly increased permeability but lowered permselectivity, which is 

consistent with previous observations in PIs containing Tröger’s base and phenylene repeat 

units (Table 7.4) [13,26,33].  
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Table 7.4 Gas permeability and selectivity of CANAL polyimides. 

Polymer 
Permeability (barrer)a Ideal selectivity (αX/Y)b 

H2 N2 O2 CH4 CO2
 H2/N2 H2/CH4 O2/N2 CO2/CH4 

CANAL-PI-1-

MeNH2, 44 μm 
462 20.7 81 16.3 419 22 28 3.9 26 

Aged 73 d 425 16.6 71 13.7 365 25 31 4.2 27 

Aged 115 d 417 16.7 69 12.9 353 25 32 4.1 27 

CANAL-PI-2-

Me2NH2, 51 

μm  

1154 91 319 108 1691 13 11 3.5 15 

Aged 54 d 1120 79 274 89 1330 14 13 3.5 15 

Aged 101 d 1060 67 244 72 1237 16 15 3.7 17 

CANAL-PI-3-

MeNH2, 45 μm  
282 7.0 33 4.8 157 40 59 4.7 33 

Aged 65 d 259 5.53 25 3.6 122 41 64 4.7 34 

CANAL-PI-4-

Me2NH2, 67 

μm  

1701 105 393 150 2051 16 11 3.7 14 

Aged 40 d 1426 76 316 110 1600 19 13 4.2 15 

Aged 95 d 1355 67 281 91 1411 20 15 4.2 16 

 
a Measured using the constant-volume/variable-pressure method at 2 bar and 35 °C. b 
Calculated from α = PX/PY. 
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Permselectivity consists of diffusivity selectivity and solubility selectivity. Concomitant 

with the increase in permeability for CANAL PIs is the decrease in diffusivity selectivity 

(Table 7.5). The order of permeability for gases in CANAL-PI-1-MeNH2 and CANAL-

PI-3-MeNH2 followed the same trend as the kinetic diameters of gases (PH2 > PCO2 > 

PO2 > PN2 > PCH4). 

 

Table 7.5  Diffusion and solubility coefficients for CANAL-based polyimides (T = 35 °C, 

upstream pressure = 2 bar) calculated from time-lag method. 

 Diffusion coefficient 

(10-8 cm2 s-1) 

Solubility coefficient 

(10-2 cm3(STP)cm-3 cmHg-1) 

Polymer N2 O2 CH4 CO2 N2 O2 CH4 CO2 

CANAL-PI-1-MeNH2 10.4 37.6 2.45 12.9 2 2.16 6.67 32.5 

CANAL-PI-2-Me2NH2 36.6 118 12.5 39 2.5 2.7 8.67 43.4 

CANAL-PI-3-MeNH2 7.9 31.8 1.78 10.5 0.89 1.04 2.7 15.0 

CANAL-PI-4-Me2NH2 97 298 30.9 77.5 1.08 1.3 4.86 26.5 

 

Interestingly, CANAL-PI-2-Me2NH2 and CANAL-PI-4-Me2NH2 exhibited reverse 

selectivity for gas pairs H2/CO2 and N2/CH4, leading to the following order of gas 

permeability: PCO2 > PH2 > PO2 > PCH4 > PN2. Due to the lower diffusivity selectivity of 

CANAL-PI-2-Me2NH2 and CANAL-PI-4-Me2NH2 relative to that of CANAL-PI-1-

MeNH2 and CANAL-PI-3-MeNH2 (Table 7.6), solubility selectivity dominates for the gas 

pairs H2/CO2 and N2/CH4. Because the larger gas is more condensable in both H2/CO2 and 

N2/CH4 gas pairs, reverse selectivity was observed. Reverse selectivity for the gas pairs of 

H2/CO2 and N2/CH4 has been commonly observed in microporous polymers.  
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Table 7.6 Diffusion selectivity and solubility selectivity of CANAL-based polyimides (T 

= 35 °C, p = 2 bar). 

Polymer 

Diffusion selectivity (α)D Solubility selectivity (α)S 

O2/N2 CO2/CH4 O2/N2 CO2/CH4 

CANAL-PI-1-MeNH2 3.6 5.2 1.1 4.8 

CANAL-PI-2-Me2NH2 3.2 3.1 1.1 5.0 

CANAL-PI-3-MeNH2 4.0 5.8 1.2 5.5 

CANAL-PI-4-Me2NH2 3.1 2.5 1.2 5.4 

6FDA-CTBDA[25] - 7.1 - 3.5 

6FDA-4MTBDA 2.9 3.0 1.1 4.8 

 

To better understand and rationalize the gas transport properties of CANAL PIs, we 

conducted wide-angle X-ray diffraction (WAXD) to determine the d-spacing between the 

polymer chains as an estimation of the micropore size distribution. All the PIs were 

amorphous and exhibited a broad peak around 2θ of 16 in the WAXR diffractograms 

corresponding to a peak d-spacing around 5-6 Å and a relatively weak shoulder in the range 

of 2θ = 22-28 corresponding to ultramicropores (Figure 7.8). The diffraction peaks of 

CANAL-PI-3-MeNH2 and CANAL-PI-1-MeNH2 slightly shifted to higher angles 

corresponding to smaller d-spacing at 5.5 Å, as compared to those from CANAL-PI-2-

Me2NH2 and CANAL-PI-4-Me2NH2, which showed peak d-spacing at 6.0 Å. The smaller 

pore distribution of CANAL-PI-3-MeNH2and CANAL-PI-1-MeNH2 agreed with their 

higher permselectivity. 
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Figure 7.8 Wide-angle X-ray diffraction (WAXD) of CANAL PI films. 

 

For the industrially relevant gas pairs, these CANAL PIs demonstrated high CO2 

permeability with moderate selectivity. We compared the gas separation performance of 

CANAL PIs with PIM-PIs containing other ladder-type motifs, such as triptycene, 

spirobifluorene, Tröger’s base (TB), and carbocyclic Tröger’s base (CTB). In general, 

these CANAL PIs reside closer to the 2008 Robeson upper bound compared to the other 

PIM-PIs.  
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Figure 7.9 2008 CO2/CH4 Robeson plot of few CANAL-based polyimides compared to 

some commercially available materials and 6FDA-based polyimide prepared from 

different kinked monomers. 

 

The N2BC motif from CANAL is most similar in structure to TB or CTB motifs, in that 

they all have multicyclic rigid cores fused with two outer aromatic rings. While both the 

TB and CTB motifs are V-shaped with a single contortion site, the N2BC motif has a W-

shaped conformation with three contortion sites. Direct comparison of their transport 

properties can therefore provide insights into how the multicyclic cores affect chain 

packing of these PIs. CANAL-PI-1-MeNH2 and the previously reported 6FDA-CTBDA 

[25] consist of the same dianhydride and both have one o-methyl substituent to the imide 

bond. We have treated and measured these two PIs under identical conditions, thereby 

offering valid comparisons. Compared to 6FDA-CTBDA, CANAL-PI-1-MeNH2 is about 

50% higher in permeability for CO2 with similar selectivity. This is due to the enhanced 
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solubility selectivity of CANAL-PI-1-MeNH2 (SCO2/SCH4 = 4.8) over that of 6FDA-

CTBDA (SCO2/SCH4 = 3.5) (see Table 7.5-7.6 for solubility and diffusivity coefficients 

and selectivity). Considering that neither PIs have unique polar functionalities besides the 

imide linkage, the enhanced solubility selectivity is likely due to the size and shape of pores 

in CANAL-PI-1-MeNH2. Comparing the PIs from N2BC and TB motifs with two o-methyl 

substituents, CANAL-PI-2-Me2NH2 has similar CO2 permeability and CO2/CH4 selectivity 

to that of 6FDA-4MTBDA [26]. 

The aging process of the CANAL PI membranes was tracked by their gas permeability 

over time. Physical aging is a phenomenon observed in glassy polymers whose specific 

volume and other bulk properties are out of equilibrium. In the physical aging process, the 

particular volume of the polymer glass slowly approaches equilibrium. In the context of 

gas separation membranes, the decrease in fractional free volume during aging leads to a 

decrease in permeability and often concomitant increase in selectivity. When directly 

comparing the aging of two polymers, it is imperative that their thickness, permeability for 

freshly prepared membranes, and the pretest treatment are all similar. Thin polymer films 

and polymers with extremely high fresh permeability are known to age relatively fast [35–

37]. Pretest treatments can dramatically affect the fresh permeability of a polymer 

membrane and therefore it's aging. With these precautions in mind, we compared aging of 

CANAL PIs with other PIM-PIs that Pinnau and coworkers have previously studied under 

identical conditions. Notably, CANAL PIs exhibited lower extent of aging than PIs 

consisting of CTB [25] and similar to triptycene motifs [12]. 

While the O2 permeability of CANAL-PI-1-MeNH2 decreased by only 15 % in 115 days, 

that of 6FDA-CTBDA with CTB repeat units decreased by 23 % after just 60 days. The O2 
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permeability of 6FDA-DAT1 with triptycene repeat units also reduced by 15 % after 150 

days, but its O2 permeability for a freshly prepared membrane was less than 30% of 

CANAL-PI-1-MeNH2. To test the effect of film thickness on aging, we prepared 

membranes of CANAL-PI-4-Me2NH2 in two different thicknesses. The permeability of a 

fresh 20-μm membrane was ~35% lower than that of a fresh 67-μm membrane, but was 

very similar to that of a 67-μm membrane after being aged for 95 days. This is consistent 

with previous work demonstrating that polymer packing and properties in thinner films are 

closer to equilibrium. 

 

7.4. Part #2: Synthesis and characterization of microporous polyimides 

made from functionalized CANAL diamines. 

CANAL-based polyimides showed a high potential as promising candidates for gas 

separation applications as shown in part #1. Therefore, it is important to perform more 

investigation on the CANAL-cores to evaluate the changes that could be obtained upon 

functionalizing this precursor by polar groups. In this part we report the detailed synthesis 

of functionalized CANAL diamines and polymers, and we studied the effect of 

incorporating –OMe vs –OH groups in the polymer backbone. Full characterization for 

monomers and polymers are reported here including a detailed gas transport study.  

7.4.1. Monomer synthesis 
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Scheme 7.4 Synthesis of methoxy functionalized CANAL-diamine monomers. 

 

7.4.1.1. Synthesis of 3,6-dimethyl-2-nitrophenol (i) 

2,5-Dimethylphenol (10 g, 82 mmol) was dissolved in 50 ml acetic anhydride and cooled 

in an ice bath. To it, HNO3 70% (5.7 ml) was added dropwise. The solution was stirred for 

5 mins and then poured into ice water (250 ml). The system was then extracted three times 

(3 x 100 ml) with diethyl ether. The organic phase was combined and dried with 

magnesium sulfate, concentrated by rota-evaporation, and then loaded in a column packed 

with silica gel. The yellowish product was collected from the column using hexanes as 

eluent. (4.52 g, 33% yield); 1H NMR (400 MHz, CDCl3, δ): 2.30 (s, 3H), 2.60 (s, 6H), 

6.74(d, J = 7.56 Hz, 1H), 7.27 (d, J = 8.88 Hz, 4H), 10.67 (br s, 1H). 
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7.4.1.2. Synthesis of 4-bromo-3,6-dimethyl-2-nitrophenol (ii) 

3,6-Dimethyl-2-nitrophenol (i) (1 g, 6.0 mmol) was dissolved in 10 ml DMF and then NBS 

(1.17 g) in DMF (5 ml) was added dropwise to the solution which was stirred overnight at 

room temperature. The reaction was quenched with water and then extracted three times (3 

x 15 ml) using diethyl ether. The organic phase was then washed with 2 M HCl (20 ml), 

dried over magnesium sulfate, concentrated by rota-evaporation and used as is. (1.15 g, 

92% yield); 1H NMR (400 MHz, CDCl3, δ): 2.3 (s, 3H), 2.61 (s, 3H), 7.59 (s, 1H), 9.62 (br 

s, 1H). 

7.4.1.3. Synthesis of 1-bromo-4-methoxy-2,5-dimethyl-3-nitrobenzene (iii) 

4-Bromo-3,6-dimethyl-2-nitrophenol (ii) (1.15 g, 4.67 mmol) was dissolved in 10 ml 

dimethyl sulfoxide (DMSO), the KOH (1.0 g, 18.7 mmol) was added followed by the 

addition of methyl iodide (1.16 ml, 18.7 mmol). The reaction was stirred for 5 h, and the 

product was tracked by TLC using dichloromethane (DCM) as an eluent. The reaction was 

quenched by water addition, extracted by diethyl ether, and the organic phase was then 

washed by 1 M NaOH (20 ml), dried with magnesium sulfate and concentrated using rota-

evaporation. Red oil was obtained as a final product after column purification using DCM 

as eluent. (0.93 g, 77% yield); 1H NMR (400 MHz, CDCl3, δ): 2.32 (s, 3H), 2.33 (s, 3H), 

3.84 (s, 3H), 7.52 (s, 1H). 

7.4.1.4. Synthesis of 3-bromo-6-methoxy-2,5-dimethylaniline (iv) 

1-Bromo-4-methoxy-2,5-dimethyl-3-nitrobenzene (iii) (1 g, 3.85 mmol) was suspended in 

EtOH/H2O: 4/1 (20 ml) solution followed by the addition of ammonium chloride NH4Cl 

(0.62 g, 11.5 mmol) and a catalytic amount of Fe. The reaction was stirred at 70 °C under 
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a nitrogen atmosphere for 3 h then cooled down to room temperature and the salt and Fe 

powder was removed through celite. The reaction system was then extracted three times (3 

x 20 ml) by diethyl ether and dried over magnesium sulfate. The concentrated solution was 

loaded into a silica gel column for purification using hexanes/DCM: 4/1 as eluent to afford 

an off-white aniline product. (0.7 g, 80% yield); 1H NMR (400 MHz, CDCl3, δ): 2.24 (s, 

3H), 2.27 (s, 3H), 3.75 (s, 3H), 4.02 (br s, 2H), 6.86 (s, 1H). 

7.4.1.5. Synthesis of CANAL-1-OMe (v) 

To a flame-dried 50-mL glass pressure tube were added bromoaniline (iv) (1 eq.), 

Pd(OAc)2 (0.01 eq.), PPh3 (0.02 eq.), Cs2CO3 (1.0 eq.) and 1,4-dioxane. After the pressure 

tube was flushed with nitrogen for 5 min, NBD (0.5 equiv) was added. The mixture was 

then stirred at 150 °C for 24 h. The mixture was cooled to room temperature and passed 

through a thin layer of Celite to remove inorganic salts. The filtered solution was 

concentrated and then loaded to a packed silica gel column for purification. The crude solid 

was purified using dichloromethane: petroleum ether/1:1 as an eluent to yield the CANAL 

diamine as an off-white solid with 72% yield; 1H NMR (400 MHz, DMSO-d6, δ): 0.57 (s, 

2H), 1.87 (s, 6H), 1.97 (s, 6H), 2.15 (s, 2H), 2.97 (s, 4H), 3.53 (s, 6H), 4.27 (br s, 4H); 

HRMS-APPI (m/z): [M + H]+ calcd for [C25H31N2O2]+: 391.2307; found, 391.2213. 

7.4.1.6. Synthesis of 1-bromo-2-methoxy-3-nitrobenzene (vi) 

2-Bromo-6-nitrophenol (10 g, 46 mmol) was dissolved in 120 ml dimethyl sulfoxide 

(DMSO), then KOH (10.3 g, 183 mmol) was added followed by the addition of methyl 

iodide (11.4 ml, 183 mmol). The reaction was stirred for five hours, and the product was 

tracked by TLC using dichloromethane (DCM) as an eluent. The reaction was quenched 
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by water addition, extracted by diethyl ether, and the organic phase was washed by 1 M 

NaOH (50 ml), dried with magnesium sulfate and concentrated using rota-evaporation. The 

yellow oil was obtained as a final product after column purification using DCM as eluent. 

(9.5 g, 90% yield); 1H NMR (400 MHz, CDCl3, δ): 4.05 (s, 3H), 7.15 (t, J= 8.0 Hz, 1H), 

7.77-7.79 (dd, J= 8.16 Hz, 1H), 7.80-7.83 (dd, J= 8.16 Hz, 1H). 13C NMR (100 MHz, 

CDCl3, δ): 62.6, 119.8, 124.3, 125.1, 137.8, 145.4, 150.8. 

7.4.1.7. Synthesis of 3-bromo-2-methoxyaniline (vii) 

1-Bromo-2-methoxy-3-nitrobenzene (vi) (1 g, 4.3 mmol) was suspended in EtOH/H2O: 4/1 

(20 ml) solution followed by the addition of ammonium chloride NH4Cl (0.69 g, 12.9 

mmol) and a catalytic amount of Fe. The reaction was stirred at 70 °C under a nitrogen 

atmosphere for 3 h then cooled down to room temperature and the salt and Fe powder were 

removed through celite. The reaction system was then extracted three times (3 x 20 ml) by 

diethyl ether and dried over magnesium sulfate. The concentrated solution was loaded into 

a silica gel column for purification using hexanes/DCM: 4/1 as eluent to afford an off-

white aniline product. (0.76 g, 87% yield); 1H NMR (400 MHz, CDCl3, δ): 3.86 (s, 3H), 

2.27 (s, 3H), 6.73-6.75 (dd, J = 7.92 Hz, 1H), 6.79-6.83 (dd, J = 7.92 Hz, 1H), 6.95-6.97 

(dd, J = 7.92 Hz, 1H). 13C NMR (100 MHz, CDCl3, δ): 59.7, 115.4, 117.1, 122.9, 125.7, 

140.7, 144.4. 

7.4.1.8. Synthesis of CANAL-2-OMe diamine (viii) 

To a flame-dried 50-mL glass pressure tube were added bromoaniline (iv) (1 eq.), 

Pd(OAc)2 (0.01 eq.), PPh3 (0.02 eq.), Cs2CO3 (1.0 eq.) and 1,4-dioxane. After the pressure 

tube was flushed with nitrogen for 5 min, NBD (0.5 equiv) was added. The mixture was 
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then stirred at 150 °C for 24 h. The mixture was cooled to room temperature and passed 

through a thin layer of Celite to remove inorganic salts. The filtered solution was 

concentrated and then loaded to a packed silica gel column for purification. The crude solid 

was purified using dichloromethane: petroleum ether/1:1 as an eluent to yield the CANAL 

diamine in a mixture of syn and anti-isomers as an off-white solid with 50% yield; 1H NMR 

(400 MHz, CDCl3, δ): 0.84 (s, 2H), 2.3 (s, 2H), 3.09 (d, J = 3.8 Hz, 2H), 3.36 (d, J = 3.8 

Hz, 2H), 3.86 (s, 6H), 4.38 (br s, 4H), 6.35 (d, J = 7.44 Hz, 2H), 6.48(d, J = 7.44 Hz, 2H). 

13C NMR (100 MHz, CDCl3, δ): 25.9, 48.4, 48.5, 49.1, 57.2, 114.6, 115.1, 127.5, 134.45, 

136.6, 141.0; HRMS-APPI (m/z): [M + H]+ calcd for [C21H23N2O2]+: 335.1681; found, 

335.1750. 

7.4.2. Typical procedure for methoxy and hydroxyl functionalized CANAL-based 

polyimides 

To a dry 25-mL reaction tube equipped with a Dean-Stark trap, nitrogen inlet and outlet, 

and a reflux condenser were added methoxy functionalized CANAL diamine (1.0 mmol), 

and 1mmol of dianhydride (6FDA) and isoquinoline (0.1 ml) as catalyst in m-cresol. The 

reaction mixture was stirred at room temperature for one hour and the temperature was 

then raised gradually to 200 °C and kept at that temperature for 4 h under a steady flow of 

nitrogen. The fibrous polyimide was obtained by the dropwise addition of the polymer 

solution to methanol (200 ml). The resulting solids were filtered and dried in the oven at 

120 °C. Further purification was achieved by re-precipitation from chloroform solutions 

into methanol and dried at 200 °C in the vacuum oven for 24 h. 

Methoxy functionalized polyimides (i.e., 6FDA-(CANAL-1-OMe) and 6FDA-(CANAL-

1-OMe)) 200 mg were dissolved in 5 ml dichloromethane and cooled in an ice bath. BBr3 
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(0.5 ml, 5.0 mmol) were added dropwise to the solutions under a nitrogen atmosphere. The 

reactions were stirred at room temperature overnight and then added to a mixture of water 

and methanol (1:1) and stirred for few hours. The precipitated powders were collected by 

filtration and dried at 120 °C in a vacuum oven. Further purification for the obtained 

polymers was achieved by re-precipitation from their THF solutions. The final polymers 

powder were dried at 200 °C under vacuum.  

 

Scheme 7.5 Synthesis of methoxy- and hydroxyl-functionalized CANAL PIs. 
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7.4.2.1. Synthesis of 6FDA-(CANAL-1-OMe) 

Following the above general procedure for methoxy-functionalized CANAL polyimides 

6FDA-(CANAL-1-OMe) was obtained by using the dianhydride 6FDA and diamine 

CANAL-1-OMe as a white fiber (0.85 g, 95% yield). 1H NMR (400 MHz, DMSO-d6, δ): 

0.78 (br s, 2H), 1.96 (br s, 6H), 2.13 (br s, 6H), 2.33 (br s, 1H), 2.67 (br s, 1H), 3.30 (br m, 

4H), 3.49 (br s, 6H), 7.93-7.96 (br m, 4 H), 8.16-8.18 (br m, 2H). FT-IR (ν, cm-1): 2929 

(C-H, str), 1791 (C=O asym), 1722 (C=O sym, str), 1402 (C−N, str), 715 (imide ring 

deformation); Mw = 52,000; Mn = 23,000 g mol-1; PDI = 2.3; ρ = 1.17 g ml-1; SBET = 435 

m2 g-1; TGA analysis: Td,5% = 405 °C. 

7.4.2.2. Synthesis of 6FDA-(CANAL-2-OMe) 

Following the above general procedure for methoxy-functionalized CANAL polyimides 

6FDA-(CANAL-2-OMe) was obtained by using the dianhydride 6FDA and diamine 

CANAL-2-OMe as an off-white fibers (0.81 g, 93% yield). 1H NMR (400 MHz, DMSO-

d6, δ): 1.0 (br s, 2H), 2.57 (br s, 2H), 3.66 (br s, 4H), 3.9 (br s, 6H), 6.8 (br m, 2H), 7.22 

(br m, 2H), 7.8 (br s, 2H), 7.96 (br m, 2 H), 8.13 (br m, 2H). FT-IR (ν, cm-1): 2945 (C-H, 

str), 1788 (C=O asym), 1722 (C=O sym, str), 1377 (C−N, str), 720 (imide ring 

deformation); Mw = 48,500; Mn = 24,000 g mol-1; PDI = 2.0; ρ = 1.23 g ml-1; SBET = 307 

m2 g-1; TGA analysis: Td,5% = 412 °C. 

7.4.2.3. Synthesis of 6FDA-(CANAL-1-OH) 

6FDA-(CANAL-1-OH) was prepared using the above general procedure for hydroxyl 

functionalized CANAL polyimides as an off-white powder (0.18 g, 92% yield). 1H NMR 

(400 MHz, DMSO-d6, δ): 0.83 (br s, 2H), 1.86 (br s, 6H), 2.01 (br s, 6H), 2.33 (br m, 1H), 
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2.67 (br m, 1H), 3.21 (br m, 4H), 7.82 (br m, 2H), 7.94 (br m, 2H), 8.16 (br m, 2H), 8.85 

(br s, 2H). FT-IR (Powder, ν, cm-1): 2927 (C-H, str), 1786 (C=O asym), 1716 (C=O sym, 

str), 1371(C−N, str), 722 (imide ring deformation); Mw = 33,000; Mn = 15,000 g mol-1; 

PDI = 2.2; ρ = 1.25 g ml-1. SBET = 417 m2 g-1; TGA analysis: Td,5%= 383 °C. 

7.4.2.4. Synthesis of 6FDA-(CANAL-2-OH) 

6FDA-(CANAL-2-OH) was prepared using the above general procedure for hydroxyl-

functionalized CANAL polyimides as an off-white powder (0.18 g, 96% yield). 1H NMR 

(400 MHz, DMSO-d6, δ): 0.84 (br s, 2H), 2.48 (br s, 2H), 3.24 (br m, 4H), 6.67 (br m, 2H), 

7.11 (br m, 2H), 7.76 (br s, 2H), 7.96 (br m, 2H), 8.15 (br m, 2H), 9.86 (br s, 2H). FT-IR 

(Powder, ν, cm-1): 2934 (C-H, str), 1786 (C=O asym), 1712 (C=O sym, str), 1376(C−N, 

str), 719 (imide ring deformation); Mw = 37,000; Mn = 19,000 g mol-1; PDI = 1.9; ρ = 1.37 

g ml-1. SBET = 294 m2 g-1; TGA analysis: Td,5%= 434 °C. 

7.4.3. Results and discussion 

7.4.3.1. Synthesis of functionalized CANAL ladder diamines and polyimides 

To investigate the effect of a methoxy group versus hydroxyl group on the properties of 

the polyimides, two polyimides were designed with –OMe group in their structures, and 

from the same derivative polymers, two hydroxyl-functionalized polyimides were 

prepared. The synthetic pathways of methoxy-functionalized CANAL diamines were 

shown in Scheme 7.4. In both examples, after preparing methoxy functionalized 

bromoaniline precursors via simple chemistry, CANAL diamines were prepared by a 

previously reported procedure for CANAL diamine synthesis (see section 7.3.1). The 

monomer structures were confirmed by 1H NMR, 13C NMR, and HRMS. 
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A one-pot high-temperature polycondensation method was used to prepare 6FDA-

(CANAL-1-OMe) and 6FDA-(CANAL-2-OMe) in m-cresol at 200 °C and in the presence 

of isoquinoline in a catalytic amount. The two hydroxyl-functionalized polyimides, 6FDA-

(CANAL-1-OH) and 6FDA-(CANAL-2-OH), were prepared by direct demethylation of 

methoxy-functionalized polyimides using boron tribromide (BBr3) at room temperature. 

Total removal of the methoxy groups and the appearance of hydroxyl groups was 

confirmed by 1H NMR, where the methoxy group peak at 3.5-3.6 ppm entirely disappeared, 

and the hydroxyl group peak appeared after 8.5 ppm, as shown in Figure 7.10. FT-IR 

spectra also confirmed the formation of a hydroxyl group through the broadband absorption 

in the range of 3000-3500 cm-1 (Figure 7.11).  

 

Figure 7.10 The detailed synthetic procedure of methoxy- and hydroxyl-functionalized 

CANAL PIM-PIs and their 1H NMR spectra. 
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Figure 7.11 FT-IR spectra of the functionalized CANAL polyimides. 

 

The physical properties of the polyimides are shown in Table 7.7. It is noteworthy to 

mention that the average molecular weights Mn of hydroxyl-functionalized polyimides 

dropped for both polyimides after demethylation, and this is due to re-precipitation of these 

polymers in water/methanol: 1/1 mixture for further purification. For instance, in the case 

of 6FDA-(CANAL-2-OMe) Mn dropped from 24,000 to 18,500 g mol-1 after converting it 

to 6FDA-(CANAL-2-OH). Because of polarity changes, the methoxy functionalized 

polyimides were soluble in common organic solvents including dichloromethane and 

chloroform, while after demethylation the hydroxyl-functionalized polyimides were 

soluble only in polar aprotic solvents like THF, DMF, DMAc, etc. but not in DCM, as 

shown in Table 7.8.  
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Table 7.7 Physical properties of the functionalized CANAL polyimides. 

Polymer 

Mw 
a 

(g mol-
1) 

Mn 
a 

(g mol-1) 

PDIa 

(-) 

Td,5%
b 

(°C) 

Densityc  

(g cm-3) 

SBET 

(m2 g-1) 

6FDA-(CANAL-1-OMe) 52,000 23,000 2.3 405 1.17 435 

6FDA-(CANAL-1-OH) 33,000 15,000 2.2 383 1.25 417 

6FDA-(CANAL-2-OMe) 48,500 24,000 2.0  412 1.23 307 

6FDA-(CANAL-2-OH) 37,000 19,000 1.9 434 1.37 294 

a Obtained by GPC with polystyrene as the calibration standard; b Measured using TGA 

(TA Q-5000) with a ramp rate of 3 °C/min to 800 °C. c Measured geometrically by using 

weight, thickness and area of the films.    

 

Table 7.8 Solubility of functionalized CANAL-based polyimides in organic solvents. 

Polymer CH3Cl THF DMF NMP DMAc DMSO m-cresol 

6FDA-(CANAL-1-OMe) ++ ++ ++ ++ ++ ++ ++ 

6FDA-(CANAL-1-OH) -- ++ ++ ++ ++ ++ ++ 

6FDA-(CANAL-2-OMe) ++ ++ ++ ++ ++ ++ ++ 

6FDA-(CANAL-2-OH) -- ++ ++ ++ ++ ++ ++ 

++: soluble; --: insoluble. 

7.4.3.2. Thermal and mechanical properties 

Functionalized CANAL PIs demonstrated high thermal stability with decomposition 

temperatures exceeding 380 °C (Figure 7.12 and Table 7.7). The thermal decomposition of 

methoxy- and hydroxyl-functionalized polymers consisted of two stages as clearly shown 

in Figure 7.12. The first decomposition stage resulted from thermal rearrangement of the 
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polyimide to polybenzoxazole, whereas the second stage involved decomposition to 

graphitic carbon [38]. 

 

Figure 7.12 Thermal gravimetric analysis (TGA) of methoxy- and hydroxyl-functionalized 

CANAL PI films. 

 

No glass transition temperature for the four polyimides was detected by DMA up to 380 

°C (Figure 7.13). Methoxy- and hydroxyl-functionalized CANAL PIs showed excellent 

mechanical properties with high Young’s modulus (0.8-1.0 GPa) and tensile strength (23-

47 MPa) and elongation at break up to 10.5% (Figure 7.14 and Table 7.9). As a result, 

mechanically robust films were easily prepared for gas permeation testing. 
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Figure 7.13 Tan delta as a function of temperature of functionalized-CANAL polyimides 

for Tg detection. 6FDA-DABA is included for comparison. 

 

 

Figure 7.14 Stress-strain curves of functionalized CANAL polyimides. 
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Table 7.9 Mechanical properties of functionalized CANAL polyimides measured by DMA 

at room temperature. 

Polymer 
Tensile 

strength (MPa) 

Tensile 

modulus (GPa) 
Elongation at break (%) 

6FDA-(CANAL-1-OMe) 41.1±1.2 0.86±0.07 5.6±0.3 

6FDA-(CANAL-1-OH) 23.3±1.7 0.77±0.05 3.5±0.2 

6FDA-(CANAL-2-OMe) 40.77±1.2 1.01±0.02 5.4±0.2 

6FDA-(CANAL-2-OH) 46.8±2.3 0.85±0.04 10.5±0.5 

 

7.4.3.3. Optical properties of functionalized CANAL-polyimides 

 

UV–vis spectroscopy was used to evaluate the optical properties of the functionalized 

CANAL polyimide films. The transmission UV-vis spectra of 11-15 µm thick polyimide 

films are shown in Figure 7.15. 6FDA-(CANAL-1-OMe) and 6FDA-(CANAL-2-OMe) 

films revealed higher UV cutoffs (λo) compared to their hydroxyl-functionalized 

polyimides analogues. Transparency in the visible region was evaluated in the range from 

400 to 800 nm, as shown in Table 7.10. Clearly, the two methoxy-functionalized 

polyimides demonstrated significantly better transparency than their corresponding 

hydroxyl-functionalized polyimides over the entire UV-vis spectrum. For instance, at a 

wavelength of 600 nm 6FDA-(CANAL-1-OMe) displayed 86% transmittance, whereas 

6FDA-(CANAL-1-OH) exhibited transmittance of 72%. The deeper color in the case of –

OH containing polyimides resulted from the strong delocalization of π electrons due to the 

tighter chain formation, which resulted from the strong CTC and hydrogen bonding 

formation.  
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Figure 7.15 Transmission UV-vis spectra of 11-15 µm thick of methoxy- and hydroxyl-

functionalized polyimide films. 

 

Table 7.10 Optical transparency of functionalized CANAL-PI films. 

Polymer 0 (nm)a T500 (%)b T600 (%)b T700 (%)b 

6FDA-(CANAL-1-OMe) 411 81 86 87 

6FDA-(CANAL-1-OH) 422 64 72 76 

6FDA-(CANAL-2-OMe) 515 31 53 64 

6FDA-(CANAL-2-OH) 545 19 49 65 
a UV cut-off wavelength; b transmittance at 500, 600 and 700 nm, respectively. 

 

7.4.3.4. Microporosity and hydrogen-bonding formation 

The BET surface areas of the functionalized CANAL polyimides, treated at 200 °C and 

under vacuum for 24 h, were obtained from the nitrogen adsorption isotherms at -196 °C. 

Converting the –OMe group to –OH functionality resulted in a very small drop in BET 
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surface area for the hydroxyl-functionalized CANAL polyimides compared to their 

methoxy-functionalized PIs analogues. For instance, 6FDA-(CANAL-1-OMe) 

demonstrated a BET surface area of 435 m2 g-1, whereas its corresponding 6FDA-

(CANAL-1-OH) derivative showed a BET surface area of 417 m2 g-1 (Figure 7.16). The 

same behavior was noticed for 6FDA-(CANAL-2-OMe) with a BET surface area of 307 

m2 g-1 compared to 6FDA-(CANAL-2-OH) with a BET surface area of 294 m2 g-1. 

 

 

Figure 7.16 Nitrogen adsorption isotherms (77 K) of functionalized-CANAL PIM-PIs. 

 

Consistent with the BET surface areas, molecular dynamics simulation showed that the 

highest BET surface area polymer exhibits the highest FFV. 6FDA-(CANAL-1-OMe) 

displayed the highest fractional free volume (FFV) of 0.24 amongst the synthesized 

functionalized CANAL PIs, and the lowest BET surface are polymer demonstrates the 

lowest FFV (i.e., 6FDA-(CANAL-2-OH) with FFV of 0.15), as shown in Figure 7.17.  
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Figure 7.17 Fractional free volume (FFV) calculated from the molecular dynamic 

simulation. 

 

Wide-angle X-ray diffraction (WAXD) showed that these series of polymers possess 

amorphous structures with d-spacing less than 7 Å, indicating the presence of 

ultramicropores (Figure 7.18). A significant difference in d-spacing between methoxy and 

hydroxyl-functionalized polyimides was detected in both examples. A downshift toward 

higher intensity at larger scattering angles (lower d-spacing values)of 0.5 Å was obtained 

after converting –OMe to –OH in the case of 6FDA-(CANAL-1-OMe), whereas in the case 

of 6FDA-(CANAL-2-OMe) a downshift of 0.6 Å was observed. This downshift resulted 
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from the chain tightening induced by the hydrogen bonding formation as previously 

reported [39,40].   

 

Figure 7.18 (a) WAXD of 6FDA-(CANAL-1-OMe) and 6FDA-(CANAL-1-OH); (b) 

WAXD of 6FDA-(CANAL-2-OMe) and 6FDA-(CANAL-2-OH). 

 

In addition to WAXD, FT-IR was used to investigate the H-bonding formation where a 

downshift in the carbonyl group absorption band was observed after transforming –OMe 

to –OH groups, indicating the existence of H-bonding between the polymer chains as 

reported before [41]. Figure 7.19 shows the downshift in C=O absorption band after 

replacing methoxy by hydroxyl groups in both examples. 
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Figure 7.19 Shift of the FT-IR spectra of the functionalized CANAL PIM-PIs at the 

carbonyl group (C=O) absorption band. 

 

Further investigations on the effect of hydrogen bonding on the polymer properties and 

chain packing were performed by 2D NOESY NMR experiment. 2D NOESY NMR can 

detect the interactions between the hydrogen atoms in the space within a range less than 5 

Å. These interactions are represented as spots on the 2D NOESY NMR plot, therefore more 

spots represent more interactions [42,43]. Figure 7.20 represents the 2D NMR plot of 

6FDA-(CANAL-1-OMe) and its analogue 6FDA-(CANAL-1-OH). In the case of 

methoxy-functionalized CANAL polyimide (Figure 7.20a), little interactions between the 

aliphatic hydrogens and the aromatic hydrogens were noted. However, the interactions 

between the aliphatic and aromatic hydrogens were increased significantly in the case of 

hydroxyl-functionalized CANAL polyimide, as shown in Figure 7.20b. This notable 

increase is a result of a decrease in the d-spacing between the polymer chains which 

provides tighter chains packing [43]. 
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Figure 7.20 a) NOESY 2D NMR spectrum of 6FDA-(CANAL-1-OMe). (b) NOESY 2D 

NMR spectrum of 6FDA-(CANAL-1-OH). 
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7.4.3.5. Gas permeation measurements 

 

To investigate the influence of methoxy versus hydroxyl groups on the gas permeation 

properties of functionalized-CANAL polyimides, pure-gas data were collected at 35 °C 

and 2 bar for the four polyimides using the constant-volume/variable pressure method.  The 

gas permeabilities and selectivities are shown in Table 7.11. Solubility (S) and diffusivity 

(D) coefficients were calculated from the time-lag method and are shown in Table 7.12. 

The gas permeabilities followed the same trend as BET surface areas, where the most 

permeable polymer (6FDA-(CANAL-1-OMe)) demonstrated the highest surface area (435 

m2 g-1) and the least permeable polymer  (6FDA-(CANAL-2-OH)) displayed the lowest 

surface area (294 m2 g-1).  Gas permeabilities were reduced after converting –OMe to –OH 

group with a significant increase in gas selectivities, due to the tighter chain packing that 

results from the strong hydrogen bonding formation. For instance, CO2 permeability of 455 

barrer for 6FDA-(CANAL-1-OMe) decreased to 157 barrer (67% reduction) upon 

converting –OMe to –OH in 6FDA-(CANAL-1-OH), whereas the CO2/CH4 selectivity 

increased from 19 to 27 (42% increase). H2 permeability of 319 barrer for 6FDA-(CANAL-

2-OMe) reduced to 71 barrer (77% reduction) after replacing –OMe by –OH with a 

significant increase in H2/CH4 selectivity from 33 to 109 (300% increase).  
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Table 7.11 Pure-gas permeabilities of functionalized CANAL PIM-PIs measured at 2 bar 

and 35 °C. 

Polymer                               Permeability (barrer)                            Ideal selectivity  

                                              H2     CO2    O2         N2       CH4     H2/CH4  CO2/CH4  O2/N2 

6FDA-(CANAL-1-OMe) 412 455 84 24.4 24 17    19 3.4 

6FDA-(CANAL-1-OH) 223 157 30.5 6.6 5.9 38   27 4.6 

6FDA-(CANAL-2-OMe) 319 286 51.5 12.2 9.5 33   30 4.2 

6FDA-(CANAL-2-OH) 71 30 6.2 1.26 0.65 109 46 4.9 

 

It has been proposed that integrating methoxy groups in the polymer backbone will lead to 

a better gas separation performance, with high permeabilities and similar selectivities, 

compared to introducing hydroxyl groups [44]. This was supported by data for PI-OH and 

PI-OMe collected at 1 bar and 30 °C. For example, PI-OMe demonstrated CO2 

permeability of 20 barrer with CO2/CH4 selectivity of 65. After replacing –OMe by –OH, 

50% loss in CO2 permeability (10 barrer) was observed with a similar CO2/CH4 selectivity 

of 63 [44].  

In this work, we have clearly shown that incorporating –OMe groups in the polymer 

backbone results in different performance than introducing –OH groups in the polymer 

chains. Table 7.12 shows that the CO2 solubility coefficients of the methoxy and hyrodxyl-

functionalized PIs were in the same range of 20*10-2 cm3(STP)cm-3 cmHg-1, whereas 

remarkable differences in diffusivity coefficient were observed upon converting –OMe to 

–OH. For instance, the CO2 diffusion coefficient of 6FDA-(CANAL-2-OMe) was dropped 

88% from 12.5x10-8 cm2 s-1 to 1.5x10-8 cm2 s-1 in the case of 6FDA-(CANAL-2-OH). On 
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the other hand, the CO2/CH4 solubility selectivity varied only slightly between methoxy 

(3.8) and hydroxyl-functionalized (4.1) polyimides. The CO2/CH4 diffusivity selectivity 

increased by 27% upon replacing –OMe by –OH, which caused the increase in size-sieving 

properties of the polyimides induced by the presence of hydroxyl groups, as shown in Table 

7.13. 

Table 7.12 Diffusion and solubility coefficients for functionalized CANAL-based 

polyimides (T = 35 °C, upstream pressure = 2 bar). 

 Diffusion coefficient 

(10-8 cm2 s-1) 

Solubility coefficient 

(10-2 cm3(STP)cm-3 cmHg-1) 

Polymer N2 O2 CH4 CO2 N2 O2 CH4 CO2 

6FDA-(CANAL-1-OMe) 31.4 78 6.57 24.5 0.78 1.0 3.65 18.6 

6FDA-(CANAL-1-OH) 7.8 27.6 1.64 8.1 0.84 1.1 3.6 20 

6FDA-(CANAL-2-OMe) 12 46 1.6 12.5 1.03 1.1 6.0 23 

6FDA-(CANAL-2-OH) 1.1 4.3 0.14 1.5 1.17 1.4 4.8 19.8 

 

Table 7.13  Diffusion selectivity and solubility selectivity of CANAL-based polyimides 

(T = 35 °C, p = 2 bar). 

Polymer 

Diffusion selectivity (α)D Solubility selectivity (α)S 

O2/N2 CO2/CH4 O2/N2 CO2/CH4 

6FDA-(CANAL-1-OMe) 2.5 3.7 1.37 5.0 

6FDA-(CANAL-1-OH) 3.5 4.9 1.3 5.5 

6FDA-(CANAL-2- OMe) 3.8 7.8 1.1 3.8 

6FDA-(CANAL-2- OH) 3.9 10.7 1.2 4.1 

 

The pressure-dependence of pure CO2 and CH4 permeability and CO2/CH4 selectivity of 

the four functionalized CANAL polyimides are shown in Figure 7.21. As typically 

observed for glassy polymers, the CO2 permeability decreased slightly by increasing 
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pressure over a range of 2-20 bar at 35 °C (Figure 7.21a). In contrast, the pure CH4 

permeability was essentially constant over the whole pressure range. For instance, the CO2 

permeability of 6FDA-(CANAL-1-OMe) was reduced from 455 barrer at 2 bar to 400 

barrer at 20 bar with only a small decrease (< 10%) in the pure-gas CO2/CH4 selectivity as 

shown in Figure 7.21b. At 20 bar the CO2/CH4 selectivities of 6FDA-(CANAL-1-OMe), 

6FDA-(CANAL-1-OH), 6FDA-(CANAL-2-OMe) and 6FDA-(CANAL-2-OH) were 17, 

24, 26 and 43, respectively. 

 

Figure 7.21 (a) Pressure dependence of pure-gas CO2 and CH4 permeability of 

functionalized CANAL PIs, (b) pressure dependence of pure-gas CO2/CH4 selectivity of 

functionalized CANAL PIs. 

 

In general, the functionalized CANAL polyimides performed better than the commercially 

available materials especially for CO2/CH4 and H2/CH4 separation. Cellulose acetate (DS 

2.85) demonstrated CO2/CH4 selectivity of 33 with CO2 permeability of 6.6 barrer, whereas 

6FDA-(CANAL-2-OMe) exhibited similar CO2/CH4 selectivity of 30 but 43-fold higher 

CO2 permeability (286 barrer) [45]. Matrimid displayed H2 permeability of 18 barrer with 
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H2/CH4 selectivity of 64. However, 6FDA-(CANAL-2-OH) revealed four times higher 

permeability (71 barrer) and 41% higher selectivity (109), as shown in Figure 22 [3]. 

 

 

Figure 7.22 Robeson’s 2008 trade-off curves for for CO2/CH4 (left) and H2/CH4 (right) for 

functionalized CANAL polyimides [46]. 
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7.5. Part #3: Synthesis and characterization of linear microporous 

polyimides prepared from CANAL dianhydride. 

The aim of this part was to study the gas transport properties of novel polyimides prepared 

from a newly designed CANAL dianhydride. Multi-step organic synthesis was used to 

afford the dianhydride with its W-shape moiety, which was used to prepare two polyimides. 

The CANAL-DA moiety showed the potential for being a good candidate for generating 

porosity and providing good gas permeation properties. 

7.5.1. Monomer synthesis 
 

 

Scheme 7.6 The detailed synthesis of CANAL dianhydride (CANAL-DA; vi). 

 

7.5.1.1. Synthesis of 2,3,7,8-tetramethoxy-4b,5,5a,9b,10,10a-hexahydro-5,10-

methanobenzo[3,4]cyclobuta[1,2-b]biphenylene (i) 

Following the same general procedure for CANAL synthesis (see section 7.3.1), compound 

i was prepared from 4-bromoveratrole (10 g, 46 mmol) and norbordiene (2.34 ml, 23 

mmol). The obtained product was purified by silica gel column using ethyl acetat (EtOAc): 
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petroleum ether (1/4 ratio) as eluent. The obtained product was dissolved in a small amount 

of dichloromethane and precipitated in methanol for further purification. The white product 

was collected by filtration and dried in the vacuum oven at 100 °C for 24 h. (5.5 g, 65% 

yield); 1H NMR (400 MHz, CDCl3, δ): 0.77 (s, 2H), 2.29 (s, 2H), 3.22 (s, 4H), 3.87 (s, 

12H), 6.65 (s, 4H). 13C NMR (100 MHz, CDCl3, δ): 25.9, 37.2, 48.6, 56.2, 106.4, 137.5, 

149.7. 

7.5.1.2. Synthesis of 4b,5,5a,9b,10,10a-hexahydro-5,10-

methanobenzo[3,4]cyclobuta[1,2-b]biphenylene-2,3,7,8-tetraol (ii) 

2,3,7,8-Tetramethoxy-4b,5,5a,9b,10,10a-hexahydro-5,10-

methanobenzo[3,4]cyclobuta[1,2-b]biphenylene (i) was dissolved in anhydrous 

dichloromethane and cooled down to 0 °C, followed a dropwise addition of BBr3. The 

solution was stirred overnight and room temperature and then poured into ice water and 

stirred for extra few hours under nitrogen atmosphere. The white precipitate was collected 

by filtration and dried in the vacuum oven at 60 °C for 24 h. (4.9 g, 87% yield); 1H NMR 

(400 MHz, DMSO-d6, δ): 0.59 (s, 2H), 2.08 (s, 2H), 3.0 (s, 4H), 6.41 (s, 4H), 8.55 (br s, 

4H). 13C NMR (100 MHz, CDCl3, δ): 22.5, 31.7, 37.4, 48.2, 110.2, 136.2, 145.8 

7.5.1.3. Synthesis of 4b,5,5a,9b,10,10a-hexahydro-5,10-

methanobenzo[3,4]cyclobuta[1,2-b]biphenylene-2,3,7,8-tetrayl 

tetrakis(trifluoromethanesulfonate)(iii) 

4b,5,5a,9b,10,10a-Hexahydro-5,10-methanobenzo[3,4]cyclobuta[1,2-b]biphenylene-

2,3,7,8-tetraol (ii) (1 g, 3.24 mmol) was dissolved in 70 ml DCM followed by the addition 

of trimethylamine (9 ml, 65 mmol) and cooled down to 0 °C. To it, triflic anhydride (18.3 
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g, 65 mmol) was added dropwise. The reaction was stirred for 12 h at room temperature 

and then poured into ice water (150 ml). The water phase was extracted with DCM (3 X 

30 ml) and the organic phase was collected and dried over magnesium sulfate. The solution 

was evaporated in the rota evaporation and the obtained crude product was purified by 

silica gel column using dichloromethane as eluent. (1.1 g, 40% yield); 1H NMR (400 MHz, 

CDCl3, δ): 0.87 (s, 2H), 2.56 (s, 2H), 3.43 (s, 4H), 7.2 (s, 4H). 13C NMR (100 MHz, CDCl3, 

δ): 26.6, 37.0, 48.9, 116.7, 118.7, 120.9, 141.2, 146.8. 19F NMR (376 MHz, CDCl3, δ): -

73.53 (s, 12F). 

7.5.1.4. Synthesis of 4b,5,5a,9b,10,10a-hexahydro-5,10-

methanobenzo[3,4]cyclobuta[1,2-b]biphenylene-2,3,7,8-tetracarbonitrile 

(iv) 

4b,5,5a,9b,10,10a-Hexahydro-5,10-methanobenzo[3,4]cyclobuta[1,2-b]biphenylene-

2,3,7,8-tetrayl tetrakis(trifluoromethanesulfonate)(iii) (2.5 g, 3 mmol), Pd2(dba)3 ( 0.55g, 

20%), DPPF (0.66 g, 40%), and Zn(CN)2 (0.77 g, 6.6 mmol) were added to a flask 

containing 25 ml anhydrous DMF. The mixture was degassed, flushed with nitrogen three 

times, and then heated gradually to 90 °C and kept for 20 min, then heated to 120 °C for 2 

h. Three additional portions of Zn(CN)2 (0.77 g each) were added over 1 h. After heating 

for another hour, the mixture was added to water, filtered, and washed with methanol/water 

mixture for a few times. The crude sample had little impurities so for further purification, 

the powder was refluxed with DCM overnight and filtered. The white powder was dried in 

the over at 120 °C for 24 h. (0.66g, 65% yield). 1H NMR (400 MHz, DMSO-d6, δ): 0.62 

(s, 2H), 2.55 (s, 2H), 3.54 (s, 4H), 7.9 (s, 4H). 13C NMR (100 MHz, DMSO-d6, δ): 26.0, 

36.7, 49.4, 114.7, 116.9, 128.4, 152.3. 
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7.5.1.5. Synthesis of 4b,5,5a,9b,10,10a-hexahydro-5,10-

methanobenzo[3,4]cyclobuta[1,2-b]biphenylene-2,3,7,8-tetracarboxylic 

acid (v) 

4b,5,5a,9b,10,10a-Hexahydro-5,10-methanobenzo[3,4]cyclobuta[1,2-b]biphenylene-

2,3,7,8-tetracarbonitrile (iv) (0.65 g, 1.9 mmol) was dispersed in ethanol (15 ml). To it, 

KOH (3.5 g, 62.3 mmol) dissolved in 15 ml water was added to the mixture dropwise over 

15 min, and then the reaction was refluxed for 18 h. The ethanol was removed by vacuum, 

and more water was added to the reaction system followed by the addition of 5.2 ml HCl. 

White precipitate was filtered, washed with water (3X 20 ml) and placed in a vacuum oven 

for 24 h. (0.72 g, 91% yield). 1H NMR (400 MHz, DMSO-d6, δ): 0.60 (s, 2H), 2.64 (s, 2H), 

3.55 (s, 4H), 7.83 (s, 4H). 13C NMR (100 MHz, DMSO-d6, δ): 26.3, 36.8, 48.9, 122.5, 

133.4, 148.8, 169.5. 

7.5.1.6. Synthesis of CANAL-dianhydride (CANAL-DA; v) 

4b,5,5a,9b,10,10a-Hexahydro-5,10-methanobenzo[3,4]cyclobuta[1,2-b]biphenylene-

2,3,7,8-tetracarboxylic acid (v) (0.4 g, 0.95 mmol) was added to acetic anhydride (20 ml) 

and heated to reflux for 3 h. The solution was then cooled down to room temperature, 

filtered, and washed with cooled acetic anhydride then dried in the oven at 140 °C for 24 

h. A white powder was collected as crystals. (0.344 g, 94% yield). 1H NMR (400 MHz, 

DMSO-d6, δ): 0.63 (s, 2H), 2.48 (s, 2H), 3.39 (s, 4H), 7.36 (s, 4H), 12.95 (br s, 4H). 13C 

NMR (100 MHz, DMSO-d6, δ): 26.2, 37.2, 48.6, 120.1, 131.5, 155.2, 164.1. 
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7.5.2. Synthesis of CANAL-dianhydride based polyimides 
 

 

Scheme 7.7 Schematic representation for the synthesis of CANAL-DA-based polyimides. 

 

7.5.2.1. Synthesis of (CANAL-DA)-DMN 

Following the same synthetic procedure for polyimides synthesis (see section 7.3.2), 

(CANAL-DA)-DMN was prepared from DMN (0.1 g, 0.32 mmol) and CANAL-DA (0.123 

g, 0.32 mmol) at 200 °C as a white powder. (211 mg, 95 % yield). 1H NMR (400 MHz, 

CDCl3, δ): 1.04 (br s, 2H), 2.44 (br s, 3H), 2.46 (br s, 3H), 2.78 (br s, 2H), 3.63 (br s, 4H), 

7.37 (br m, 2H), 7.49-7.67 (br m, 8H), 7.8-7.9 (br m, 4H). FT-IR (Powder, ν, cm-1): 2942 

(C-H, str), 1766 (C=O asym), 1713 (C=O sym, str), 1346 (C−N, str), 739 (imide ring 

deformation); SBET = 510 m2 g-1; TGA analysis: Td,5%= 474 °C. 
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7.5.2.2. Synthesis of (CANAL-DA)-TMPD 

 

Following the same synthetic procedure for polyimides synthesis (see section 7.3.2), 

(CANAL-DA)-TMPD was prepared from TMPD (60 mg, 0.36 mmol) and CANAL-DA 

(140 mg, 0.36 mmol) at 200 oC as a white powder. (192 mg, 96% yield). 1H NMR (400 

MHz, CDCl3, δ): 0.94 (br s, 2H), 2.08 (br s, 6H), 2.11 (br s, 6H), 2.70 (br s, 2H), 3.55 (br 

s, 4H), 7.67 (br s, 4H). FT-IR (Powder, ν, cm-1): 2949 (C-H, str), 1770 (C=O asym), 1708 

(C=O sym, str), 1346 (C−N, str), 739 (imide ring deformation); SBET = 610 m2 g-1; TGA 

analysis: Td,5%= 490 °C. 

7.5.3. Results and discussion  

7.5.3.1. Monomer and polymers synthesis 

To fully understand the behavior of CANAL contorted building blocks and their effect on 

gas permeation properties, a new CANAL dianhydride was prepared by six synthetic steps 

according to the general method reported by Ma et al. [27, 46] The use of the catalytic 

reaction was applied in the first step of the synthesis, where tetramethoxy CANAL 

monomer was prepared from 4-bromoveratrole. The conversion of methoxy to hydroxyl 

groups was carried out by demethylation reaction using boron tribromide (BBr3). Triflic 

anhydride was used to convert –OH groups to –OTf to enhance the electrophilicity on the 

benzene rings of the CANAL precursor and to provide good leaving groups for the next 

step.  Zn (CN)2 was used to generate a strong nucleophile (-CN) that can easily replace the 

–OTf. The hydrolysis of tetra-cyano to tetra-carboxylic acid was done by ethanol and water 

in the presence of KOH at reflux temperature. Finally, the CANAL-DA was obtained after 
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refluxing tetraacid in acetic anhydride. NMR spectroscopy confirmed the structures of all 

obtained monomers.   

Two polyimides with intrinsic microporosity were prepared by one-step high-temperature 

polycondensation reaction using m-cresol in the presence of isoquinoline in a catalytic 

amount. Both polymers (i.e., (CANAL-DA)-DMN and (CANAL-DA)-TMPD) 

demonstrated good solubility in common organic solvents. Full imidization of poly (amic) 

acid to polyimide was confirmed by FT-IR as shown in Figure 7.23. The two CANAL-

DA-based polyimides exhibited high thermal stability with a decomposition temperature 

exceeding 450 °C as obtained from TGA (Figure 7.24). 

 

 

Figure 7.23 FT-IR spectra of CANAL-DA-based polyimides. 
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Figure 7.24 Thermal gravimetric analysis (TGA) of (CANAL-DA)-DMN and (CANAL-

DA)-TMPD. 

 

Robust films with excellent mechanical properties were prepared from these two 

polyimides and tested for gas permeation. High elongation at break was observed in the 

case of (CANAL-DA)-TMPD (32%) relative to (CANAL-DA)-DMN (7%) (Figure 7.25 

and Table 7.14). 
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Figure 7.25 Stress-curves collected by DMA with a ramping force rate of 0.5 N/min up to 

18 N. 

 

Table 7.14 Mechanical properties of CANAL-DA based polyimides measured by DMA at 

room temperature. 

Polymer 
Tensile 

strength (MPa) 

Tensile 

modulus (GPa) 
Elongation at break (%) 

(CANAL-DA)-DMN 30.5±1.5 0.74±0.05 6.5±0.1 

(CANAL-DA)-TMPD 67±2.3 0.96±0.06 32.1±1.2 

 

7.5.3.2. BET surface area and microporosity 

The Brunauer-Emmett-Teller (BET) surface areas of the CANAL dianhydride-based 

polyimides were calculated from the N2 sorption isotherms measured at -196 °C (Figure 
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7.26). (CANAL-DA)-TMPD displayed the highest BET surface area of 610 m2 g-1, whereas 

(CANAL-DA)-DMN revealed a lower surface area of 510 m2 g-1 (Figure 7.25). The high 

N2 uptake a relatively low pressure reflects the presence of ultramicropores with higher 

intensity for (CANAL-DA)-TMPD.  

 

Figure 7.26 Nitrogen isotherms of CANAL-DA-based polyimides measured at -196 °C. 

The insert graph was included to show the high gas uptake at very low relative pressure. 

 

The pore-size distribution, evaluated by NLDFT, shows that (CANAL-DA)-TMPD 

possesses higher intensity in the ultramicropores region compared to (CANAL-DA)-DMN 

(Figure 7.27).  
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Figure 7.27 NLDFT-derived pore-size distribution of CANAL-DA-based polyimides. 

 

These data were also confirmed by WAXD, where a notable shift toward higher 2-theta 

and lower d-spacing was obtained in the case of (CANAL-DA)-TMPD relative to 

(CANAL-DA)-DMN as shown in Figure 7.28. The NLDFT and WAXD provide clear 

evidence of better size-sieving properties in the case of (CANAL-DA)-TMPD which will 

lead to better separation performance. (CANAL-DA)-TMPD displayed a broader 

amorphous peak as shown in WAXD compared to (CANAL-DA)-DMN. This significant 

difference in the peak width can be referred to the higher concentration of larger pores that 

can enhance the gas permeability which is in qualitative agreement with the higher BET 

surface area.  
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Figure 7.28 Wide-angle x-ray diffraction of polyimides generated from CANAL-DA. 

 

7.5.3.3. Gas separation performance 

The gas separation properties of the robust films for CANAL-DA based polyimides were 

measured using the constant-volume/variable-pressure method. The data were collected at 

35 °C and 2 bar. As expected from the surface areas and pore-size distribution, (CANAL-

DA)-TMPD exhibited higher gas permeability and higher gas-pair selectivity for all gases 

compared to (CANAL-DA)-DMN. Interestingly, (CANAL-DA)-TMPD displayed 4-fold 

higher CO2 permeability (2104 barrer vs 440 barrer) with similar CO2/CH4 selectivity (17 

vs 16) compared to 6FDA-TMPD [33], noting that both polyimides were prepared from 

the same diamine (TMPD) but different dianhydrides (6FDA vs CANAL-DA). PIM-PI-1, 

which was previously prepared from TMPD and another PIM-motif spirobisindane 

dianhydride [17], displayed 100 % lower CO2 permeability (1100 barrer vs 2104 barrer) 
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and slightly lower CO2/CH4 selectivity of 14 compared to (CANAL-DA)-TMPD (Table 

7.15). 

 

Table 7.15 Pure-gas permeabilities of CANAL-DA based polyimides measured at 2 bar 

and 35 oC. 

Polymer                               Permeability (barrer)                            Ideal selectivity  

                                          H2       CO2      O2        N2        CH4       H2/CH4    CO2/CH4    O2/N2 

(CANAL-DA)-TMPD 1866 2104 413 110 126 15 17 3.7 

(CANAL-DA)-DMN 871 1036 227 64 94 9 11 3.6 

6FDA-TMPD [33] 549 440 - - 28 19 16 - 

PIM-PI-1 [17] 530 1100 150 47 77 7 14 3.2 

KAUST-PI-1 [15] 3983 2389 627 108 114 38 23 5.9 

 

Pure-gas pressure dependence of the two novel polyimides was tested up to 20 bar. As 

expected, these materials behave as standard glassy polymers. It is important to note that 

the CO2 permeability in both polymers was decreasing slightly up to 10 bar and then started 

to increase which may reflect the onset of plasticization. However, the permeability of CH4 

remained constant over the whole pressure-rang (Figure 7.29). 
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Figure 7.29 Pure-gas pressure dependence permeability of CO2 and CH4 (left) and 

CO2/CH4 selectivity at a pressure range of 2-20 bar. 

 

CANAL-DA was able to generate porosity in the polyimide structures and performed better 

than 6FDA and SBI dianhydride. The CANAL-DA based polyimides showed good 

potential for gas separation, especially for CO2/CH4 and H2/CH4. (CANAL-DA)-TMPD 

demonstrated performance close to 2008 Robeson tradeoff curve for CO2/CH4, while it 

even surpassed the curve in the case of H2/CH4 (Figure 7.30) [47]. 

 

Figure 7.30 The performance of CANAL-DA based polyimides on 2008 Robeson’s 

tradeoff curves for CO2/CH4 and H2/CH4 separation. 
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7.6. Conclusions 

We report the facile synthesis of a series of ladder diamines and dianhydride via one-step 

CANAL reaction, which was then used to prepare soluble microporous PIs. The CANAL 

PIs exhibited excellent thermal stability, robust mechanical properties, and high BET 

surface areas that were comparable to our previously reported CANAL ladder polymers. 

High permeabilities with moderate selectivities of industrially important gases were 

obtained from mechanically and thermally robust CANAL PI membranes. CANAL PIs 

also exhibited relatively slow aging. Fine-tuning the CANAL polymers properties can be 

achieved by using functionalized CANAL-diamines. Controlling the polymer backbones 

on a molecular level can lead to a significant enhancement in gas transport properties based 

on the application. For instance, non-functionalized CANAL polyimides can be used for 

applications that require high gas permeabilities and moderate selectivities, whereas 

functionalized CANAL polyimides can be used for applications that need high gas 

selectivities with moderate permeabilities. 

Facile synthesis and excellent mechanical and transport properties of CANAL PIs make 

them promising materials for membrane-based gas separations. We envision CANAL as a 

versatile and efficient method to construct a broad range of ladder-shaped building blocks 

for the development of soluble microporous polymers for significant gas separations. 
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Chapter 8. Conclusions and Future Recommendations 
 

8.1. Introduction 

Chapters 4 through 7 spotlighted the detailed synthetic procedures of novel kinked 

monomers and polymers with intrinsic microporosity and demonstrated the effect of 

different functional groups on the polymeric materials and their gas transport 

performances. Incorporating different functional groups on the polymer backbone can 

control and tune the microporosity for highly permeable and highly selective gas transport 

relative to commercially available materials. A full study on structure-property 

relationships was provided in this thesis for better understanding between the newly made 

polyimides and their gas transport properties. This chapter will recap the previous chapters 

in an integrating manner. Also, designing strategies will be described briefly for further 

evaluations with some future recommendations that can help researchers for enhancing the 

performance of PIMs materials through a better understanding of their molecular 

architecture and interactions.  

8.2. Conclusions 

Over the last few decades, development of membranes performance has focused on two 

main aspects: (i) membrane process development which involves separation process 

optimization, low-cost operation, and developing processes that are applicable for off-

shore applications; (ii) designing new polymers that enhance the performance of 

membranes for gas separation. However, less attention has been directed toward 

engineering the molecular structure of the polymer backbone to control porosity and boost 

the separation through controlling permeabilities and selectivities.  Therefore, it is very 
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critical to understand the structure-property relationships of particular polymers to develop 

new materials that can provide better separation properties with lower efforts and costs. 

 The primary objective of this thesis was to study the effects of different functional 

groups on newly designed PIM-PIs and their gas transport performance. In this work, we 

designed new materials and then synthesized and characterized porous polymers and 

membranes followed by gas separation testing and analysis. 

 In chapter 4, the effects of tertiary amine in Tröger’s base based polyimides on gas 

transport properties were investigated by comparing their gas transport results to a newly 

made carbocyclic Tröger’s base. Direct sorption experiment showed that the nitrogen 

group located at the bridge of Tröger’s base structure had no effect on CO2 sorption, but it 

had some impact on polymer chains packing due to some possible interactions. As a result, 

Tröger’s base-based polyimides demonstrated lower permeability and higher gas pair 

selectivity compared to carbocyclic Tröger’s base based polyimides [1]. 

 In chapter 5, new polyimides were prepared from alicyclic monomers, and the 

effect of bromine groups was studied in details. The addition of bromine groups to the 

polymer backbone led to a simultaneous increase in permeabilities and gas-pair 

selectivities. BCBr4-SBIDA exhibited O2 permeability of 17 barrer (after one-year aging) 

with O2/N2 selectivity of 6.6, similar to the selectivity of the best performing commercially 

available membrane materials (including CTA, PC, and Matrimid) but with ten-fold higher 

permeability. Moreover, decreasing aromaticity by introducing alicyclic monomers 

provided colorless films with high transparency [2]. 
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 In chapter 6, the effect of incorporating carboxylic acid groups into the polymer 

backbone on the performance of polyimide membranes was examined. The addition of –

COOH functionalization (in the case of 6FDA-TrMCA) enhanced the chain tightening, 

decreased gas permeabilities, and increased gas-pair selectivities compared to the 

unsubstituted 6FDA-TrMPD analogue polyimide. 6FDA-TrMCA combined high 

CO2/CH4 pure- and mixed-gas permeabilities and selectivities and showed a good potential 

for using this material under harsh conditions. The excellent performance of the carboxyl-

functionalized PI resulted from the different types of hydrogen bonding that were obtained 

from the presence of –COOH groups as supported by molecular dynamics simulation. 

 In chapter 7, the new methodology for synthesizing contorted diamines and 

dianhydrides was shown, and CANAL-based polyimides were prepared and investigated 

in detail. Several polyimides were prepared using functionalized and non-functionalized 

CANAL diamines, respectively. In addition, new CANAL dianhydride and CANAL-DA-

based polyimides were prepared and used for gas separation testing. The CANAL-based 

polyimides exhibited very high permeabilities and moderate selectivities. Controlling the 

gas transport properties was achieved by introducing methoxy and hydroxyl functional 

groups as discussed in Part 2. The difference between methoxy and hydroxyl groups and 

their effect on the polymer properties were investigated by FTIR, XRD, UV-vis and 2D 

NOESY NMR. The CANAL-based polyimides showed interesting gas performance in 

which (CANAL-DA)-TMPD surpassed the 2008 Robeson plot for H2/CH4 separation as 

shown in Part # 3.  
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 In summary, this work demonstrated the importance of the different functional 

groups in controlling the performance of the membranes, due to their bulkiness or possible 

interactions like hydrogen bonding and polar-polar interactions.  

The major conclusions drawn from this research are: 

 A small structural modification in polyimides backbone can induce a remarkable 

difference in gas transport properties. The presence of tertiary amine groups in 

Tröger’s base polyimides does not affect the sorption of CO2, but it affects the chain 

packing and control the size-sieving properties. 

 The commercial membrane materials for air separation can be replaced by 

halogenated polyimides like BCBr4-SBIDA, which displayed similar O2/N2 

selectivity, but 10-fold higher O2 permeability. On the other hand, introducing 

alicyclic structure in the polymer backbone can enhance the light transmittance and 

lower the CTC interactions.  

 Achieving high permeabilities and gas permselectivities can be obtained by using 

carboxyl-functionalized polyimide 6FDA-TrMCA, where the –COOH tighten the 

polymer structure and increase the chain packing due to strong hydrogen bonding 

interaction. 

 Minimizing the number of synthetic steps to prepare diamines can be achieved by 

using a single-step CANAL reaction. The facile CANAL synthesis produces 

diamines (% yield exceeding 70%) with a W-shaped structure that generate porosity 

and increase the free spacing of their corresponding polymers. Moreover, the 

functionalized CANAL polyimides showed enhancement in gas separation 

performance due to the presence of polar groups in their backbone structure. 
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8.3. Future recommendations 

All results presented in this doctoral thesis showed the importance of engineering the 

molecular structure of the polymer backbone to achieve better properties. Studying 

structure-property relationships can help for better understanding of molecular packing and 

boost the materials performance. This section presents recommendations for future 

directions of this specific research. 

8.3.1. Copolymerization 

It is known that copolymerization is an efficient way to combine properties of two 

homopolymers. Researchers have utilized copolymers for different types of applications, 

including materials for membrane-based gas separation. Ma et al. reported copolymers 

prepared from SBIDA and DABA with 6FDA, and obtained excellent results with  good 

permeabilities and enhanced selectivities [3]. These promising results were due to 

hydrogen bonding formation between the –OH of SBIDA and the –COOH of DABA. 

Therefore, it would be interesting to copolymerize any kinked monomers bearing hydroxyl 

functionalities (like SBIDA) and TrMCA with 6FDA. In all cases we will have hydrogen 

donor and hydrogen acceptor sides, hence we expect hydrogen bonding effects in all cases. 

This strategy could combine the high selectivity provider TrMCA diamine and the high 

permeability generator SBIDA. The copolymerization can be carried out different 

copolymer to obtain the best combination for enhanced gas transport properties. 
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Scheme 8.1 General example on some potential copolymers for CO2/CH4 separation. 

 

8.3.2. Thermally rearranged (TR) polymers 

One of the goals of this work was to provide strategies for designing novel tailored 

polyimides and control their microporosity by introducing different functionalities. 

Hydroxyl and methoxyl-functionalized CANAL polyimides 6FDA-(CANAL-1-OMe), 

6FDA-(CANAL-1-OH), 6FDA-(CANAL-2-OMe), and 6FDA-(CANAL-2-OH) are 

promising candidates for thermal rearrangement (TR) in which the polyimides are 

converted to polybenzoxazoles by thermal removal of CO2 at the N-phenyl imide bond 

around 380-400 °C [4]. TR polymers exhibit high gas permeability with moderate perm-

selectivity, so it is important to use highly selective polyimides for TR to obtain a 

significant increase in permeability while maintaining high selectivity. However, TR 

polymers typically demonstrate less mechanical strength compared to the pristine polymers 

[5]. 

8.3.3. Mixed-matrix membranes 

Mixed-matrix membranes (MMMs) are considered as emerging materials for gas 

separation due to the combination of polymers and inorganic materials. MMMs can be 

achieved by combining highly selective inorganic fillers such as zeolites or MOFs with a 
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high molecular weight polymer, and the obtained robust films can be tested for gas 

separation. 

The selection of polymeric and inorganic materials for MMMs preparation are key factors 

for membrane fabrication; both materials should have high thermal stability, excellent 

mechanical and physical properties. The loading percentage of inorganic fillers is also 

essential, as it can determine the gas permeation properties,  mechanical and thermal 

stability of the MMMs [6–9].  

An ideal combination for MMMs fabrication can be achieved by mixing functionalized 

polyimides that possess high CO2/CH4 selectivities with MOFs that can offer high free 

volume and thus high permeability. 6FDA-TrMCA, 6FDA-(CANAL-1-OH), and 6FDA-

(CANAL-2-OH) can be used for designing novel mixed-matrix membranes. 

8.3.4. Carbon molecular sieves (CMS) 

Carbon molecular sieves are considered as an advanced class of porous materials 

containing very narrow size-selective ultramicropores. Carbon molecular sieves are mainly 

prepared by pyrolysis of pristine polymers at a high temperature ranging from 500 to 1000 

°C under vacuum or inert gases. Significant efforts toward developing and improving the 

performance of CMS for different applications were reported by Koros’ group. Hydroxyl-

, carboxyl- and methoxy-functionalized polyimides reported in this work can be used to 

prepare carbon molecular sieves for gas sweetening applications [10–14]. 
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functionalized Tröger’s base diamine: a new building block for high-performance 

polyimide gas separation membranes. Macromolecules, 2017, 50(24), 9569-9576. 

(Contributed to synthesis, characterization, gas testing, and figures).  

 

Patents: 

1. M. A. Abdulhamid, X. Ma & I. Pinnau. Psuedo Tröger’s base amines and 
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dianhydrides. WIPO patent WO 2019 (012347 A1), PCT/IB2018/054261. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



294 
 

APPENDIX 

Chapter 4 

 

1H NMR spectrum for 2,8-dimethyl-1,7(4,10)(3,9)-dinitro-5,6,11,12-tetrahydro-5,11-
methanodibenzo[a,e][8]annulene (VII a) in CDCl3. 

 

 
1H NMR spectrum for 2,8-dimethyl-3,9-dinitro-5,6,11,12-tetrahydro-5,11-
methanodibenzo[a,e][8]annulene (VII b) in CDCl3. 
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1H NMR spectrum for 6FDA-CTBDA in DMSO-d6. 

 

 
1H NMR spectrum for 6FDA-TBDA in DMSO-d6. 
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Chapter 5 

 
1H NMR spectrum of BCBr4 in DMSO-d6. 

 

 
13C NMR spectrum of BCBr4 in DMSO-d6. 
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1H NMR spectrum of BC-SBIDA polyimide in DMSO-d6. 

 

 
1H NMR spectrum of BCBr4-SBIDA polyimide in DMSO-d6. 
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Chapter 6 

 
1H NMR spectrum of 2,4,6-trimethyl-3,5-dinitrobenzoic acid in DMSO-d6. 

 

 

 
1H NMR spectrum of 2,4,6-trimethyl-3,5-diaminobenzoic acid in DMSO-d6. 
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13C NMR spectrum of 2,4,6-trimethyl-3,5-diaminobenzoic acid in DMSO-d6. 

 

 

 
1H NMR spectrum of 6FDA-TrMPD in DMSO-d6. 
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1H NMR spectrum of 6FDA-TrMCA in DMSO-d6. 

 

 

Chapter 7 part #1 

 

1H NMR spectrum of CANAL-1-MeNH2 in DMSO-d6. 
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13C NMR spectrum of CANAL-1-MeNH2 in DMSO-d6. 

 

 

 

1H NMR spectrum of CANAL-1’-MeNH2 in CDCl3. 
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13C NMR spectrum of CANAL-1’-MeNH2 in CDCl3. 

 

 

 

1H NMR spectrum of CANAL-2-Me2NH2 in DMSO-d6. 
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13C NMR spectrum of CANAL-2-Me2NH2 in DMSO-d6. 

 

 

 

1H NMR spectrum of CANAL-3-MeNH2 in DMSO-d6. 
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13C NMR spectrum of CANAL-3-MeNH2 in DMSO-d6. 

 

 

 

1H NMR spectrum of CANAL-PI-1-MeNH2 in CDCl3. 
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1H NMR spectrum of 6FDA-(CANAL-2-Me2NH2) in CDCl3. 

 

 

 

1H NMR spectrum of 6FDA-(CANAL-3-MeNH2) in CDCl3. 
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Robeson’s 2008 trade-off curve for H2/CH4 (left) and H2/N2 (right) for non-functionalized 

CANAL polyimides. 

 

 

Chapter 7 part #2 

 

 

1H NMR spectra of CANAL-1-OMe in CDCl3. 
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1H NMR spectra of CANAL-2-OMe in DMSO-d6. 

 

 

 

13C NMR spectra of CANAL-2-OMe in DMSO-d6. 
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Robeson’s 2008 trade-off curve for H2/N2 (left) and O2/N2 (right) for functionalized 

CANAL polyimides. 

 

Chapter 7 part #3 

 

1H NMR spectra of CANAL-4OMe in CDCl3. 
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13C NMR spectra of CANAL-4OMe in CDCl3. 

 

 

 

1H NMR spectra of CANAL-4OH in DMSO-d6. 
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13C NMR spectra of CANAL-4OH in DMSO-d6. 

 

 

 

1H NMR spectra of CANAL-4OTf in CDCl3. 
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13C NMR spectra of CANAL-4OTf in CDCl3. 

 

 

 

19F NMR spectra of CANAL-4OTf in CDCl3. 
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1H NMR spectra of CANAL-4CN in DMSO-d6. 

 

1H NMR spectra of CANAL-4COOH in DMSO-d6. 
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1H NMR spectra of CANAL-DA in DMSO-d6. 

 

 

 

13C NMR spectra of CANAL-DA in DMSO-d6. 
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