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Abstract 

Membrane gas separation has been employed in a range of industrial processes for the 

separation of almost all commercially important gas pairs, featured by energy efficiency, 

cost-effectiveness and environmental friendliness. Current commercial membrane materials 

generally focus on polymerics. Since the seminal publication on polymers of intrinsic 

microporosity (PIMs) by Budd and McKeown in 2004, considerable attention from both the 

academic and industrial communities has been drawn to these unique polymers. In this thesis, 

PIMs are therefore studied mainly via synthetic chemistry.  

The first part of the thesis (Chapters 3-5) describes three works relating to the synthetic 

methods of PIMs. Chapter 3 introduces a novel AB-route polymerisation for high-molecular 

PIMs, a dibenzodioxin-forming polycondensation, in order to overcome the stringent 

stoichiometric balance which is necessarily obeyed in the regular AA+BB polycondensation 

route. Chapter 4 focuses on the synthesis of alternating copolymers of PIMs by use of an 

ABA monomer, enlightened by the synthetic study of the AB-type monomer in Chapter 3. A 

perfectly alternating copolymer and its corresponding statistical copolymer are prepared and 

investigated by comparing their physicochemical properties, in particular the gas permeation 

performance. In Chapter 5, a fluoride-mediated polycondensation is developed as an 

alternative method of PIM synthesis. In this method, t-butyl dimethyl silyl (TBS)-protected 

biscatechol acts as a potential nucleophile to react with a common tetrafluoro monomer, with 

the aid of fluoride ion. The polymerisation conditions are optimised to give high-molecular 

weight film-forming PIMs. 

The second part (Chapters 6 and 7) aims to explore new structures for the fabrication of 

PIMs possessing enhanced gas separation performance. In Chapter 6, on the basis of current 

PIM design concepts, a novel PIM with significant improvement in rigidity along the 

polymer backbone is successfully synthesised. According to the preliminary gas separation 

tests, this polymer displays exceptional performance compared to other PIMs and shows 

potential commercial applications. Chapter 7 presents the synthesis of a series of 

functionalised PIM homo-polymers and copolymers, such as methoxy-containing and 

hydroxyl-containing polymers. In addition, attempts to prepare functionalised PIMs are 

reported. 
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Chapter 1: Introduction 

 

1.1 Membrane gas separation 

The discovery of the nature of membranes can be dated back to 1748 when Abbé Nollet 

observed that water is transported through a pig bladder faster than alcohol, which was the 

earliest reported osmosis phenomenon. Later on, studies of membranes for gases began, 

based on a report of hydrogen diffusing out through a crack in a jar from Döbereiner in 1823, 

and this observation was studied by Graham. Since then, membrane gas separation has 

advanced enormously, with membrane technology being widely exploited in industry 

processes to separate various gas mixtures.[1,2] 

The separation process plays a key role in industry today, featured by energy utilisation, 

waste generation and equipment size. On the basis of the growing demand for energy 

conservation and cost savings, membrane separation technology has been receiving more 

attention as an alternative and promising method compared with conventional process. 

Especially in the area of gas separation, application of membrane technology has been 

extended, due to its advantages over traditional process (pressure swing absorption, cryogenic 

distillation, etc.).[3,4] 

The separation of gas mixtures using polymeric membranes has been commercially 

utilised since the late 1970s, and developed as a powerful and competitive separation 

technology. Membrane gas separation has been studied in almost all the processes for gas 

separation (Table 1.1); in particular, for some large industrial applications, membrane 

separation has been mainly employed.[5,6] 

The membranes used in industrial unit operations are packed in membrane modules such 

as hollow-fibre modules and spiral-wound modules. The membranes are regularly fabricated 

into the two configurations (Figure 1.1), Loeb-Sourirajan anisotropic membrane and 

multilayer composite membrane.[7] The former used a single polymer (about 50g used per 

square metre) but was cast in different densities to form a selective layer functional for 

separation, and a support layer to provide sufficient mechanical strength. In contrast, the 

latter applies various materials, including expensive polymers (about 1-2g used per square 

metre), as a selective layer and relatively low-cost materials for support. This technique can 
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effectively balance the cost of membrane by efficient use of expensive polymers, and allow 

access to commercial exploitation. 

 

Table 1.1 Main industrial applications of membrane gas separation[8] 

Gas pair Industrial process 

H2/N2 Ammonia purge gas 

H2/CO Syngas ratio adjustment 

H2/hydrocarbons Hydrogen recovery in refineries 

O2/N2  Nitrogen generation, oxygen enrichment 

CO2/hydrocarbons (CH4) Natural gas sweetening, landfill gas upgrading 

H2O/hydrocarbons (CH4) Natural gas dehydration 

H2S/ hydrocarbons Sour gas treating 

He/hydrocarbons Helium separation 

He/N2 Helium recovery 

Hydrocarbons/air Hydrocarbons recovery, pollution control 

H2O/air Air dehumidification 

Volatile organic species (e.g. ethylene or 

propylene)/light gases (e.g. N2) 

Polyolefin purge gas purification 
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A thermodynamic term describing the amount of gas molecules adsorbed onto and 

dissolved into the membrane is defined as S, the solubility coefficient. The solubility 

coefficient is a function of the penetrant concentration c. When the penetrant has a 

sufficiently low concentration in the polymer, the solubility coefficient S is considered a 

constant at a given temperature reflecting the properties of gases and polymers. Then, the 

permeability P can be expressed as: 

P = DS                                                              (1.3) 

Equation 1.3 is the definition of P when gas molecules permeate idealy. In this case, 

different gas molecules have different solubilities and diffusion rates for a membrane, thus 

utility of such differences can achieve separation of gas mixtures. The equation (1.3) also 

expresses that a high permeability can be achieved by a high diffusion coefficient such as H2 

or He, or a high solubility coefficient such as CO2, or both, such as H2O. The performance on 

separation is described by the equation: 

αx/y = Px/Py                                                                                            (1.4) 

where the permeability α for a gas mixture x and y was defined as a ratio between 

permeabilities (P) of gas x and that of gas y. (Here x is the more permeable gas.) Also, the 

selectivity can be decoupled into diffusivity-selectivity and solubility-selectivity according to 

equation (1.3): 

αx/y = Dx/Dy × Sx/Sy                                                        (1.5) 

 

1.2.2 Robeson’s upper bound 

Since the growth of research on polymeric membrane materials, more and more gas 

separation performance parameters have been reported in terms of permeability and 

permselectivity. A trade-off relationship was observed and became a well-known empirical 

rule, indicating an increase in permeability statistically coupled with a decrease in selectivity 

and vice versa.[12] In 1991, Robeson reported the famous “upper bound” by compiling and 

analysing data from around 300 references,[13] and updated the upper bound in 2008 due to 

the development of new membrane materials (Figure 1.3).[14] The upper bound relationship 

was expressed by: 
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black solid lines, where prior upper bound represents the correlation published in 1991, while 

the present upper bound means the update in 2008. According to this O2/N2 upper bound, it 

becomes obvious that new materials to be developed need to give plots located at the upper-

right area in this graph (high permeability and high selectivity); that is, the plots need to 

approach or even to break the upper bound (current overall performation limit). Thus, this is a 

straightforward platform available for all homogeneous polymeric materials to compare their 

O2/N2 separation performance with state-of-the-art performance limit. Additionally, besides 

the upper bound relationship for the gas pair O2/N2, there are various corresponding upper 

bounds for almost all commercial gas separation such as CO2/CH4, H2/N2, H2/CH4, He/N2, 

He/CH4, He/H2, CO2/N2, N2/CH4, H2/CO2, He/CO2, H2/O2, He/O2. 

Since the values of n and k in Eq. 1.5 are empirical parameters, Freeman provided his 

fundamental theoretical studies to support Robeson’s upper bound later in 1999.[15] The 

theory explained the observed trade-off relationship and agreed with reference values. More 

importantly, an approach for development of high performance polymeric material for gas 

separation was also suggested from the theory. That is, in order to achieve an increase in both 

permeability and selectivity to the upper bound limit, it is necessary to synchronously 

enhance both backbone rigidity and inter-chain separation.  Extra backbone rigidity may lead 

to difficulties in the processing of inorganic membranes due to the formation of defects and 

cracks. Yet, this relationship between backbone rigidity and processability is not significant 

for organic polymers. 

Additionally, in 2015, an update of upper bound for O2/N2, H2/N2, H2/CH4 was reported 

by Swaidan et al on the basis of recent development of polymers of intrinsic microporosity 

(PIMs), in which a few new PIMs exhibited substantially improved performance over 

preceding polymers and significantly exceeded the 2008 upper bound.[16] 

  

1.3 Polymeric membrane materials  

As the market for membrane gas separation is growing steadily, the desire for new 

polymeric membrane materials is significant. Therefore, studies over the last few decades 

have addressed the synthesis and development of novel materials to meet industrial needs. To 

date, membrane materials studied for gas separation have ranged widely from inorganics to 
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organics, for example, ceramics, polymers, carbon-based membranes, mixed-matrix 

membranes (MMMs).[6,17,18] In this research, synthetic organic polymers are studied.  

In earlier ages, polymeric membrane materials were acquired only from natural sources. 

When polymer science was developed in the 20th century, large amounts of synthetic 

polymers became available for membrane study. As described in Table 1.2, taking the O2/N2 

separation progress as an example: since the early study of poly(vinyltrimethylsilane) for 

O2/N2 separation, more polymers have been involved in subsequent studies to achieve a better 

performance.  

The processibility of polymers leads to the diversity of membrane configuration and hence 

to a broader application to other materials. Even though many polymers are limited in use due 

to problems raised by thermal, mechanical and chemical sensitivity, invention of novel stable 

polymers such as polyimide,[19] thermally rearranged (TR) polymers,[20-22] and polymers of 

intrinsic microporosity (PIMs)[23,24] integrated with advanced techniques related to polymer 

cross-linking, membrane fabrication has been developed to overcome the drawbacks.  

 

Table 1.2 Progress of the membranes for O2/N2 separation (tested at 25°C unless specified)[6] 

Year Polymer O2 permeability 

(Barrer) 

O2/N2 selectivity 

1970s Poly(vinyltrimethylsilane) 47 4.3 

1982 Poly(4-mehyl-1-pentene) 24 3.6 

1985 Ethyl cellulose 15 3.4 

1986

  

Polysulfone 1.2 6.0 

1989 Poly(phenylene oxide) 16 4.0 

1989 Halogenated polycarbonates (35°C) 2.3-1.4 6.4−7.4 

1996 Polyimides 4-0.1 6−9 

2005 Polyimides 18-0.079 9−19.8 
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Physical ageing, a process widely occurring in glassy polymers, is caused by the 

elimination of excess free volume within the polymer. Thus, in the process of ageing, 

polymeric membranes exhibit a decrease of permeability towards penetrant molecules but an 

increase in selectivity in turn.[28] For a fresh glassy polymer dense film, the macromolecular 

chains are still in a state of non-equilibrium, and the chains tend to relax over time to reach 

thermodynamic equilibrium, resulting in loss of free volume. In general, ageing takes place 

faster for thinner membranes than for thicker ones. This was evidenced by a comparison 

between thin and thick films of polysulfone and polyimide with an identical thermal 

history.[29,30] To overcome polymer ageing, strategies such as methanol treatment, mixed-

matrix membranes and cross-linking have been developed and found to be effective.[31,32]  

Nowadays, polymers have been developed as commercial gas separation membrane 

materials, as shown in Table 1.4.[8] A substantial number of polymeric materials have been 

evaluated so far; however, only certain membrane materials were actually exploited for 

industrial application.[3] In order to further develop membrane separation technology and 

satisfy the needs of emerging applications, novel materials with both high permeability and 

selectivity are demanded. These are the driving forces behind the search for better polymeric 

materials.  

 Recently, a few new classes of polymers, for example, MOF-containing mixed-matrix 

membranes, thermally rearranged (TR) polymers and polymers of intrinsic microporosity 

(PIMs), have been developed and investigated. Among these new materials, PIMs perform as 

a promising category of candidates for commercial use due to their outstanding separation 

performance. Yet additional work is still necessary for improvement on gas transport property 

and modification to meet the harsh conditions of industrial use.[7] 
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Table 1.4 Main membrane companies and principal membrane materials used [8] 

Company Principal membrane materials used 

Permea (Air Products) polysulfone 

MEDAL (Air Liquid) polyimides 

Generon tetrabromopolycarbonate 

Separex (UOP) cellulose acetate 

Aquila poly(phenylene oxide) 

Ube polyimide 

MTR silicon rubber 

Helmholtz Centrum (formerly GKSS) silicon rubber 

Grasysa polyimide, polysulfone 

Kryogenmasha poly(vinyltrimethylsilane), tetrabromopolycarbonate 

Air Liquid ethyl cellulose 

OPW Vaposaver poly(trimethylsilyl propyne) 

a Producer of membrane modules and installations only. 

 

1.4 Aim of research 

In this thesis, polymers of intrinsic microporosity as a class of solvent-processible 

polymers with high permeability and moderate selectivity are studied.  

Since the invention of PIM-1 by Budd and McKeown,[33] PIMs have aroused considerable 

interest for many applications, in particular for gas separation. For the purpose of membrane 

separation technology development, researchers have focused on the discovery of new 

polymers that commercial users can substitute for traditional polymeric materials and to meet 

new challenges. A large number of polymeric material candidates for gas separation are also 

required in order to investigate structure/property correlation and subsequently to allow 

access to the rational design of polymers with bespoke properties. Consequently, the purposes 

of my research are to  

(1) design novel monomers with contorted and rigid structures; 
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(2) synthesise and isolate the target monomers in a high purity for following polymerisation; 

(3) polymerise the monomers and acquire soluble and high-molecular weight PIMs; 

(4) fabricate robust membranes with sufficient strength through use of the resulting PIMs;  

(5) test gas transport property using pure gases. 

Additionally, the polymerisation approach most involved for PIMs synthesis is a 

dibenzodioxin-forming reaction, in which a biscatechol monomer reacts with an electron-

deficient aromatic tetra halide monomer. Herein, we are also focusing on developing novel 

polymerisation methodology derived from the classic dibenzodioxin-forming protocol and 

exploration of new synthetic methods for PIMs including: 

(1) synthesis of an AB-type monomer and its self-polycondensation to afford  PIM-1; 

(2) synthesis of perfectly alternating copolymers of PIMs via using an ABA monomer and 

characterisation thereof; 

(3) development of a fluoride-mediated polycondensation for PIMs construction via in situ 

tandem deprotection/substitution through use of silylated monomers. 
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Chapter 2: A Literature Review on Polymers of Intrinsic 

Microporosity (PIMs) 

 

2.1 PIMs and their polymerisation approaches  

Polymers of intrinsic microporosity (PIMs) were first reported by Budd and 

McKeown.[33,34] PIMs constitute a series of organic polymers with contorted and rigid 

backbones, and a large amount of free volume created subsequently by inefficient packing of 

the macromolecules in the solid state. Due to this interesting structural feature, the porosity is 

induced by intrinsicality rather than additional processes. The pore size of PIMs is usually 

smaller than 1 nm, determined by positron annihilation lifetime spectroscopy (PALS) and 

low-temperature gas adsorption. According to the definition of porous materials 

recommended by IUPAC based on pore size (Microporous (< 2 nm), Mesoporous (2-50 nm) 

and Macroporous (>50 nm)) these unique polymers are a type of microporous material.[35]  

Generally, three protocols have been employed for PIMs synthesis. The first reported 

synthetic approach to PIMs is typically a dibenzodioxin-forming polymerisation, in which a 

biscatechol monomer and an activated tetra halo-substituted aromatic are employed to give a 

polydioxin via double aromatic nucleophilic substitution (Scheme 2.1).[34]  

 

 

Scheme 2.1 Dibenzodioxin-forming approach for PIMs synthesis. 

 

Herein, the halo-aromatic monomer is necessarily an electro-deficient compound that is 

subject to the efficient formation of a dibenzodioxin unit with biscatechol, and subsequently 

gives a linear non-cross-linkage polymer. So far, monomers with rigid structure that 

simultaneously meet such requirements are few, amongst which the most popular is 2,3,5,6-

tetrafluoropthalonitrile.    
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Besides the dibenzodioxin-forming approach, some PIMs with bridged bicyclic units, 

called Tröger's base (TB)-based PIMs (TB-PIMs), were also developed. The polymerisation 

method is derived from preparation of TB, in which two molecules of aromatic diamine 

monomer react with three molecules of paraformaldehyde or dimethoxymethane under acidic 

conditions, to form a methylene-bridged eight-member ring, and the formation of polymer is 

thus accomplished (Scheme 2.2).[36]  

 

 

Scheme 2.2 Tröger's base (TB)-forming approach for PIMs synthesis. 

 

In this protocol, interestingly, the electrophile (i.e. paraformaldehyde or 

dimethoxymethane) is added in an excessive amount (approximately 5eq.). This differs from 

conventional step-growth polycondensation where stoichiometric amounts of monomers are 

strictly obeyed in order to achieve a high-molecular weight polymer. Hence, the TB-

formation approach has a great advantage in experimental operation. Furthermore, a 

substitution, such as a methyl group, adjacent to an amino group of the aromatic diamine 

monomer, is effective to prevent cross-linking, which is assumed to be caused by further 

substitution reactions with the excess electrophile.[37] 

Also, the classic polymerisation method of polyimide was reported to fabricate PIMs. On 

the basis of the structural features of PIMs, ladder-type polyimides consisting of stiff 

backbones were afforded by incorporating twisted and rigid diamine and dianhydride 

monomers. Such novel polyimide PIMs are as permeable as other type PIMs, and exhibit 

largely improved performance on gas separation over conventional polyimides (Scheme 

2.3).[38-40]  
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 Scheme 2.3 Polyimide-forming approach for PI-PIMs synthesis. 

 

2.2 Developments of PIMs 

It is known that the gas permeation properties of glassy polymers are largely determined 

by their chemical structure of repeating units, compared with that of rubbery polymers. For 

instance, polyacrylonitrile has a significantly low permeability of 0.0018 Barrer for CO2,
[41] 

but poly(trimethylsilyl propyne) (PTMSP), as the most permeable polymer so far, has a 

permeability of 27000 Barrer for CO2.
[42] In addition, the permeabilities of CO2 for PIMs 

range from hundreds Barrer to over 10000 Barrer. Consequently, as a type of glassy polymer, 

a great number of PIMs consisting of various chemical structures have been synthesised, 

bearing a relatively wide range of gas permeation properties since 2004. 

 

2.2.1 Typical unit structures 

The structural feature of PIMs, i.e. a ladder-type stiff backbone with contorted site 

providing kinks, is essential for the concept of PIMs design. In recent decade, dozens of new 

PIMs have been designed and synthesised according to this concept. Generally, besides 

regular quaternary carbon centres and fused aromatics, the key contorted and rigid segments 

for most PIMs are derived from these structures presented in Figure 2.1: a) spiro-bisindane; b) 

ethanoanthracene; c) TB type; d) triptycene; e) 1,1'-Binaphthalene; f) fluorene or spiro-

bisfluorene. 

Spiro-bisindane was the first unit employed in the history of PIMs, and contributed 

enormously to the further development of PIMs. Many PIMs consisting of spiro-bisindane 

unit have good solubility, even though it was found that relatively high flexibility exists for 

the spiro-centre.[43]  
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An ethanoanthracene unit is more inflexible than a spiro-bisindane unit, and thus 

ethanoanthracene-containing PIMs showed a better performance. This result was explained 

by Freeman’s theory: 

“Simply increasing polymer backbone stiffness results in increased selectivity but lower 

diffusivity. So backbone stiffness increases should be coupled with increases in interchain 

separation to achieve both higher permeablity and higher selectivity.” 

According to this, a stiffer polymer backbone is desired in order to achieve selectivity 

improvement and even improvements to the over all performance. The synthesis of an 

ethanoanthracene unit was carried out using a 2,5-hexanedione and aromatics via dehydration 

condensation. 

Since the first report of TB-based PIMs in 2013, more PIMs were synthesised through the 

polymerisation pathway of the formation of TB. Also, instead of using TB formation as 

polymerisation reaction, preformed TB-containing monomers have been creatively exploited 

to access new PIMs.[37,44,45] The successful preparation of these TB-based PIMs well extends 

the utility of TB formation on PIMs synthesis. 

Triptycene, another outstandingly rigid structural unit, has also been employed in PIMs 

synthesis and has produced a few PIMs with exceptional gas separation performance.[44,46,47] 

Generally, triptycene can be obtained via a [4+2] Diels-Alder cycloaddition between 

anthracene and benzyne precursor. Moreover, binaphthyl, fluorene, and spiro-bisfluorene 

have attracted much interest in PIMs synthesis because of their high rigidity.[48,49]   

 

 

Figure 2.1 Principal unit structures involved in the backbones of PIMs. 
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2.2.2 Copolymers of PIMs 

Copolymerisation has been used to derive many PIM copolymers by combining currently 

available monomers. Such a strategy allowed access to coPIMs with tuneable gas separation 

performance which was achieved by varying the combination of different units and relative 

ratios between them.  

For example, a series of PIMs copolymers consisting of sulfone-based and binaphthyl 

units were synthesised through the classic dibenzodioxin-forming polymerisation approach 

(Scheme 2.4 and 2.5).[53-56] Fritsch et al. also reported a family of spirobischromane-based 

co-PIMs via different combinations of spirobischromane and other biscatechol monomers 

(Scheme 2.6).[57] By using different co-monomers feed ratio, polymers with different unit 

components along the polymer chains can be obtained. In addition, their macroscopic 

properties (e.g. packing density, functional groups composition ratio) can be subsequently 

varied, thereby imparting adjustable gas separation performance. For instance, the results of 

gas permeation tests for these binaphthyl and sulfone-based PIM copolymers showed 

tuneable properties, which were obviously influenced by their different composition of co-

monomers, but following the “trade-off” relationship (Figure 2.3).  

 

 

 

Scheme 2.4 The synthesis of sulfone-based copolymers of PIMs. 
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Scheme 2.6 The synthesis of spirobischromane-based copolymers of PIMs. 

 

Not only can copolymerisation accomplish tuneable properties by varying the proportion 

of different repeating units, but it is also an effective way to convert insoluble PIMs into a 

soluble version.  

For instance, a biscatechol monomer based on Tröger's base structure was synthesised and 

polymerised, with the aim of introducing extra rigidity and amine moieties to the 

macromolecular backbones. However, the resulting mono-polymer was not soluble. In order 

to obtain a soluble polymer, this Tröger's base-based monomer was copolymerised in 

different ratios with TTSBI, a bisindane-based monomer, thereby gaining soluble copolymers 

(Scheme 2.7). [52]  

 

 

Scheme 2.7 The synthesis of copolymers of TBPIM. 
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2.2.3 Post-modification 

Post-modification on preformed macromolecules is another important way to obtain 

polymers with modified properties. Nevertheless, modification reactions are more difficult on 

polymers than they are on small molecules due to problems with solubility, reactivity and 

characterisation. It is still of much interest as it avoids the restricting process of 

polymerisation and allows direct access to novel functionalised PIMs. To date, most post-

modification reactions were focused on using PIM-1 as the parent polymer, wherein aryl 

nitrile moiety is available for further functionalisation (Scheme 2.8).[58-62]  

 

 

Scheme 2.8 Various functionalised PIM-1 prepared via post-modification. 

 

After post-modification, the resulting polymers showed different or even enhanced 

behaviours than their parent polymer PIM-1 on gas separation. For example, tetrazole-

containing PIMs prepared by [2+3] cycloaddition modification of PIM-1 exhibited a 

considerable increase of CO2 permeability, due to the superior affinity of the generated 

tetrazole group towards CO2 and the hydrogen bond-induced enhancement of rigidity, thereby 

giving an outstanding performance breaking the upper bound.[63] Another enlightening 

example of modification was published by Mason et al., who successfully accomplished 

complete reduction of the nitrile group on PIM-1 with the aid of borane complexes.[64] The 

amine-PIM-1 gave a reduced permeability of CO2, and the membrane consequently was 
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anymore. The resulting cross-linked PIM-1 exhibited an improved performance compared to 

the pristine polymer. 

Instead of the post-treatment protocols discussed above, another strategy for cross-linking 

is to employ cross-linkers to bond polymer chains. Du et al. reported that azide-based cross-

linkers were used to cross-link PIM-1 through a tetrazole formation cyclisation.[71]  Network 

PIMs were successfully prepared by Khan et al., in which a low molecular weight PEG-

biazide was employed.[72] Both results showed a good performance of C3H6/C3H8 separation, 

and the plasticisation of cross-linked membranes was effectively inhibited. Besides covalent 

bonding, van der Waals force was also effective in linking the backbones of PIM-1. An 

experiment that mixed PIM-1 with polycyclic aromatic hydrocarbons (PAHs) was conducted 

by McDonald to display a better selectivity between CO2 and N2 and a suppressed ageing 

behaviour.[73]  

Multifunctional monomers were also used to produce network PIMs. By using this 

approach, insoluble network polymers were produced and cannot be further processed. 

However, these networks are still remarkable microporous materials, and can be used as gas 

storage materials and organometallic catalysts.[74-78] For instance, a family of triptycene-based 

triscatechol monomers was polymerised via the classic dibenzodioxin-forming 

polymerisation to give network PIMs (Trip-PIMs) (Scheme 2.11).[79] The bridgehead position 

R group ranged from short substitution (e.g. hydrogen, methyl) to long alkyl chains (e.g. 

octyl, benzyl). The attained polymers were systematically studied by N2 sorption analysis. 

The molecular model showed a planar ribbon-like network, and the distance between each 

layer was determined by the bridgehead position substitution (Figure 2.6). Therefore, the 

microporosity and gas uptake ability could be controlled by the R groups, and the gas 

adsorption results demonstrated that an enhanced microporosity was achieved by those rigid 

R groups (methyl, ethyl, i-propyl, i-butyl). The relationship between R group and gas uptake 

ability suggests another pathway for rational design of high-performance PIMs; that is, the 

introduction of rigid side branch groups for triptycene-containing PIMs can increase the inter-

chain distance and thus the gas permeability. 
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Table 2.1 A list of main gas separation data for most current homogeneous and pristine PIMs films 

Polymers 

Permeability (Barrer) Ideal selectivity 

Ref.

N2 O2 CO2 CH4 He H2 O2/N2
CO2/

CH4 

CO2/

N2 

H2/N2 

PIM-SBFb 786 2640 13900 1100 2200 6320 3.35 12.6 17.7 8.1 49 

PIM-Trip-

TBb,g 

629 2718 9709 905 2500 8039 4.3 10.7 15.9 12.8 44 

PIM-1b,f 610 1530 11200 1160 1320 3300 2.5 9.7 18.4 5.4 89 

TOTPIM-

25b,g 

570 1596 6441 - - 3567 2.8 - 11.2 6.3 55 

PIM-EA-

TBb,g 

525 2150 7140 699 2570 7760 4.1 10.2 13.6 14.8 36 

TOTPIM-

33b,g 

436 1247 5320 - - 2854 2.86 - 12.2 6.5 55 

PIM-PI-9b 420 1150 5700 610 1160 2990 2.7 9.3 13.6 7.1 90 

TOTPIM-

50b,g 

413 1198 4756 - - 2616 2.9 - 11.5 6.3 55 

PIM-EA-

TBc,g 

370 1590 4780 502 2070 6155 4.3 9.5 12.9 16.6 36 

PIM-PI-EAb 369 1380 7340 457 1580 4230 3.7 16.1 19.9 11.5 48 

PIM-PI-10b 340 1010 5910 550 950 2560 3 10.7 17.4 7.5 90 

DNPIM-25b,g 321 1139 5799 - - 3049 3.55 - 18 9.5 55 

PIM-CO19 

b,f 

320 820 6100 580 880 2100 2.6 10.4 19.2 6.5 57 

PIMCO2-

CO15-50 b,f 

260 790 5300 430 950 2150 3 12.4 20.2 8.2 57 

DNPIM-33b,g 242 907 4646 - - 2347 3.75 - 19.2 9.7 55 

PIMCO1-

CO15-50 b,f 

240 760 5400 350 870 2100 3.2 15.4 22.4 8.6 57 

PIM-SBI-

TBb,g 

232 720 2900 450 878 2200 3.1 6.4 12.5 9.4 36 
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SBFDA-

DMNb 

226 850 4700 326 - 2966 3.8 14.4 20.8 13.1 91 

TFMPSPIM

4b 

217 737 3616 - - - 3.4 - 17 - 56 

PIM-1-

CO15-50 b,f 

210 630 4500 370 770 1700 3 12.5 21.6 8.2 57 

TOTPIM-

100b,g 

190 642 3056 - - 1368 3.4 - 16.1 7.2 55 

PIM-Trip-

TBd,g 

189 1073 3951 218 1585 4740 5.7 18.1 21 25.1 44 

PIMCO6-

CO15-50 b,f 

170 520 3800 280 650 1500 3.1 13.7 22.7 8.8 57 

PIM-PI-8a,f 160 545 3700 260 660 1600 3.4 14.2 23.1 10 92 

TFMPSPIM

3b 

158 561 2841 - - - 3.6 - 18 - 56 

PIM-1a,f 155 530 3700 240 740 1600 3.4 15.4 23.9 10.3 89 

PIMCO19-

CO15-50 b,f 

150 460 3400 260 620 1300 3 13 22.1 8.7 57 

DNPIM-50b,g 132 522 2627 - - 1478 3.96 - 19.9 11.2 55 

TB-Ad-Meb 121 437 1820 162 - 1800 3.62 11.2 15.1 14.9 37 

PIM-1-

CO15-75 b,f 

110 350 2570 180 520 1100 3.2 14.4 23.4 9.7 57 

KAUST-PI-

1b 

107 627 2389 105 1771 3983 5.9 22.8 22.3 37.2 47 

TZPIM-2b,h 101 - 3076 - - - - - 30.5 - 63 

KAUST-PI-

2b 

98 490 2071 101 1026 2368 5 20.5 21.1 24.2 47 

DSPIM3-33b 93 369 2154 - - - 3.9 - 23 - 53 

PIM-1a,f 92 370 2300 125 660 1300 4 18.4 25 14 93 

DSPIM1-33b 88 322 1408 - - - 3.7 - 16 - 53 

TZPIM-1b,h 87 - 2509 - - - - - 28.9 - 63 
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PIM-CO15 

b,f 

83 275 2000 130 450 900 3.3 15.3 24.1 10.9 57 

TFMPSPIM

2b 

75 308 1476 - - - 4.1 - 20 - 56 

HPB-PIM-

2b,f 

66.5 217 1730 122 340 723 3.3 14.2 26.1 10.9 94 

MTZ100-

PIMg 

62.7 269.

6 
1391 - - - 4.3 - 22.2 - 58 

TPIM-1b,g 54 368 1549 50 - 2666 6.8 31 28.7 50 46 

DSPIM2-33b 52 216 1077 - - - 4.2 - 21 - 53 

TBDA2-SBI-

PIb 

49 240 1213 65 530 1155 4.9 18.7 24.8 24 39 

PIM-PI-1a,f 47 150 1100 77 260 530 3.2 14.3 23.4 11.3 92 

PIM-7a,f 42 190 1100 62 440 860 4.5 17.7 26 20 93 

TBDA1-SBI-

PIb 

35 190 895 45 398 915 5.4 19.7 25.6 27 39 

TB-Ad-Mee 33 145 635 41 - 745 4.39 15.5 17.9 22.6 37 

TFMPSPIM

1b 

33 156 731 - - - 4.7 - 22 - 56 

PIM-PI-3a,f 23 85 520 27 190 360 3.7 19.3 22.6 15.7 92 

PIM-PI-7a,f 19 77 510 27 190 350 4.1 18.9 26.8 18.4 92 

TPIM-2b,g 18 101 434 18 - 655 5.7 24 24.1 37 46 

PIM-PI-4a,f 16 64 420 20 205 300 4 21 26.3 18.8 92 

Cardo-PIM-

1a,f 

13 59 430 22 170 320 4.5 19.5 33 25 95 

TBDA2-

6FDA-PIb 

12 47 285 8 223 390 4 35.6 23.8 32.5 40 

TB-Ad-Mea 11.24 40.2 200.5 18.7 - 161.4 4.9 10.7 24.4 19.7 37 

PIM-6FDA-

OHi 

10.8 45.2 263 9.1 - 259 4.2 29 24 24 96 
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PIM-PI-2a,f 9 39 210 9 160 220 4.3 23.3 23.3 24.4 92 

PIM-

PMDA-OHi 

6.9 30.5 198 7.7 - 190 4.5 26 29 28 96 

TBDA1-

6FDA-PIb 

6.5 28 155 3.3 199 253 3.9 46.9 23.8 35.1 40 

TBDA2-

ODPA-PIb 

3.8 16.2 106 2.2 119 159 4.3 48.2 27.9 41.8 40 

TBDA1-

ODPA-PIb 

0.5 2.5 13.4 0.37 30.3 36.4 5 36.2 26.8 71.4 40 

All measurements were conducted by the Barometric method at 35°C unless specified. a As cast, b fresh sample 

treated with MeOH, c sample treated with MeOH aged for 1 day,  d sample treated with MeOH aged for 100 

days, e sample treated with MeOH aged for 6 months, f measured at 30°C, g measured at 25°C, h measured at 

22°C,i sample treated with n-hexane/dichloromethane(90/10).  

 

Of all the listed polymers, according to the reported data, PIM-SBF, PIM-Trip-TB and 

PIM-1 exhibit notably high permeability (over 600 Barrer for N2, over 9700 for CO2, over 

900 for CH4, respectively, before ageing). In contrast, when compared for selectivity, TPIM-

1, TPIM-2, KAUST-PI-1 and aged PIM-Trip-TB have a relatively high O2/N2 selectivity 

(>5.7 ideal selectivity, even as high as 6.8 for TPIM-1), and TBDA2-ODPA-PI and TBDA1-

6FDA-PI display the best CO2/CH4 selectivity (48.2 and 46.9, respectively, though the 

permeability is lowered due to the trade-off relationship).  

Based on the data in Table 2.1, upper bound graphs are presented to give a straightforward 

comparison between current PIMs and the “upper limit” (Figure 2.8). Generally speaking, the 

plots are located between the upper bound in 1991 and that of 2008, revealing an outstanding 

performance and great potential for a new generation of commercial gas separation 

membrane materials. In terms of permeability and selectivity, PIMs materials experience a 

high permeability, with hundreds of Barrer for O2, thousands of Barrer for CO2, and about 

500-4000 Barrer for H2, respectively, while the selectivity reaches the average among 

universal polymeric materials. The leading PIMs as highlighted in each graph demonstrate 

the state-of-the-art PIMs thus far. Of particular interest is the remarkable performance for 

small gas molecules separation (i.e. O2/N2, H2/N2), of which TPIM-1 PIM-Trip-TB and 

KAUST-PI-1 provide plots well above the upper bound. The corresponding chemical 

structures of listing PIMs are also presented in Appendix part A (Figure A1).  
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2.4 Characterisation of properties for PIMs 

Several important characterisation methods have been employed to study the physical 

properties of PIMs materials, which significantly determine their further applications.  The 

most important characterisation is to test the materials’ preformation on gas separation. 

Additional assisting studies on porosity of PIMs are mainly focused on low-temperature gas 

adsorption, positron annihilation lifetime spectroscopy (PALS), wide-angle X-ray diffraction 

(WAXD), and thermal analysis. Other properties of PIMs were also included in this section. 

 

2.4.1 Gas permeation tests and transport parameters 

The most important analysis for determining the performance of PIMs materials is the 

measurement of their gas transport parameters. Based on the gas separation theories (see 

1.2.1), the parameters, including permeability, permselectivity, diffusion coefficient and 

solution coefficient, can be measured and calculated.[89,97,98] 

The following figures show the instrument (a commercial machine from GTR tech.) in 

Jin’s group (School of Chmical Sciences, The University of Auckland) for measurement of 

the parameters of membrane materials (exposed area ranged from tens of mm2 to hundreds of 

mm2) on pure gas transport in Chapter 3 (Figure 2.9). The semi-automatic apparatus adopts 

low pressure single gas permeation tests, which were carried out by a fixed-volume pressure 

increase approach, and all valves and measurements are controlled by the system. The testing 

gases include O2, N2, CO2, CH4, He, and experiments were usually carried out at 35°C and 

1.5 atm. 
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A general mechanism is described as follows: vacuum (about 10Pa) is applied at the 

downsteam side and a pure testing gas (1.5atm) is charged in at the upsteam side. Then, the 

pressure of the downstream increases as the gas molecules going through the membrane. 

Subsequentely, a curve of pressure versus gas transport time plotted by the system is obtained 

(Figure 2.10). The whole permeation process can be divided into two stages: at the early stage, 

permeation experiences a transient state where the penetration rate is slow but grows 

gradually, until at the second stage, the pressure starts to increase at a steady rate, showing a 

constant slope for the curve.  

The downstream pressure was much lower than that of upstream (pd<< pu), and both 

solubility coefficient S and diffusion coefficient D were considered to be independent of 

concentration gradient. Also, plasticalisation and ageing behaviour were insignificant during 

the measurement process. Hence, the transmembrane pressure drop was negligible and all 

measurements involved in this thesis applied ideal permeation model following Henry’s law. 

By using time-lag method, the diffusion coefficient (D) can be calculated from the 

Daynes–Barrer equation: 

=  6                                                                  (2.1) 

where  is the gas time lag, l is the thickness of the film. 

Permeability coefficient, P, can consequently be calculated from the slope of the curve in 

the steady state condition according to this equation: 

= + ( ⁄ )  ∙ +   ∙ ∙  ∙   ∙  − 6                         (2.2) 

where Pt is the permeate pressure at time t, P0 is the starting pressure, (dp/dt)0 is the baseline 

slope, Pf is the feed pressure, R is the universal gas constant, T is the absolute temperature, A 

is the exposed membrane area, Vp is the permeate volume, Vm is the molar volume of the 

permeating gas at standard temperature and pressure (0 °C and 1 atm), D is the diffusion 

coefficient and l is the thickness of the film.  

According to the solution-diffusion transport mechanism, the solubility coefficient S can 

be obtained from the equation: =    ⁄                                                               (2.3) 
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materials. The elongation properties of PIMs vary according to different chemical structures. 

This result would be due to the different polymer chain packing and backbone stiffness. 

 

Table 2.2 The tensile strength and elongation for PIMs measured at break point[47,55,56]  

Polymers Tensile strength (MPa) Tensile strain at break (%) 

PIM-1 47.1 11.2 

KAUST-PI-1 94.3 5.9 

6FDA-DATRI 62.2 4.5 

TFMPSPIM1 33.6 3.9 

TFMPSPIM2 38.3 4.4 

TFMPSPIM3 43.3 5.2 

TFMPSPIM4 46.2 5.6 

DNPIM-50 38.6 5.67 

TOTPIM-100 48.3 24.1 

TOTPIM-50 45.8 20.9 

DNTOTPIM-50 38.2 4.75 

 

 

2.5 Studies of PIMs for additional applications 

Besides applications as gas separation membrane material, PIMs have also been 

extensively studied for use of heterogeneous catalysts, nanofiltration, gas storage and capture. 

Co phthalocyanine-based and Fe porphyrin-based network PIMs have been synthesised 

and investigated as organometallic catalysts (Figure 2.16).[76] The results showed that the 

resulting polymers, in particular the Co polymeric catalysts have significantly improved 

catalytic activity over their corresponding small molecular weight complexes for reactions 

such as H2O2 decomposition, cyclohexene oxidation and hydroquinone oxidation. This could 

be due to the large surface area formed by rigid and twisted macromolecular chains, and thus 

creating spaces for the reaction of substrates with the metal centre. 
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As mentioned in 2.2.4, a series of network PIMs have been synthesised bearing a vast 

amount of free volume. In spite of lack of solvent-processibility, network PIMs prepared 

from multifunctional monomers were involved in studies on H2 adsorption and storage. These 

networks performed as good as the best zeolites and metal–organic frameworks (MOFs) on 

H2 adsorption or CO2 capture.[74,75,78,79] 
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Chapter 3: Synthesis of PIMs via Self-polycondensation 

 

3.1 Introduction 

Polymers of intrinsic microporosity (PIMs), (particularly PIM-1, one of the best-known 

PIMs) have shown great potential for a few membrane applications, especially gas separation. 

In order to produce gas separation membranes with great mechanical strength, polymeric 

materials of high molecular weight are necessary.  

PIM-1 is a type of polymer consisting of a dibenzodioxin repeating unit. The synthesis of 

PIM-1 was first published in 2004.[33] In this polymerisation approach, a bis-catechol 

monomer, 5,5',6,6'-tetrahydroxy-3,3,3',3'-tetramethyl-1,1'-spirobisindane (1), is polymerised 

with 2,3,5,6-tetrafluoroterephthalonitrile (2) to give PIM-1 (3). The reaction undergoes a 

double aryl nucleophilic substitution using an excessive amount of K2CO3 as base at 65 °C 

for 72 hours (Scheme 3.1, condition a). In addition, Song et al. observed cross-linked product 

under these conditions, and explored different parameters for this polymerisation reaction to 

develop optimised conditions to prepare PIM-1. It was claimed that lowering the feed amount 

of K2CO3 could reduce cross-linking or branching by analysing GPC results and 

polymerisation conditions.[113] Another new condition for PIM-1 preparation was also studied 

by Du.[56] Compared to the initial conditions, a high-temperature protocol was developed 

using DMAc as a solvent stirred at 160 °C. It showed enhanced efficiency by shortening the 

reaction time considerably, to 40 minutes (Scheme 3.1, condition b).  

 

 

 Reagents and conditions: (a) K2CO3, DMF, 65 °C, 72 h; (b) K2CO3, DMAc, 160 °C, 40 min. 

Scheme 3.1 Conventional synthetic methods of polymer 3. 
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Since PIMs are condensation polymers prepared from step-growth polymerisation, 

successfully gaining high-quality PIMs requires strict control over the stoichiometric ratio 

between the reacting monomers, as well as stringent monomer purities. As such, there has 

been huge interest in developing new synthetic approaches to access high molecular weight 

PIMs. One alternative synthetic path to achieve high molecular weight step-growth polymers 

is to use an AB-type monomer as the single precursor. An AB-type monomer has both kinds 

of reactive groups concurrently for polymerisation in equal molar proportions, and thus 

provides an advantage over AA+BB protocol.[114-120] For example, Liu et al. reported studies 

on polyimide polymerisation involving a series of AB-type monomers.[121] Li et al. afforded a 

high molecular weight polymer using AB-type phthalazinone monomer.[122,123] Additionally, 

such a polymer prepared from an AB-type monomer has well-defined different functional 

groups at each end of a polymer chain (non-telechelic), these could be useful for further 

preparations of asymmetrical triblock copolymers.  

In studies of PIMs synthesis, successful polymerisation examples using AB-type 

monomers were reported by Ghanem. Triptycene-based PIMs were synthesised via self-

condensation polymerisation of their AB-type monomers.[46,124] The key step for AB-type 

monomer was a selective oxidation of  the tetramethoxyl triptyene 4, using 0.25 M HNO3 to 

give an o-quinone 5. The o-quinone 5 was coupled with diamino-aryl halide (Cl or F) to give 

a dihalo-triptycene 6 which was deprotected by BBr3 to generate an AB-type monomer 7. 

The monomer 7 contains concurrently a catechol moiety and an aryl dihalide, and can 

undergo self-condensation to form polymer 8, 9 and 10 (Scheme 3.2).  

In this chapter, a synthetic approach for PIM-1 is studied, where PIM-1 was formed via a 

self-condensation step growth polymerisation of an AB-type monomer. The AB-type 

monomer was synthesised directly by using commercially available starting materials 

biscatechol 1 and tetrafluoro compound 2.  



 

 

Scheme 

carboxy-

and CH2

AcOH, re

 

 

 

 

3.2 Synthetic

benzenediazo

Cl2 (1 : 1, v/

eflux, 2 h; (iv)

c route for trip

onium chloride

/v), 5 min.; (

) BBr3, CH2C

ptycene-based

e, 1,2-dichloro

iii) 4,5-dichlo

l2, 2h. K2CO3

49 

d PIMs via AB

oethane, prop

oro-1,2- diam

3, DMF, 150 °

B-type monom

ylene oxide, r

minobenzene o

C; (v) K2CO3

mer. Reagents

reflux, 4h; (ii)

or 4,5-difluoro

, DMF, 18-cro

Cha

s and conditio

) 0.25 M HNO

o-1,2-diamino

own-6, 150 °C

apter 3 

 

ons: (i) 2-

O3, AcOH 

obenzene), 

C. 



Chapter 3 

50 
 

3.2 Experimental section 

3.2.1 Materials and methods 

Quantities of 5,5’,6,6’-Tetrahydroxy-3,3,3’,3’-tetramethylspirobisindane (1) (96%) and 

anhydrous DMF (99.8%) were purchased from Aldrich. Tetrafluoroterephthalonitrile (2) 

(97%) was purchased from Manchester Organics. Potassium hydroxide (85%) and anhydrous 

potassium carbonate (99%) were purchased from Scharlau. Silica gel (40-63µm) was 

purchased from Grace Davison. All the chemicals were used as received, without further 

treatment, except that tetrafluoroterephthalonitrile was recrystallised before polymerisation.  

NMR spectra were recorded on a Bruker DRX400 spectrophotometer. Chemical shifts are 

reported in parts per million (ppm) referenced to δ 7.26 and 77.0 ppm from chloroform or δ 

2.50 and 39.5 ppm from DMSO for 1H and 13C, respectively. The multiplicities of 1H signals 

are designated by the following abbreviations: s = singlet; d = doublet; dd= doublet of 

doublets; m = multiplet; br = broad. All 13C NMR spectra were acquired using broadband 

decoupled mode, and assignments were determined using DEPT sequences.  

Mass spectra were obtained by ESI using a Bruker micrOTOF-Q mass spectrometer.  

Melting points were determined on a Kofler hot-stage apparatus.  

Molecular weight and molecular weight distributions were determined by a PL GPC-50 

instrument equipped with 5μm PL gel Mixed C columns (40 °C), arranged in series with 

CHCl3 as eluent and a RI detector. The values were calibrated versus polystyrene standard.  

Infrared spectra were recorded on a Perkin Elmer Spectrum 100 FT-IR spectrometer using 

a diamond ATR sampling accessory.  

Gas permeation tests of single gases (99.999% purity) were conducted on a commercial 

GTR-1ADF instrument under a feed pressure of 151 kPa at 35 °C with fixed-volume time lag 

setup, controlled by computer pneumatic valves. Gases were tested in an order of O2, N2, CO2, 

CH4 and He, with sufficient time to remove previous test gases by vacuum pump. Membranes 

of PIM-1 were cast from a 1-2 % chloroform solution in petri dishes under slow N2 current 

within 3 days. Membranes were soaked in methanol for 24h, then dried in a high vacuum at 

100 °C for 24h, and aged for another 3 days before use. An effective membrane area of 0.65 

cm2 was used for all measurements in this chapter. 
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3.2.2 Synthetic procedures 

Purification of biscatechol compound 1 

 

Compound 1 was purified by recrystallisation. Compound 1 (10g) was dissolved in THF 

(40ml), and n-Hexane (19ml) was added slowly while being heated. Upon storage, white 

crystals were formed, filtered and washed with a 0°C mixture of THF (5ml) and n-Hexane 

(5ml). Finally, pure compound 1 (7.1g) was obtained after drying in a vacuum at 100°C 

overnight. 

 

Purification of monomer 2 

  

Recrystallisation was carried out to purify compound 2. The crude compound 2 (34g) was 

dissolved in an excessive amount of ethyl acetate and filtered to remove insoluble impurities. 

The solution was evaporated to give an off-white solid. Then, the solid was recrystallised 

from ethyl acetate (190ml) to give white crystals. After filtration, the solid was dried under 

vacuum at 75°C for 4h. Finally, pure compound 2 was obtained (28g). When drying the 

crystals, the chemical was stored in a flask and vacuum line was used. Sublimation was 

observed during the drying process. 
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Typical synthesis of the monomer 22 

 

Biscatechol compound 1 (4.0g, 11.8mmol) and tetrafluoro compound 2 (1.2g, 5.9mmol) were 

dissolved in DMF (80ml), to which a solution of 1 (2.0g, 5.9mmol) and 6N KOH aq. (0.98ml, 

5.9mmol) in DMF (20ml) was added within 10 min at -30 °C under argon atmosphere. After 

1h, the mixture was poured into water (250ml), extracted by ethyl acetate (150ml ×2), and the 

organic layers were combined, washed with water (200ml), dried over anhydrous Na2SO4, 

concentrated in a vacuum, precipitated from DCM (50ml), and filtered and washed with 

DCM. The filtrate was evaporated and purified on silica gel flash chromatography using 

DCM and ethyl acetate as eluent to give AB-type monomer 22 (1.8g, 3.6mmol, 61%) as a 

yellow solid. 

Mp 260-262 °C (from chloroform and n-hexane);  1H NMR (400MHz, DMSO-d6): δ ppm 

8.67 (s, 1H), 8.57 (s, 1H), 7.17 (s, 1H), 6.58 (s, 1H), 6.51 (s, 1H), 6.11 (s, 1H), 2.33-2.10 (m, 

4H), 1.39 (s, 3H), 1.33 (s, 3H), 1.32 (s, 3H), 1.26 (s, 3H); 13C NMR (100MHz, DMSO-d6): δ 

ppm 149.66, 148.27, 146.01-145.84(dd), 145.03, 144.76, 143.45-143.31(dd), 142.38, 141.38-

141.30(m, 2C), 139.37, 138.25(2C), 111.74, 110.49, 109.83, 108.52, 108.43, 108.36, 95.27-

95.10(m, 2C), 59.03, 58.65, 56.62, 42.97, 42.63, 31.45, 30.88, 30.01, 29.78; 19F NMR 

(376MHz, DMSO-d6): δ ppm -138.1; FT-IR (ATR): νmax cm-1 3451, 2955, 2864, 2257, 1470, 

1294, 1266, 1007, 880, 756;  HR-MS (ESI) calcd. for C29H21F2N2O4 499.1475, found 

499.1482 (M-H)- , 999.3023 (2M-H)-; Single-crystal XRD: CCDC number is 1023477. 
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Preparation of polymer 3 via AB route 

 

A mixture of AB-type monomer 22 (0.132g, 0.264mol) and well-ground anhydrous K2CO3 

(0.146g, 1.06mol) in DMF (2.5ml) was stirred under argon at 70 °C for 72h. Then, the 

reaction was cooled down to about 40 °C, poured into water (6ml) and stirred for several 

minutes. The mixture was filtered in a vacuum, washed with water twice and dried to give a 

yellow solid. The crude product was dissolved in THF, and treated by precipitation from 

MeOH to give polymer 3 as a yellow solid (0.11g, 91%).  

1H NMR (400MHz, CDCl3): δ ppm 6.9-6.6 (br, 2H), 6.5-6.2 (br, 2H), 2.5-1.9 (br, 4H), 1.6-

1.0 (br, 12H); GPC (CHCl3, polystyrene standard): Mn=65,900 g mol-1 Mw=220,900 g mol-1, 

PDI=3.4. 

 

Preparation of polymer 3 via AA+BB route 

 

A mixture of monomer 1 (20.5000g, 60.22mol) and monomer 2 (12.0497g, 60.22mmol) was 

dissolved in anhydrous DMF (400ml). Well-ground anhydrous K2CO3 (67g, 482mmol) was 

quickly stirred in. The mixture was stirred under argon at 70 °C for 72h. Then, the reaction 

was cooled down, and stirred into water. The mixture was filtered, washed with water and 

dried to give a yellow solid. The crude product was dissolved in THF, and treated by 

precipitation from MeOH to give polymer 3 as a yellow solid (22.1g, 80%). 

1H NMR (400MHz, CDCl3): δ ppm 6.9-6.6 (br, 2H), 6.5-6.2 (br, 2H), 2.5-1.9 (br, 4H), 1.6-

1.0 (br, 12H); GPC (CHCl3, polystyrene standard): Mn=59,900 g mol-1, Mw=184,400 g mol-1, 

PDI=3.1).  
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3.3 Results and discussion 

3.3.1 Synthesis and characterisation of AB-type monomer 22 

The same starting materials as PIM-1 AA+BB route preparation (monomer 1 and 2) were 

chosen due to their commercial availability. In order to obtain the AB-type monomer, three 

general strategies were considered, aiming at conversion of the biscatechol into a 

monocatechol compound, and thus different activities of both ends of the spiro-compound 

could be accomplished (Scheme 3.3). Route 1 is focused on selective protection of one 

catechol moiety which could be acquired by ketal or carbonate ester formation. Route 2 is 

based on a literature method through selective oxidation to give o-quinone 14 thought the use 

of ammonium cerium(IV) nitrate.[125] Route 3 is more straightforward. The different activities 

could be obtained by treatment of one equivalent base to generate mono-phenoxide as a 

nucleophile, and it could subsequently react with tetrafluoro compound 2 to form the AB-

type monomer 22.  

Eventually, Route 3 was chosen, in which the AB monomer 22 was synthesised directly 

without employing protecting group or intermediate reactions approaches. As depicted in 

Scheme 3.4, compound 1 was firstly deprotonated by potassium hydroxide to give potassium 

mono-phenoxide 18 and 19 as a nucleophile. This pre-prepared potassium salt was then 

added into a solution of tetrafluoro compound 2 in DMF. The phenoxide 18 and 19, a strong 

nucleophile in a polar aprotic solvent, reacted with tetrafluoro compound 2 immediately via 

aromatic substitution by leaving a potassium fluoride, producing a diphenyl ether linkage 20 

and 21. At the following stage, the target AB-type monomer 22 was gained after an 

intramolecular cyclisation forming dibenzodioxin structure, by leaving hydrogen fluoride. 

Three factors contribute to the success of this reaction. At first, the phenoxide is significantly 

nucleophilic, especially in polar aprotic DMF. Then, the compound 2 is a super electron-poor 

structure favouring the attack from nucleophiles. Lastly, the aryl fluoride is a good living 

group, and this advantage allows an immediate formation of diaryl ether. 

In this reaction process, the preparation of potassium mono-phenoxide 18 and 19 

separately beforehand is beneficial to decrease the rate of side reactions towards oligomers’ 

side product, so the catechol group survived after reaction. It also prevents potassium 

hydroxide from reacting with compound 2.   
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Scheme 3.3 Retrosynthetic analysis of AB-type monomer 22. 
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Scheme 3.4 Proposed mechanism of formation of the AB-type monomer 22. 

 

More interestingly, the sensitivity of the aryl fluoride leaving group on the electron density 

of aromatics contributes equally to the success of compound 22 formation. Tetrafluoro 

compound 2, an electron-deficient aryl halide, is very reactive as an electrophile. It would 

experience considerable decrease in reactivity once it had formed the target product difluoro 

22, which has lower activities due to the increased electron density as the formation of 

dibenzodioxin. This difference of activities contributes a chemo-selectivity, which means 
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phenoxide 18 and 19 prefers to react with compound 2 rather than attacking the fluorines of 

22. Consequently, the formation of oligomers is considerably suppressed. 

It was proved that a lower temperature and a higher molar ratio of biscatechol 1 to 

tetrafluoro compound 2 gave a higher yield, as listed in Table 3.1. Overall, the reaction 

temperature of -30oC gave better yields than room temperature.  The same ratio of 1 and 2 

were involved, giving a yield of only 27%. Yet employing 2 equivalents of 1 enhanced the 

yield up to 54%; and when 3 equivalents of 1 were added, the yield further increased to 61%. 

 

Table 3.1 Synthesis of the AB monomer 22 

 

  

Entry Biscatechol 1 (eq.) Temperature Yield 

1 1 rt. 17% 

2 1 -30°C 27% 

3 2 -30°C 54% 

4 3 -30°C 61% 

 

 

Notably, the relationship between feed amount of 1 and reaction yield could be due to 

proton exchange behaviour (Scheme 3.5). That is, the AB-type monomer 22 experienced a 

deprotonation to form potassium salt 23 and 24, and simultaneously a conversion of 

phenoxide 18 and 19 to biscatechol 1 occurred. Thus, 23 and 24 further reacted with 

compound 2 to give compound 25, an ABA trimer. By increasing the feed molar ratio of 

biscatechol 1, it showed an improved yield of the target molecule as a result of a suppressed 

proton exchange between phenoxide 18, 19 and AB-type monomer 22.  
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Scheme 3.5 A main side reaction during the formation of AB-type monomer 22. 

 

Characterisation of the AB-type monomer 22 was pursued using 1H, 13C and 19F NMR, 

HRMS and single crystal X-ray diffraction. The 1H NMR spectrum is shown in Figure 3.1, 

which exactly matches the target structure. Since dibenzodioxin forms on only one side of 

biscatechol 1, the molecule of 22 is asymmetrical and hence the NMR spectrum shows more 

signals. The 13C NMR spectrum exhibits several coupled carbon signals which can be 

attributed to the carbons connected to or near the fluorine atoms. Interestingly, 19F NMR 

displays a single F peak at -138.1 ppm (Figure 3.2). This means the two fluorine atoms of 22 

have the same chemical environment as determined by NMR, even though theoretically the 

two fluorines should not be NMR equivalent. Compared to the chemical shift of the fluorines 

of the stating material (compound 2) which are at -128.2 ppm, the fluorine signal of 22 shifts 

significantly to a higher field (ca. 9.9 ppm). This evidence, as proposed in the mechanism of 

the formation of 22, demonstrates a higher electron density on 22 and  hence a lower 
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formed high quality polymer 3. Therefore, by using the monomer 22, there is no requirement 

to dry monomers under high vacuum and high temperature for a long time to remove residual 

solvents.  

Gel permeation chromatography (GPC) was employed to study the molecular weight and 

Mw/Mn polydespersity index (PDI) of polymer products (Table 3.2). The GPC chromatogram 

shows similarity in molecular weight between the polymer 3 from the AB route and that from 

AA+BB route under the same solid content reaction conditions. (Polymer 3 from AB route: 

Mn=65,900 g mol-1 Mw=220,900 g mol-1, PDI=3.4; polymer 3 from AA+BB route: 

Mn=59,900 g mol-1, Mw=184,400 g mol-1, PDI=3.1). This result demonstrates the 

effectiveness of employing AB-type monomer 22 to prepare high-quality polymer 3. 

However, higher molecular weights have been reported by the AA+BB route using different 

conditions.[34,129] In addition, a slightly higher polydispersity index (PDI) in AB route was 

observed. This could be due to promoted probability on self-cyclisation caused by using an 

AB-type monomer. Unique to AB route step growth polymerisation, all the oligomeric 

intermediates in the reaction mixture must have difluoro end groups at one chain end and 

catechol groups at the other. As a result, the undesired self-cyclisation could be greatly 

promoted, which may cause broad molecular weight distribution. To test this hypothesis, 

polymerisation under ×10 times diluted conditions (0.015 mol·L-1) for both AB route and 

AA+BB route were conducted because oligomers may favour cyclic formation via a head-to-

tail coupling in a diluted reaction condition. Not surprisingly, the AB route product gives 

much higher Mw/Mn ratio than that of AA+BB route from the GPC results shown in Table 3.2. 

Clearly, this high value of Mw/Mn for diluted AB route product is a result of the obvious 

shoulder peaks for the GPC elution curve (Figure 3.4). This low molecular weight fraction of 

polymer 3 could be cyclic oligomers.  

 

Table 3.2 Molecular weight of polymer 3 prepared by different methods 

Polymers Mn Mw Mw/Mn 

Polymer 3 AA+BB route 59900 184400 3.1 

Polymer 3 AB route 65900 220900 3.4 

Dil. polymer 3 AA+BB route 26400 154400 5.8 

Dil. polymer 3 AB route 10700 169800 16 
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these results also reveal that the ageing behaviour is best reflected in a variation of diffusion 

coefficient values, whereas the solubility coefficient is relatively constant since the 

interaction between gas molecules and polymer does not change. 

 

Table 3.3 Gas permeation parameters (coefficients P, separation factors α, diffusion coefficient D and solubility 

coefficient S) of polymer 3 from different methods and their comparison with reported values 

Polymers 

Permeability (Barrer)a Ideal selectivity (α)b 

N2 O2 He CO2 CH4 O2/N2 He/N2 CO2/N2 CO2/CH4

PIM-1 via AB 

routec 
546±7 1600±10 1660±10 9090±70 1050±30 2.93 3.04 16.6 8.66 

PIM-1 via 

AA+BB routec 

644±1

0 
1710±20 1550±10 9370±90 1030±20 2.66 2.41 14.5 9.10 

PIM-1d 92 370 660 2300 125 4.0 7.2 25.0 18.4 

PIM-1e 610 1530 1320 11200 1160 2.5 2.2 18.4 9.7 

 

Polymers 

D (×107 cm2/s) S (×103 cm3 (STP)/cm3 cmHg) 

N2 O2 He CO2 CH4 N2 O2 He CO2 CH4 

PIM-1 via AB 

routec 

13.1 

±0.5 

25.5 

±0.4 

120 

±11 

14.1 

±0.3 

6.73 

±0.34

41.6 

±0.9 

62.6 

±0.6 

13.9 

±1.1 

642 

±6 

157 

±5 

PIM-1 via 

AA+BB routec 

12.5 

±0.5 

25.0 

±0.4 

135 

±4 

12.5 

±0.3 

4.97 

±0.13

51.4 

±1.1 

68.3 

±0.3 

11.5 

±0.3 

751 

±10 

208 

±4 

PIM-1d 2.2 8.1 270 2.6 0.68 42 46 2.4 880 180 

PIM-1e 16 39 680 16 7.1 37 39 1.9 700 163 

a Average of five measurements of the same membrane sample, measured at 35 °C and 151.325 kPa pressure. 1 

Barrer = 10-10 [cm3 (STP) cm] / (cm2 s cmHg). b Ideal selectivity α= (Px)/(Py). 
c Synthesised for this study. d 

Value reported by Budd et al.[93] e Reported by Yampolskii et al.[89] 

 



Chapter 3 

64 
 

3.4 Conclusions 

In summary, an AB-type monomer 22 for preparation of polymer 3 was successfully 

synthesised and fully characterised by 1H NMR, 13C NMR, 19F NMR and single crystal XRD. 

High molecular weight polymer 3 was obtained by a self-condensation polymerisation of 

monomer 22. To the best of our knowledge, this is a novel approach to the synthesis of 

polymer 3. Additionally, this work is a good example for the chemo-selective synthesis of 

dibenzodioxin-containing AB-type monomer. It can be used as an alternative methodology 

for preparation of other PIM type polymers from their corresponding AB-type monomers, 

especially when conventional bis-catechol or tetrafluoride monomers are unstable or difficult 

to purify. In addition, based on GPC data, polymerisation under a much diluted condition 

suggested a greater tendency towards cyclisation in AB monomer route compared to AA+BB 

route. Membranes were cast using polymers made from both AB route and AA+BB route to 

conduct pure gas permeation tests and gave comparable gas transport properties to literature 

values. 
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Chapter 4: Synthesis of Perfectly Alternating Copolymers for 

Polymers of Intrinsic Microporosity 

 

4.1 Introduction 

To date, the chemistry of PIMs has been focused on new monomer structures, 

copolymerisation, post-modification and cross-linking. Copolymerisation is an important way 

to obtain many new PIMs with varied gas permeation properties. A wide range of PIMs 

statistical copolymers was synthesised by pairing different co-monomers in one pot and 

varying their co-monomer feed ratios in order to tailor their solubility and gas transport 

performance.  Although the overall compositions of the copolymers obtained correspond to 

those of the co-monomers’ feed ratio, there is no control over the distribution of the unit 

sequences along the copolymer chains. It is believed that macroscopic properties of 

copolymers are influenced by their arrangement of repeating units. There are many examples 

showing that alternating copolymers differ from their corresponding random ones in terms of 

thermal, mechanical, optical, biological properties.[130-132] Therefore, we hypothesise that the 

arrangement of repeating units could have an impact on gas transport properties. 

Many creative strategies, especially for chain-growth polymerisation, have been developed 

for the synthesis of alternating copolymers.[133-136] Catalysts have been designed and 

successfully synthesised to produce alternating ethylene/propylene copolymers,[137] 

ethylene/α-olefin copolymers,[138] alkenes and carbon monoxide copolymers,[139] and also 

polycarbonate from epoxides and carbon dioxide.[140] When considering step-growth 

polymerisation, ring-opening-insertion-metathesis polymerisation (ROIMP) strategies were 

employed to access alternating copolymers from appropriate pre-constructed cyclic 

monomers.[141] For example, highly alternating copolymers (94-99% alternation) were 

accomplished by ROIMP of diacrylates olefin monomers with cycloalkenes olefin monomers 

(Scheme 4.1).  In this process, an effective Grubbs' catalyst was developed to polymerise 

cycloalkane at a fast rate and then assist the insertion of α,β-unsaturated carbonyl olefins into 

the resulting polycycloalkane in an alternating fashion.[142] Less straightforward was the 

construction of monomers consisting of prescribed unit structures using multi-step synthesis, 



Chapt

and a s

(Schem

 

Scheme 4

 

 

 Scheme 

ter 4 

series of co

me 4.2).[143]  

4.1 Alternatin

4.2 Synthetic

opolymers w

ng copolymer 

c route of conj

was subseq

synthesised v

ugated polym

66 
 

quently achi

via olefin-meta

mers with well

ieved with 

athesis pathwa

-defined unit 

well-define

ay. 

distribution. 

ed unit dist

 

tribution 

 



  Chapter 4 

67 
 

In this chapter, we are interested in the development of a strategy on the synthesis of PIMs 

copolymer with well-defined alternating structure. The proposed approach was derived from 

the strategy used in Chapter 3. An ABA trimer (compound 25) was obtained as a by-product 

in the synthesis of AB-Type monomer 22 (Scheme 4.3). By using this tetrafluoro compound 

25 as a monomer, an alternating copolymer microstructure was accomplished through two-

pot synthesis involving a second biscatechol monomer (consisting of any other unit structure 

except the spirobisindane unit in monomer 25) (Scheme 4.4). To the best of our knowledge, 

this is the first example of the synthesis of sequence-controlled PIMs copolymer. It is known 

that copolymer’s properties are controlled not only by the composition of co-monomers but 

also their sequence distribution along the chain. Therefore, different properties of alternating 

coPIMs are expected compared to that of their corresponding statistical copolymers. Also, 

successful synthesis of perfectly alternating copolymers for PIMs would offer a new 

dimension for repeating unit sequence control in the step growth polymerisation system. 

 

 

Scheme 4.3 Synthesis of AB-type monomer 22 and ABA monomer 25. 

 

 

Scheme 4.4 Synthesis of alternating coPIMs via ABA monomer 25. 
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4.2 Experimental section 

4.2.1 Materials and methods 

Materials: 

Quantities of 5,5',6,6'-tetrahydroxy-3,3,3',3'- tetramethyl-1,1'-spirobisindane (96%), 1,2-

dihydroxybenzene, 2,5-hexandione, potassium carbonate (99%), boron tribromide (98%) and 

anhydrous DMF (99.8%) purchased from Aldrich. A quantity of 2,3,5,6-

tetrafluoroterephthalonitrile (97%) was purchased from Manchester Organics. Potassium 

hydroxide (85%) was purchased from Scharlau, while 2,3-dihydroxynaphthalene (96%) and 

Veratrole (98%) were purchased from Alfa. All the chemicals were used as received, without 

further treatment, except that 2,3,5,6-tetrafluoroterephthalonitrile was recrystallised before 

polymerisation. 

General Methods: 

Analytical thin-layer chromatography (TLC), NMR spectra, Mass spectra and Infrared 

spectra were all acquired using the same methods as mentioned in Chapter 3.2.1.  

13C NMR spectra of polymer products were obtained from a Varian Unity Plus 400 MHz 

spectrometer using the deuterated solvent (CDCl3) as reference, and a long relaxation delay 

(18.5s) was applied to obtain quantitative signal intensity.  

GPC analyses were carried out using a PL-GPC 50 (A Varian, Inc. Company) integrated 

GPC system, coupled with UV and RI detectors. Two pL-gel 20 μm MIXED-A column 

(300×7.5mm) columns with pLgel 20 μm guard column (50×7.5 mm) were employed. CHCl3 

was used as the eluent with a flow rate of 1.0 ml/min at a constant temperature of 30 °C. The 

sample concentration was 2 mg of polymer in 1 mL of CHCl3. 300 μL of the sample solution 

was injected in each run. The relative molecular weights were determined by refractive index 

(RI) detection (with Normal or Inverse polarity) using a polystyrene standard calibration 

curve. The data were analysed with Cirrus GPC software version 3.1.  

Matrix-Assisted Laser Desorption/Ionization Time of Flight (MALDI-ToF) mass 

spectroscopy was performed on a Bruker Autoflex III Mass Spectrometer operating in 

positive linear mode; the analyte, matrix (DCTB) and cationisation agent (NaTFA) were 

dissolved in THF at concentrations of 10, 10 and 1 mg/ml, respectively, and then mixed in a 
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ratio of 10:1:1. Then 0.8μL of this solution was spotted onto a ground steel target plate and 

the solvent was allowed to evaporate prior to analysis. FlexAnalysis (Bruker) was used to 

analyse the data.  

A Shimadzu TGA-50 thermal gravimetric analyser (TGA) was employed to analyse 

polymer thermal degradation. Samples for TG study were initially heated to 120°C, 

maintained for 30min under argon flow and then heated to 800°C at a heating rate of 5°C/min.  

A Shimadzu DSC-60 differential scanning calorimeter was used to study phase transitions. 

Samples for DSC were prepared in crimped aluminum sample cells and heated under argon 

flow to 220°C, then cooled down to 50°C and re-heated to 330°C, with all heating and 

cooling processes executed at a rate of 5°C/min. The DSC thermograms are from a second 

heating following rapid cooling after the first heating cycle.  

Both films of polymer 43 and 44 were cast from 2% solution in chloroform by slow 

evaporation under N2 current for 2-3 days. Gas permeation tests were carried out by MTR 

Company. Before gas permeation tests, both films were soaked in methanol for 2h, dried at 

room temperature for 24h and then at 65°C for 1h. Pure gas permeation tests were conducted 

at 22°C and at a feed pressure of 50psig using a fixed-volume and variable-pressure 

apparatus.   

 

4.2.2 Synthetic procedures 

Synthesis of ABA monomer (25) 

 

To a solution of 5,5',6,6'-tetrahydroxy-3,3,3',3'- tetramethyl-1,1'-spirobisindane (1) (5g, 

14.7mmol) in DMF(70ml), KOH aq.(3M, 10ml) was added slowly under Ar atmosphere to 

give a dark blue solution. The solution was warmed at 50° C and dropwise added to a 

solution of 2,3,5,6-tetrafluoroterephthalonitrile (2) (6g, 30.0mmol) in MeCN(150ml) at room 
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temperature via cannula, within 40 minutes. After addition, the mixture was stirred for 

another 10 minutes at room temperature, then cooled down in an ice-bath for 30 minutes, 

filtered and washed with water to give yellow solid. The solid was dissolved in CHCl3 and 

washed with water twice, then dried over Na2SO4, evaporated to give ABA monomer 25 

(8.0g, 12.1mmol, 82%) as a yellow solid.  

1H NMR (400MHz, CDCl3): δ ppm 6.88 (s, 2H), 6.46 (s, 2H), 2.39-2.16 (m, 4H), 1.40 (s, 

6H), 1.34 (s, 6H); 13C NMR (100MHz, CDCl3): δ ppm 150.53, 147.54, 147.02-146.84(dd), 

144.40-144.26(dd), 141.23-141.21(m), 139.06, 138.85, 112.50, 110.84, 107.75, 96.80-

96.30(m), 58.74, 57.23, 43.78, 31.35, 29.87; 19F NMR (376MHz, CDCl3): δ ppm 134.85; 

FT-IR (ATR): νmax cm-1 2960, 2243, 1471, 1407, 1311, 1294, 1265, 1007, 877;  HR-MS 

(ESI) calcd. for C37H20F4N4NaO4 683.1313, found 683.1324 (M+Na)+; Single-crystal XRD: 

CCDC number is 1056457. 

 

Synthesis of 9,10-Dimethyl-9,10-ethano-9,10-dihydro-2,3,6,7-tetrahydroxy-anthracene 

(39)[57] 

 

Well-ground catechol (7g, 63.6mmol) was suspended in 70% H2SO4 aq. (140ml) and 2,5-

Hexanedione(3.63g, 31.8mmol) was added dropwise into the suspension at 0° C. The mixture 

was stirred at 0° C for another hour and then at room temperature for 7 days under inert 

atmosphere. The viscous brown mixture was diluted with water (30ml), filtered and washed 

with water several times. After drying, crude product was gained and recrystallised from 

EtOAc to give the title compound 39 (6.3g, 21.1mmol, 66%) as an off-white solid.  

1H NMR (400MHz, DMSO-d6): δ ppm 8.41 (s, 4H), 6.61 (s, 4H), 1.69 (s, 6H), 1.41 (s, 4H); 
13C NMR (100MHz, DMSO-d6): δ ppm 141.69,137.60, 108.73, 36.19, 18.49; FT-IR (ATR): 

νmax cm-1 3288, 2965, 2936, 2860, 1599, 1447, 1291, 1134, 992, 881;  HR-MS (ESI) calcd. 

for C18H18NaO4 321.1097, found 321.1087 (M+Na)+. 
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Synthesis of 2,2’,3,3’-Tetrahydroxy-1,1’-dinaphthyl (40)[144]  

 

A mixture of 2,3-dihydroxynaphthalene (8.0g, 50mmol) and FeCl3·6H2O (27g, 100mmol) 

was ground to a fine powder with an agate mortar and pestle. The powder was added to tubes 

and sonicated at 50°C for 4 hours. Next, the reaction mixture was poured into 2N HCl aq. 

(300ml) and stirred vigorously. The precipitate was filtered, washed with diluted HCl aq. first 

and then with water until neutral to give the title compound 40 (5.5g, 17.3mmol, 69%) as a 

blue-ish solid. It was purified by recrystallisation from THF before use.  

1H NMR (400MHz, CDCl3): δ ppm 10.06 (br s, 2H), 8.39 (br s, 2H), 7.67 (m, 2H), 7.25 (s, 

2H), 7.17 (m, 2H), 6.98 (m, 2H), 6.83 (m, 2H); 13C NMR (100MHz, DMSO-d6): δ ppm 

146.29, 144.77, 128.74, 128.49, 125.80, 124.22, 122.61, 122.59, 116.16, 108.59. 

 

Synthesis of 2,3,6,7-tetramethoxyl-9,10-dimethylanthracene (41)[145] 

 

Veratrole (5.42g, 39.2mmol) was mixed with 90% H2SO4 aq. (13ml) to give a viscous light 

yellow liquid. Acetaldehyde (12.1g, 275mmol) was added dropwise to the mixture at about 

10°C. The resulting red colour mixture was extremely viscous and could not be stirred 

effectively. The mixture was blended well using a spatula and then kept still. After 22 hours, 

the mixture was added to ethanol (200ml) with vigorous stirring for 2 hours. Then the 

mixture was filtered and washed with ethanol to give the title compound 41 (4.2g, 12.9mmol, 

66%) as a beige colour solid.  

1H NMR (400MHz, CDCl3): δ ppm 7.40 (s, 4H), 4.08 (s, 12H), 2.94 (s, 6H). 
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Synthesis of 2,3,6,7-tetrahydroxyl-9,10-dimethylanthracene (42)[146] 

 

To a suspension of compound 41 (2.0g, 6.1mmol) in DCM was added BBr3 dropwise at about 

-20°C. After addition, the purple-coloured mixture was stirred at room temperature under Ar. 

After 24 hours, the mixture was quenched with water (200ml) and extracted with EtOAc. The 

whole mixture was filtered and the organic layer was separated afterwards. The aqueous 

phase was extracted with EtOAc again. All organic layers were combined, washed with dil. 

NaHCO3 to neutralise, followed by washing with sat. NaCl aq., dried over anhydrous Na2SO4 

and evaporated to give the title compound 42 (0.96g, 3.6mmol, 58%) as a black-ish solid. The 

crude product was further purified by recrystallisation from AcOH.  

1H NMR (400MHz, DMSO-d6): δ ppm 9.44 (br, 4H), 7.40 (s, 4H), 2.76 (s, 6H); 13C NMR 

(100MHz, DMSO-d6): δ ppm 145.86, 125.22, 120.95, 105.55, 14.14. 

 

Synthesis of polymer 43  

 

To a dry flask were added 5,5',6,6'-tetrahydroxy-3,3,3',3'- tetramethyl-1,1'-spirobisindane (1) 

(0.8000g, 2.35mmol), 9,10-Dimethyl-9,10-ethano-9,10-dihydro-2,3,6,7-tetrahydroxy-

anthracene (39) (0.7011g, 2.35mmol), 2,3,5,6-tetrafluoroterephthalonitrile (2) (0.9405g, 

4.70mmol) and anhydrous DMF (32ml) under Ar. Afterwards, well-ground K2CO3(5.2g, 

37.6mmol) powder was added and the mixture was heated at 70° C for 72 hours under Ar. 

The yellow mixture was poured into water, stirred for 30 minutes, filtered and washed with 

water to give a crude polymer. The crude polymer was dissolved in CHCl3 and precipitated 
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from MeOH to give a yellow solid which was filtered and dried in an oven, producing 

polymer 43 (1.95g, 95%) as a yellow solid.  

1H NMR (400MHz, CDCl3): δ ppm 6.91 (br s, 4H), 6.82 (br s, 2H), 6.42 (br s, 2H), 2.6-2.0 

(br m, 4H), 1.85 (br s, 6H), 1.58(br s, 4H), 1.37(br s, 6H), 1.31 (br s, 6H); FT-IR (ATR): νmax 

cm-1 2959, 2240, 1606, 1441, 1312, 1266, 1135, 1008, 884; GPC (CHCl3, polystyrene 

standard): Mn=17,000, Mw=63,000, Mw/Mn=3.7.  

 

Synthesis of polymer 44  

 

To a dry flask were added 9,10-Dimethyl-9,10-ethano-9,10-dihydro-2,3,6,7-tetrahydroxy-

anthracene (39) (0.4516g, 1.51mmol) and ABA monomer (25) (1.0000g, 1.51mmol), and 

anhydrous DMF(20ml) under Ar. Afterwards, well-ground K2CO3(1.67g, 12.1mmol) powder 

was added and the mixture was heated at 70° C for 72 hours under Ar. The yellow mixture 

was poured into water, stirred for 30 minutes, filtered and washed with water to give crude 

polymer. The crude polymer was dissolved in CHCl3 and precipitated from MeOH to give a 

yellow solid which was filtered and dried in an oven to produce polymer 44 (1.17g, 88%) as a 

yellow solid.  

1H NMR (400MHz, CDCl3): δ ppm 6.90 (br s, 4H), 6.81 (br s, 2H), 6.41 (br s, 2H), 2.6-2.0 

(br m, 4H), 1.84 (br s, 6H), 1.58(br s, 4H), 1.37(br s, 6H), 1.31 (br s, 6H); FT-IR (ATR): νmax 

cm-1 2960, 2240, 1606, 1442, 1312, 1271, 1135, 1008, 878; GPC (CHCl3, polystyrene 

standard): Mn=16,000, Mw=51,000, Mw/Mn=3.2. 
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Synthesis of polymer 45[55] 

 

 

To a dry flask were added 5,5',6,6'-tetrahydroxy-3,3,3',3'- tetramethyl-1,1'-spirobisindane (1) 

(0.8550g, 2.51mmol), 2,2’,3,3’-Tetrahydroxy-1,1’-dinaphthyl (40) (0.8000g, 2.51mmol), 

2,3,5,6-tetrafluoroterephthalonitrile (2) (1.0051g, 5.02mmol) and anhydrous DMF (33ml) 

under Ar. Afterwards, well-ground K2CO3(5.55g, 40.2mmol) powder was added and the 

mixture was heated at 70° C for 72 hours under Ar. The yellow mixture was poured into 

water, stirred for 1 hour, filtered and washed with water to give a crude polymer. The crude 

polymer was dissolved in THF and precipitated from MeOH to give a yellow solid which was 

filtered and dried in an oven to produce polymer 45 (0.83g, 98%) as a yellow solid.  

1H NMR (400MHz, CDCl3): δ ppm 7.82 (br s, 2H), 7.65 (br s, 2H), 7.44 (br s, 2H), 7.18 (br s, 

4H), 6.81 (br s, 2H), 6.40 (br s, 2H), 2.29-2.13 (br m, 4H), 1.29 (br, 12H). 

 

Synthesis of polymer 46  

 

To a dry flask were added 2,2’,3,3’-Tetrahydroxy-1,1’-dinaphthyl (40) (0.6222g, 0.942mmol) 

and ABA monomer (25) (0.3000g, 0.942mmol), and anhydrous DMF(20ml) under Ar. 

Afterwards, well-ground K2CO3(1.04g, 7.54mmol) powder was added and the mixture was 
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heated at 70° C for 72 hours under Ar. The yellow mixture was poured into water, stirred for 

1 hour, filtered and washed with water to give a crude polymer. The crude polymer was 

dissolved in THF and precipitated from MeOH to give a yellow solid which was filtered and 

dried in an oven to produce polymer 46 (0.83g, 98%) as a yellow solid.  

1H NMR (400MHz, CDCl3): δ ppm 7.81 (br s, 2H), 7.64 (br s, 2H), 7.44 (br s, 2H), 7.18 (br s, 

4H), 6.77 (br s, 2H), 6.36 (br s, 2H), 2.27-2.11 (br m, 4H), 1.29 (br, 12H). 

 

Synthesis of polymer 47  

 

To a dry flask were added 2,3,6,7-tetrahydroxyl-9,10-dimethylanthracene (42) (0.0420g, 

0.147mmol) and ABA monomer (25) (0.1000g, 0.147mmol), and anhydrous DMF(2ml) 

under Ar. Afterwards, well-ground K2CO3(0.160g, 1.16mmol) powder was added and the 

mixture was heated up to 70° C. Ten minutes later, another DMF (1.2ml) was added since the 

mixture was too viscous. The mixture was kept at 70° C for 72 hours under Ar. The yellow 

mixture was poured into water, stirred for 1 hour, filtered and washed with water to give a 

crude polymer. The crude polymer 47 was proved to be insoluble in common solvents. (e.g. 

dichloromethane, chloroform, dichloroethane, hexane, pentane, petroleum, heptane, DMF,  

DMSO, DMAc, NMP, ethyl acetate, acetone, acetonitrile, ethyl ether, methyl butyl ether, 

methanol, ethanol, propanol, butanol) 
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4.3 Results and discussion 

4.3.1 Synthesis of Ethanoanthracene-based alternating and statistical 

copolymers of PIMs 

The synthetic pathway started from the synthesis of ABA monomer 25, where biscatechol 

molecule 1 was sandwiched between two tetrafluoro molecules 2 to form ABA monomer 25. 

Then, homo-polymerisation was conducted between ABA monomer 25 and the second 

biscatechol monomer 39 (Scheme 4.5).  

The key intermediate ABA monomer 25 was prepared based on previous study of the AB-

type monomer of polymer 3. (See Chapter 3.) By using a chemo-selective process, the ABA 

monomer 25 was synthesised via an efficient pathway. In the reaction, biscatechol 1 was 

previously treated with two equivalents of potassium hydroxide to form a di-potassium 

phenoxide salt, which was subsequently added to a solution of compound 2 in acetonitrile, to 

give ABA monomer 25 (Figure 4.1). It is known that the reactivity of electron-deficient aryl 

halide (Ar-F) is subject to considerable decrease after the introduction of electron-donating 

groups (benzodixoane). Therefore, compound 25 is more stable and less reactive than 

tetrafluoro compound 2 towards biscatechol 1. A subtle chemo-selectivity exists among them.  

Furthermore, acetonitrile, as a non-solvent of the product, was selected to promote the 

precipitation of ABA monomer 25 from the reaction mixture. This strategy aims not only to 

isolate the product in a facile way, but also to suppress side reaction of ABA monomer 25 

forming longer oligomers. Thus, the synthesis of the key compound 25 was achieved in one 

step at an excellent yield of 80%, without employing additional synthetic steps to introduce 

protecting groups or synthesise intermediates. 

 



  Chapter 4 

77 
 

 

 Scheme 4.5 Synthetic routes of polymer 43 and 44. 
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Gel permeation chromatography (GPC) was used to determine the molecular weight of 

polymer products. Both copolymers displayed broad GPC chromatogram with similar 

number average molecular weight, presumably due to the formation of cyclic oligomer 

during polymerisation (polymer 44: Mn=16,000, Mw=51,000, Mw/Mn=3.2; polymer 43: 

Mn=17,000, Mw=63,000, Mw/Mn=3.7).   Interestingly, there is no evidence to distinguish 

between statistical copolymer 43 and alternating copolymer 44 by means of spectra FT-IR 

(Figure 4.6) and 1H NMR (Figure 4.7). Additional efforts were focused on 13C NMR analysis 

to confirm the formation of the alternating and statistical PIMs copolymers (Figure 4.8). The 

enlarged partial 13C NMR spectra arguably shows a chemical shift between C1 of alternating 

copolymer 44 (δC = 139.31 ppm, Figure 4.8c) and C1’ of statistical copolymer 43, (δC = 

139.34 ppm, Figure 4.8d); furthermore, the C1 peak is slightly broader for polymer 43 than 

for C1’ of polymer 44.  The results indicate a different chemical environment of the carbon at 

the joint points, thus providing evidence for the formation of the alternating copolymer 44.   

However, the true identity of those copolymers can be revealed by a Matrix-Assisted 

Laser Desorption/Ionization Time of Flight (MALDI-ToF) mass spectrometer.  As shown in 

Figure 4.9, the copolymers exhibit totally different patterns on MALDI-ToF spectra. All the 

mass signals observed in the spectra are cyclised oligomers according to their m/z values. The 

result of alternating copolymer 44 clearly revealed mass peaks of various sizes of cyclic 

oligomers. And most importantly, the adjacent spacing between each pair is equal to the mass 

of the repeating unit (878 Da), which corresponds to the total molar mass of monomer 25 and 

39 minus four hydrogen fluoride condensate. In contrast, multiple mass peaks are found in 

cyclic oligomers of statistical copolymer 43, due to various possibilities in combinations of 

repeating units. Moreover, for the alternating copolymer, the spirobisindane units and 

ethanoanthracene units must come in pairs (n is the number of pairs); as a result, no mass 

signals for polymer 44 could be found at the range of uneven-numbered x+y values in 

polymer 43, such as 5, 7, and 9. 
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4.3.4 Other attempts at synthesis of alternating and statistical copolymers 

of PIMs 

Besides that of ethanoanthracene (EA)-based biscatechol monomer 39, a dinaphthyl (DN) 

biscatechol monomer 40 was also attempted, to produce alternating copolymer and statistical 

copolymer using the same protocol (Scheme 4.6). Monomer 40 has already been involved in 

PIM synthesis, and the 1:1 statistical copolymer 45 exhibited a good solubility in THF or 

CHCl3.
[55] Monomer 40 was obtained via the oxidative coupling reaction of 2,3-

dihydroxynaphthalene 48, catalysed by FeCl3·6H2O in a solid state.[144] Using this ABA 

monomer-mediated approach, DN-based alternating copolymer 46 and its corresponding 

statistical copolymer 45 were synthesised. Both the resulting polymers 45 and 46 are soluble 

in THF or CHCl3 as expected. Yet the polymers cannot form self-standing films, probably 

due to relatively low molecular weight. The copolymers were structurally characterised by 1H 

NMR. The spectra agree well with the target structures and display no notable differences 

between the two copolymers (Figure 4.14).  

Another attempt to synthesise an anthracene-containing copolymer was conducted 

(Scheme 4.7). Anthracene is a super-inflexible structure which could be used as a rigid 

repeating unit in PIMs. Contortion simultaneously combined with rigidity is the key feature 

of PIMs. Therefore, incorporation of anthracene-based monomer 42 and ABA monomer 25, a 

V-shape monomer with moderate rigidity, could lead to a novel PIM copolymer with 

improved performance. The tetramethoxy anthracene 41 was prepared via an acid-catalysed 

condensation reaction between veratrole 49 and acetaldehyde. Further deprotection was 

conducted using BBr3, a selective and mild method, to give biscatechol monomer 42. 

Monomer 42 and 25 were polymerised under regular conditions. However, the resulting 

polymer 47 exhibited a poor solubility in many common organic solvents. 
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Scheme 4.6 Synthetic routes of copolymer 45 and 46. 
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4.4 Conclusions 

In summary, the first example of alternating copolymer of PIMs was accomplished in a 

two-pot synthetic pathway via ABA trimer intermediate. By making use of chemoselectivity, 

the ABA monomer was synthesised at a yield of 80% and was thoroughly characterised, 

including single-crystal XRD. Both copolymers, 43 and 44, were prepared successfully. The 

chain microstructures of the alternating copolymer 44 were analysed using MALDI-ToF. The 

mass patterns were distinctively different between 43 and 44. The present work offers an 

interesting way to produce PIMs copolymer compared to the commonly employed one pot 

copolymerisation route.   Gas permeation tests were conducted to investigate the separation 

performance of the two copolymers. An interesting and encouraging result was obtained, 

showing that the alternating copolymer 44 exhibits a higher performance by showing 

increased permeability values for all testing gases, coupled with comparable ideal 

selectivities. Further investigation into the reasons for their differences in behaviour in gas 

separation will be continued.  

Furthermore, extended efforts were focused on the application of such an approach for 

additional alternating copolymers. A couple of DN-based copolymers (45 and 46) were 

synthesised, yet no films were able to be formed by these two polymers. Another anthracene 

unit-containing polymer 47 was also attempted, but only an insoluble product was obtained. 

Thus, new couples of statistical and alternating PIM copolymers with good film-forming 

properties are needed to confirm this prospective approach to improvement of gas separation 

performance. 
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Chapter 5: Novel Fluoride-mediated Polymerisation for PIMs  

 

5.1 Introduction 

Since the invention of PIM-1, many PIMs have been synthesised via a dibenzodioxin-

forming approach, where biscatechol and tetra aryl halides undergo a double nucleophilic 

aromatic substitution (SNAr) mechanism with the aid of K2CO3 as a base (Scheme 

5.1).[34,113,148] Du et al. further optimized this method with the added advantage of 

dramatically shortened reaction time and significantly increased molecular weight.[56] 

However, few alternative synthesis methodologies have been reported in the past decade. 

Most relevant to this work, in 2005 Kricheldorf et al. described a different PIMs synthesis 

strategy based on trimethylsilyl (TMS)-derived biscatechol (Scheme 5.2).[149,150] According to 

their findings, the cyclic ladder oligomer and polymers were formed as predominant product, 

however, this “silyl ether protocol” still uses the same K2CO3 condition as the traditional 

method.  Therefore there is a need to develop new methodologies for the synthesis of PIMs 

which may also find further use as the number of monomer structures grows. 

 

 Reagents and conditions: (a) K2CO3, DMF, 65 °C, 72 h; (b) K2CO3, DMAc, 160 °C, 40 min. 

Scheme 5.1 A typical synthesis of a dibenzodioxin-containing PIM. 

 

 

Scheme 5.2 Synthesis of PIM-1 (polymer 3) via TMS-protected biscatechol monomer 50. 
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Table 5.2 Main silicon bond energies and bond lengths, and a comparison with corresponding carbon bonds[159] 

Bond 

Bond 

Energies 

(D) 

(kJ/mol) 

Bond 

Lengths 

(r) 

(pm) 

 

Bond 

Bond 

Energies 

(D) 

(kJ/mol) 

Bond 

Lengths 

(r) 

(pm) 

Si-F 565 160 C-F 485 135 

Si-O 452 163 C-O 358 143 

Si-Cl 381 202 C-Cl 327 177 

Si-C 318 185 C-C 346 154 

Si-H 318 148 H-C 411 109 

Si-Si 222 233    

 

Thus, inspired by these findings, an attempt was made to develop a F-mediated 

polymerization method for the synthesis of PIMs. This new method would be much milder 

than the traditional K2CO3 protocol thereby allowing the use of base-sensitive monomers. 

Additionally, it is well-known that a TMS group is too labile as a protecting group for the 

hydroxyl group, due to the lack of bulky substitution at the silicon atom. Hence, in this study, 

the tert-butyl dimethyl silyl (TBS) group is exploited to protect phenols, which is ca. 104 

times stable for hydrolysis over the TMS group and shows great stability under various 

reaction conditions.[157,160] Moreover, TBS derivatives were mentioned as being easier to 

crystallise than their corresponding TMS versions, and this could benefit stringent 

purification of monomers for polycondensation.[155] 

 

5.2 Experimental section 

5.2.1 Materials and methods 

All materials were purchased from Aldrich. Tetrafluoroterephthalonitrile (TFTPN) (97%) 

was purchased from Manchester Organics. All materials were used without further treatment 

except TFTPN, which was recrystallised from ethyl acetate before use. 

All methods are the same as mentioned in Chapter 3. 
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Membranes of polymer 53 for gas permeation tests were cast using pure polymer 

precipitated from MeOH. Then, a 2 % chloroform solution of pure polymer 53 was slowly 

evaporated in petri dishes under slow N2 current over 2 days. 

 

5.2.2 Synthetic procedures 

5,5’,6,6’-Tetrahydroxy-3,3,3’,3’,7,7’-hexamethylspirobisindane (51)[57] 

HO

HO
OH

OH

51  

To a mixture of conc. HBr aq. (36ml) and acetic acid (33ml) was added 1,2-dihydroxy-

3methylbenzene (16.8g, 135mmol) to give a clear solution. Acetone (21ml, 286mmol, 2.1eq) 

was then added dropwise. After addition, the resulting solution was heated to reflux and kept 

refluxing for 24 hours. The hot mixture was poured into water (360ml) with vigorous stirring. 

The precipitate was filtered out. Then the solid was stirred in acetic acid (150ml) for 1 hour, 

filtered, and washed with acetic acid and then with water until neutral to give title compound 

51 (15g, 40.7mmol, 60%) as a white solid.  

1H NMR (400MHz, DMSO-d6): δ ppm 8.83 (br, 2H), 7.67 (br, 2H), 6.43 (s, 2H), 2.16-2.05 

(m, 4H), 1.51 (s, 6H), 1.25 (s, 6H), 1.22 (s, 6H); 13C NMR (100MHz, DMSO-d6): δ ppm 

143.95, 142.32, 141.28, 137.46, 119.76, 106.02, 56.96, 56.67, 41.76, 32.54, 29.87, 10.74; 

HR-MS (ESI) calcd. 391.1880 for C23H28NaO4, found 391.1868 [M+Na]+. 

 

5,5’,6,6’-Tetrakis(tert-butyldimethylsilyloxy)-3,3,3’,3’,7,7’-hexamethylspirobisindane(52) 
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To a suspension of the bis-catechol 51 (10.85g, 29.4mmol) in anhydrous DMF was added t-

butyl dimethyl silyl chloride (36g, 239mmol). The mixture was cooled down in an ice-bath 

and imidazole (24g, 353mmol) added within 5 minutes followed by addition of DMAP 

(0.36g, 2.95mmol). The mixture was stirred under Ar at room temperature for 3 days. 

Afterwards, the mixture was poured into methanol (400ml) slowly and stirred for 1 hour. 

Then, the precipitate was filtered, washed with methanol and dried under vacuum to give the 

title compound 52 (22.6g, 27.4mmol, 93%) as white solid. The crude product was 

recrystallised from a mixture of THF and MeOH before polymerisation.  

1H NMR (400MHz, CDCl3): δ ppm 6.48 (s, 2H), 2.24-2.17 (m, 4H), 1.62 (s, 6H), 1.29 (s, 

6H), 1.27 (s, 6H), 0.97 (s, 18H), 0.96 (s, 18H), 0.22 (s, 6H), 0.19 (s, 6H), 0.14 (s, 6H), 0.05 (s, 

6H); 13C NMR (100MHz, CDCl3): δ ppm 146.21, 144.21, 143.72, 139.96, 125.99, 111.95, 

57.90, 56.76, 42.24, 32.69, 29.72, 26.33, 26.27, 18.84, 18.59, 12.73, -3.04, -3.31, -3.68, -3.70; 

HR-MS (ESI) calcd. 825.5519 for C47H85O4Si4, found 825.5540 [M+H]+.  

 

General procedure for polymer 53  

 

A mixture of TBS-protected monomer 52 and Tetrafluoroterephthalonitrile 2 was suspended 

in anhydrous DMF or DMAc. Anhydrous fluoride salt (KF or CsF) was dried in high vaccum 

at about 120° for 2h before use. (TBAF solution in THF was used directly) After addition of 

fluoride salt at room temperature, the resulting mixture was heated under argon for 72h. (For 

heating procedures see Table 5.3) Then, the reaction was cooled down, and poured into water 

with stirring for 1h. The mixture was filtered, washed with water and dried to give yellow 

solid as crude product 53 as a yellow solid.  

1H NMR (400MHz, CDCl3): δ ppm 6.71 (br, 2H), 2.25 (br, 4H), 1.74 (br, 6H), 1.35-1.32(br, 

12H); GPC see Table 5.3. 
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5.3 Results and discussion 

5.3.1 Synthesis and characterisation of the silylated monomer   

The biscatechol 51 was synthesised via a condensation reaction of 3-methyl catechol (54) 

and acetone under harsh acidic conditions. The reaction was modified from literature 

recorded by Fritsch.[57] The high electron density in the methyl catechol starting material 

allowed access to nucleophilic addition, and further intramolecular cyclisation was induced 

by dehydration to form the target spiro-bisindane structure. The product was precipitated out 

from the complicated reaction mixture. Upon filtering and washing thoroughly with acetic 

acid, an off-white solid was obtained and was pure enough for the next step. The following 

step was silylation of phenolic hydroxyl groups of 51. Tert-butyl dimethyl silyl chloride 

(TBDMSCl) was employed as a silylation reagent with imidazole as a base, and was 

catalysed by DMAP (Scheme 5.4). Since the tetra-silyl ether product 52 is non-polar and 

insoluble in methanol, the product was conveniently isolated by washing with methanol.   

 

 

Scheme 5.4 Synthetic route of TBS-protected monomer 52. 

 

Both compound 51 and compound 52 were characterised by 1H, 13C NMR. The resulting 

spectra agree well with the target molecules. Although compound 51 is a known structure, 2D 

NMRs were additionally used to determine the substitution position of the benzyl group 

(Figure 5.1 and 5.2). By incorporation of 1H, 13C NMR and HSQC spectra, the chemical 

shifts of C2 and C3 were assigned at 56.7 and 41.8, respectively. In the 1H-13C HMBC spectra, 
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5.3.2 Synthesis and characterisation of polymer 53 via in-situ tandem 

desilylation/nucleophilic substitution polymerisation 

For studies of fluoride-mediated polymerisation for PIMs, the TBS-protected monomer 52 

was employed to give polymer 53 (Scheme 5.5). The reasons are threefold. First, the polymer 

is soluble in several solvents (e.g. THF, Chloroform) allowing analysis of GPC to determine 

the molecular weight and subsequently to evaluate the effectiveness of different 

polymerisation conditions. Second, although the dimethyl biscatechol precursor 51 is 

reported, the polymer performance in gas separation is yet unknown. Finally, the monomer 

has a relatively simple structure without additional active moieties, which could diminish 

unnecessary chemical influence and reflect the genuine behaviours of polymerisation under 

different conditions. 

 

 

Scheme 5.5 Polymerisation of TBS-protected monomer 52 with tetrafluoro monomer 2 catalysed by fluoride ion. 

 

The silylated monomer 52 and tetrafluoro monomer 2 were polymerised to form polymer 

53 mediated by fluoride ion. The fluoride sources included potassium fluoride, 

tetrabutylammonium fluoride (TBAF) and caesium fluoride. The results showed that all three 

fluoride compounds were effective at catalysing dibenzodioxin-forming nucleophilic 

substitution polymerisation. However, different fluoride sources exhibit different catalytic 

abilities, based on GPC analysis and film formation results (Table 5.3).  
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Table 5.3 Polymerisation results under F-mediated conditions 

Entry Catalyst 
Molar 

ratio 
Conditionsa Solvent Mn Mw 

Mw/

Mn 

Film 

Formation

1 KF 1 eq. I DMF 7300 22900 3.1 × 

2 KF 4 eq. I DMF 17000 32800 1.9 × 

3 KF 4 eq. II DMAc 44300 99700 2.3 √ 

4 TBAF 1eq. I DMF 8100 30400 3.8 × 

5 TBAF 0.1 eq. I DMF 29100 59700 2.1 √ 

6 TBAF 0.1 eq. II DMAc 83000 142200 1.7 √ 

7 CsF 4 eq. I DMF 51600 113700 2.2 √ 

a Conditions: I, 70°C for 3d; II, 70°C for 6h, then 120°C for 66h. 

 

In the cases where KF is used as a fluoride source, according to the GPC values, the 

product 53 catalysed by 1 equivalent KF at 70°C has a low molecular weight (Mn=7300, 

Mw=22900) after a 3-day stirring (Entry 1). This could be due to the limited solubility of KF 

in DMF. Consequently, the reaction mainly occurred on the surface of the KF solid and 

resulted in a low reaction rate. In order to gain higher molecular weight, more KF was used to 

accelerate the reaction rate. The product catalysed by 4 equivalent KF shows a higher 

molecular weight (Mn=17000, Mw=32800), but the film cast from the product of Entry 2 is 

still brittle. A further attempt was carried out at a higher temperature (Entry 3). By raising the 

reaction temperature up to 120 °C, a high molecular polymer was obtained, which can be cast 

into free-standing films (Mn=44300, Mw=99700). The solvent for Entry 3 was changed to 

DMAc, which is similar in properties but more stable under such conditions. Notably, the 

molar ratio of KF (i.e. 1equivalent, 4 equicalent) is the addition amount. Since KF employed 

here catalysed the polymerisation heterogeneously, the actual amount of KF functioning 

should be lower. This situation was also applied to the polymerisation (Entry 7) using CsF. 

By adding more fluoride salt, the available surface area was increased; and thus, the rate of 

this heterogeneous polymerisation was accelerated. 
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The second fluoride source employed in this study is tetrabutylammonium fluoride 

(TBAF), an organic fluoride salt possessing good solubility in aprotic polar solvents (e.g. 

DMF, DMAc). Thus, TBAF has the advantage of better catalytic efficiency than KF. 

However, the product of Entry 4 has quite a low molecular weight with high Mw/Mn value 

(Mn=8100, Mw=30400, Mw/Mn= 3.8), and the colour of the product was brown, indicating a 

failed polymerisation (the target polymer is supposed to be bright yellow based on previous 

experience). The reason could be due to the fact that commercial TBAF solution in THF 

remains approximately 5 wt. % water content. As a result, the side reaction between 

tetrafluoro compound 2 and water largely influenced the polymerisation and produced dead 

oligomers, considerably broadening the Mw/Mn value. In order to suppress the side reaction, a 

catalytic amount of TBAF was involved in Entry 5, and a higher molecular weight polymer 

was obtained, which can form self-standing films (Mn=29100, Mw=59700). The 

polymerisation was further modified by stirring at 120°C and a polymer with even higher 

molecular weight was obtained (Mn=83000, Mw=142200) (Entry 6). Using a catalytic amount 

of TBAF reveals the catalytic behaviour of the fluoride-mediated polymerisation, as only 0.1 

equivalent TBAF can complete the reaction and produce a high molecular polymer product. 

The proposed mechanism is exhibited in Figure 5.3. 

 

 

Figure 5.3 Proposed mechanism of TBAF catalysed polymerisation for polydibenzodioxin. 
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can give high-molecular weight polymers, which can be cast into self-standing films with 

good strength. Due to the poor solubility of KF, the polymerisation needed to be conducted at 

a relatively high temperature of about 120°C, whereas TBAF and CsF can effectively 

catalyse such polymerisation at 70°C. Note that since the commercial TBAF solution 

contains a certain amount of water, the polymerisation can be significantly influenced when a 

stoichiometric amount of TBAF is involved. To suppress the side-reaction by water, a 

catalytic amount of TBAF was attempted, and was proved to be effective in producing high-

quality polymers. Hence, a new F-mediated polymerisation strategy on the synthesis of PIMs 

is developed, and it is envisaged that silylated monomer can replace traditional biscatechol 

monomer in cases where a stable version is desired. Also, it contributes valuable examples 

and thus expands the applications of silylated monomer polymerisation.   
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Chapter 6: Exploration of Novel Unit Structures with Improved 

Rigidity for PIMs Synthesis  

 

6.1 Introduction 

Ever since the first report of PIM-1, the best-known PIM, numerous PIMs have been 

synthesised with the aim of developing a higher performance of gas separation. General 

structural features have been followed as guidance for PIM unit design. The design concept is 

that the polymer backbones need an exclusively rigid structure to prevent efficient space-

packing; and simultaneously, sites of kinks are required to be involved in polymer chains to 

form zig-zags and thus a large number of inter-chain free volumes.[100,161]  

Freeman provided a valuable clue to the direction of rational design and further 

development of polymeric materials by revealing the relationship between structure and 

property for gas separation.[15] That is, the inter-chain distance of polymer chains governs the 

permeability by introducing free volume, whereas the increase in backbone rigidity can lead 

to an elevated selectivity.  On the basis of this theory, rational improvement of polymers on 

their gas separation performance should simultaneously increase inter-chain separation and 

polymer chain stiffness.  

To date, PIMs have been synthesised based on a few fundamental structural units (Figure 

6.1). According to the chemical structures and gas separation properties of present PIMs, a 

relationship has been observed between molecular rigidity and gas separation performance, 

wherein a PIM with more rigid backbones, in general, exhibits a better performance. Such a 

relationship was applied and semi-quantified by employment of molecular modelling.[36,49] 

The dihedral angles formed in contorted sites were well computed and exhibited in terms of 

energy. By comparing gas separation performance and energy well curves between PIMs, 

those PIMs with narrower energy wells suggest more rigid unit structures perform better gas 

separation (Figure 6.2). Thus, the separate enhancement in backbone rigidity of PIMs can 

result in the improvement of separation performance (both permeability and selectivity). This 

agrees well with Freeman’s theory. As mentioned above, the selectivity has a positive 

relationship with chain rigidity, while the increase in backbone stiffness incorporated with the 
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In order to develop advanced PIMs possessing better gas separation properties, the 

synthesis of new PIMs with extrordinarily stiff backbone structures is the aim of this chapter. 

This objective is based on the current well-accepted structure/property relationship for PIM 

design. As introduced above, finding the appropriate chemical structure from the universal 

organic compound database and successfully employing it for PIMs fabrication is a 

considerable challenge. Therefore, rather than searching existing rigid organic molecules for 

PIMs construction, the strategy here is to “diagnose and fix” current PIM structures. This 

starts with finding the flexibile site in a PIM unit structure (e.g. the spiro-centre of a spiro-

bisindane), and subsequently fastening the structure by introducing new covalent bonds. 

Accordingly, ultra-rigid units are expected to be derived for the development of new 

advanced PIMs.   

 

6.2 Experimental section 

6.2.1 Materials and methods 

All materials were purchased from Aldrich. Tetrafluoroterephthalonitrile (97%) was 

purchased from Manchester Organics. All materials were used without further treatment 

except TFTPN, which was recrystallised from ethyl acetate before use. 

A TGA Q5000 (TA Instruments) thermal gravimetric analyser (TGA) was employed to 

analyse polymer thermal degradation. Samples were initially heated to 120°C and maintained 

for 30 minutes under nitrogen flow and then heated to 800°C at heating rate of 5°C/min.  

A DSC Q1000 (TA Instruments) differential scanning calorimeter was used to study phase 

transition. Samples for DSC were prepared in crimped aluminum sample cell and heated 

under a nitrogen flow to 220°C then cooled down to 50°C and re-heated to 400°C with all 

heating and cooling processes executed at a rate of 5°C/min. The DSC thermograms were 

from a second heating after quick cooling. 

Both films of polymer 57 and polymer 3 were cast from 2% solution in chloroform by 

slow evaporation under N2 current for 2-3 days. Gas permeation tests were carried out by 

MTR Company. Before tests, both films were soaked in methanol for 2h, dried at room 

temperature for 24h and then at 65°C for 1h. Pure gas permeation tests were conducted at 
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22°C and at a feed pressure of 50psig using a fixed-volume and variable-pressure apparatus. 

All other methods are the same as mentioned in Chapters 3. 

 

6.2.2 Synthetic procedures 

Synthesis of intermediate 51[57] 

HO

HO
OH

OH

51  

To a mixture of conc. HBr aq. (36ml) and acetic acid (33ml) was added 1,2-dihydroxy-

3methylbenzene (16.8g, 135mmol) to give a clear solution. Acetone (21ml, 286mmol, 2.1eq) 

was then added dropwise. After addition, the resulting solution was heated to reflux and kept 

refluxing for 24 hours. The hot mixture was poured into water (360ml) with vigorous stirring. 

The precipitate was filtered out. Then the solid was stirred in acetic acid (150ml) for 1 hour, 

filtered, and washed with acetic acid then with water until neutral to give title compound 51 

(15g, 40.7mmol, 60%) as a white solid. 

1H NMR (400MHz, DMSO-d6): δ ppm 8.83 (br, 2H), 7.67 (br, 2H), 6.43 (s, 2H), 2.16-2.05 

(m, 4H), 1.51 (s, 6H), 1.25 (s, 6H), 1.22 (s, 6H); 13C NMR (100MHz, DMSO-d6): δ ppm 

143.95, 142.32, 141.28, 137.46, 119.76, 106.02, 56.96, 56.67, 41.76, 32.54, 29.87, 10.74; 

HR-MS (ESI) calcd. 391.1880 for C23H28NaO4, found 391.1868 [M+Na]+. 

 

Synthesis of intermediate 52 
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To a suspension of the bis-catechol 51 (10.85g, 29.4mmol) in anhydrous DMF (135ml) was 

added t-butyl dimethyl silyl chloride (36g, 239mmol). The mixture was cooled down in an 

ice-bath and imidazole (24g, 353mmol) added slowly within 5 minutes followed by addition 

of DMAP (0.36g, 2.95mmol). The mixture was stirred under Ar at room temperature for 3 

days. Afterwards, the mixture was poured into methanol (400ml) slowly and stirred for 1 

hour. Then, the precipitate was filtered, washed with methanol and dried under vacuum to 

give the title compound 52 (22.6g, 27.4mmol, 93%) as white solid.  

1H NMR (400MHz, CDCl3): δ ppm 6.48 (s, 2H), 2.24-2.17 (m, 4H), 1.62 (s, 6H), 1.29 (s, 

6H), 1.27 (s, 6H), 0.97 (s, 18H), 0.96 (s, 18H), 0.22 (s, 6H), 0.19 (s, 6H), 0.14 (s, 6H), 0.05 (s, 

6H); 13C NMR (100MHz, CDCl3): δ ppm 146.21, 144.21, 143.72, 139.96, 125.99, 111.95, 

57.90, 56.76, 42.24, 32.69, 29.72, 26.33, 26.27, 18.84, 18.59, 12.73, -3.04, -3.31, -3.68, -3.70; 

HR-MS (ESI) calcd. 825.5519 for C47H85O4Si4, found 825.5540 [M+H]+.  

 

Synthesis of intermediate 55 

 

Using benzene as solvent: To a solution of dimethyl TTBS intermediate 52 (10.2g, 12.4mmol) 

in benzene (200ml) was added NBS (5.50g, 30.9mmol), followed by addition of AIBN 

(200mg, 0.12mmol). The mixture was brought to reflux for 42h. Then, the mixture was 

cooled down to room temperature and poured into methanol (2000ml) to crystallise. The 

crystals was filtered and washed with methanol to give intermediate 55 (11.2g, 11.4mmol, 

92%) as slightly yellowish crystals. 

Using CCl4 as solvent: To a solution of dimethyl TTBS monomer 52 (1g, 1.21mmol) in CCl4 

(20ml) was added NBS (0.44g, 2.47mmol), followed by addition of AIBN (20mg, 0.12mmol). 

The mixture was brought to reflux for 18h. Then, the mixture was cooled down to room 

temperature and poured into methanol (200ml) to give crystals. The crystals were filtered and 
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washed with methanol to give the title compound 55 (0.93g, 0.946mmol, 78%) as slightly 

yellowish white crystals.  

 1H NMR (400MHz, CDCl3): δ ppm 6.67 (s, 2H), 4.17 (d, J = 9.6 Hz, 2H), 3.86 (d, J = 9.6 

Hz, 2H), 2.71 (d, J = 13.0 Hz, 2H), 2.23 (d, J = 13.0 Hz, 2H), 1.40 (s, 6H), 1.29 (s, 6H), 1.01 

(s, 18H), 0.95 (s, 18H), 0.30 (s, 6H), 0.28 (s, 6H), 0.19 (s, 6H), -0.02 (s, 6H); 13C NMR 

(100MHz, CDCl3): δ ppm 147.26, 145.79, 145.32, 140.76, 126.20, 115.74, 58.64, 55.81, 

42.91, 32.78, 30.06, 26.83, 26.54, 26.27, 19.15, 18.76, -2.25, -2.67, -3.65, -4.11; HR-MS 

(ESI) calcd. 1003.3549 for C47H82Br2NaO4Si4, found 1003.3538 [M+Na]+. 

 

Synthesis of monomer 56 

 

The dibromomethyl TTBS intermediate 55 (3.4g, 3.46mmol) and Ag2CO3 (4.77g, 17.3mmol) 

were added to a mixture of dioxane (160ml) and water (16ml). Then, the slurry was brought 

to reflux with effective stirring for 66h. The mixture was filtered when hot and the solid 

washed with dichloromethane. The filtrate was evaporated. The residue was partitioned 

between water and dichloromethane, and the aqueous phase was extracted by 

dichloromethane for another time.  The organic layers were combined, dried over anhydrous 

Na2SO4 and evaporated to give monomer 56 (3.1g, 3.7mmol, quant.) as a lightly yellow 

dense oil, which solidified to give crystals upon storage. Monomer 56 was purified by 

recrystallisation from EtOH before use (1.6g, 1.9mmol, 55% recrystallisation yield).  

1H NMR (400MHz, CDCl3): δ ppm 6.58 (s, 2H), 4.62 (d, J = 11.9 Hz, 2H), 4.08 (d, J = 11.9 

Hz, 2H), 2.35 (d, J = 12.6 Hz, 2H), 1.86 (d, J = 12.6 Hz, 2H), 1.43 (s, 6H), 1.19 (s, 6H), 0.99 

(s, 36H), 0.24 (s, 6H), 0.23 (s, 6H), 0.17 (s, 6H), 0.09 (s, 6H); 13C NMR (100MHz, CDCl3): δ 

ppm 147.15, 144.08, 143.62, 142.90, 121.70, 114.31, 58.10, 57.85, 56.78, 41.53, 32.39, 30.19, 

26.36, 26.25, 18.86, 18.64, -3.34, -3.59, -3.66, -3.98; HR-MS (ESI) calcd. 861.5132 for 

C47H82NaO5Si4, found 861.5136 [M+Na]+; Single-crystal XRD: CCDC number is 1418501. 
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Synthesis of polymer 57 

 

To a mixture of monomer 56 (0.6396g, 0.762mmol) and 2,3,5,6-tetrafluoro-terephthalonitrile 

(monomer 2) (0.1524g, 0.762mmol) was added anhydrous NMP (5.8ml) to give a suspension. 

1N TBAF in THF (0.076ml, 0.076mmol) was diluted 10 times with anhydrous NMP. The 

resulting 0.1N TBAF solution (0.076ml, 0.0076mmol) was added to the reaction mixture at 

room temperature. The reaction mixture was heated to 160°C gradually within 45min and 

kept at 160°C for 1h.  The mixture was cooled down to 60°C and diluted with NMP (3ml). 

Then, it was poured into EtOAc (60ml) with vigorous stirring for 1h. The solid was filtered 

and washed with EtOAc to give crude product which was re-dissolved in CHCl3 and 

precipitated from MeOH to give polymer 57 (0.35g, 91%) as a bright yellow solid. 

1H NMR (400MHz, CDCl3): δ ppm 6.83 (br s, 2H), 4.85 (br, 2H), 4.12 (br, 2H), 2.44(br, 2H), 

1.95 (br, 2H), 1.48 (br s, 6H), 1.28 (br s, 6H); FT-IR (ATR): ν = 2956, 2240, 1436, 1324, 

1267, 1047, 1025, 866; Anal. Calcd (%) for repeating unit [C31H22N2O5]: C 74.09, H 4.41, N 

5.57, found C 73.39, H 4.44, N 5.53. 

 

Synthesis of compound 58[162] 

 

To a solution of NaOH (30g) in water (1000ml) was added dropwise a mixed solution of 

acetone (127.6g, 2.2mol) and cyclopentanone (50.4g, 0.6mol) within 2h. The resulting 

solution was stirred for 18h. Then, water (250ml) and AcOH (50ml) were added to neutralize 

and acidify the mixture (about pH=5). The mixture was extracted with n-hexane and the 

organic layer was washed with dil. NaHCO3 and then with water. After drying over Na2SO4, 
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the organic layer was evaporated to give an orange oil as crude product. The crude product 

was distilled under vacuum (82-84°C, 15mbar) to give the title compound 58 (14.5g, 

117mmol, 20%) as an orange coloured oil.  

1H NMR (400MHz, CDCl3): δ ppm 2.56 (m, 2H), 2.28 (t, J = 7.9 Hz, 2H), 2.18 (m, 3H), 1.82 

(m, 2H), 1.80 (s, 3H); 13C NMR (100MHz, CDCl3): δ ppm 207.64, 147.06, 130.86, 40.49, 

29.37, 24.44, 20.31, 19.35.    

 

Synthesis of compound 60 

 

The starting material 58 (1.24g, 10mmol) was dissolved in n-hexane (15ml) followed by 

addition of TMSCl (2.7g, 25mmol). The resulting solution was cooled down in ice-bath. 

Then, triethylamine (2.52 mmol) was added dropwise to give white precipitate. A solution of 

NaI (1.88g) in MeCN (25 ml) was added afterwards in ice-bath. The mixture was stirred 

vigorously at room temperature. 5h later, n-hexane (10ml) was added to extract the reaction 

mixture. The lower layer was further extracted with n-hexane for another time. All n-hexane 

layers were combined and evaporated to give crude product 59 used as the starting material 

of next step.  

To a solution of acetone (0.807g, 13.8mmol) in DCM (12ml) was added TiCl4 (2.62g, 

13.8mmol) dropwise at 0°C to give a yellow precipitate. A solution of crude compound 59 

prepared above in DCM (10ml) was subsequentely added to the yellow mixture. The 

resulting mixture was stirred at room temperature for 15h, and then, additional DCM (10ml) 

was added followed by quenching with water (30ml) with vigorous stirring. The organic layer 

was separated and the aqueous layer was extracted twice with DCM. All organic phases were 

combined, dried over Na2SO4 and evaporated to give a brown oil. The oil was purified by 

column chromatography over silica gel (eluent: ethyl acetate : n-hexane= 1:8) to give the title 

compound 60 (0.5g, 2.74mmol, 27% two steps yield) as a brown oil.  
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1H NMR (400MHz, CDCl3): δ ppm 2.60 (m, 1H), 2.40 (m, 2H), 2.20 (br s, 3H), 2.05 (m, 1H), 

1.83 (s, 3H), 1.50 (m, 1H), 1.17 (s, 3H), 1.13 (s, 3H); 13C NMR (100MHz, CDCl3): δ ppm 

207.64, 147.06, 130.86, 40.49, 29.37, 24.44, 20.31, 19.35. 

 

Synthesis of compound 61 

 

To a solution of the starting material 60 (0.5g, 2.74mmol) in toluene (40ml) was added p-

TsOH monohydrate (0.05g, 0.263mmol). The mixture was heated to reflux. After 45 min, the 

mixture was poured into Na2SO4 to remove water and evaporated to give crude product, 

which was purified by column chromatography over silica gel (eluent: ethyl acetate : n-

hexane= 1:30). The title compound 61 (0.31g, 18.9mmol, 69%) was obtained as a slightly 

yellow oil which was crystallised upon storage.  

1H NMR (400MHz, CDCl3): δ ppm 2.51 (s, 2H), 2.26 (m, 3H), 1.81 (s, 3H); HR-MS (APCI) 

calcd. 165.1274 for C11H17O, found 165.1267 [M+H]+. 

 

Synthesis of compound 65 

 

To a solution of compound 56 (2g, 2.4mmol) in THF (20ml) was added AcOH (0.6g, 

10mmol), followed by dropwise addition of 1N TBAF solution in THF (10ml, 10mmol) at 

0°C. The resulting mixture was stirred at 0°C for 1.5h. Then, the mixture was evaporated to 

remove THF, and the residue was dissolved in EtOAc and washed with water 5 times. The 

organic layer was dried over Na2SO4, evaporated and purified by a flash silica gel column 
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using DCM and MeOH (10:1) as eluent to give the title compound 65 (0.76g, 2.0mmol, 83%) 

as a red dense oil which solidified upon storage.  

1H NMR (400MHz, DMSO-d6): δ ppm 9.04 (s, 2H), 8.02 (s, 2H), 6.55 (s, 2H), 4.53-3.94 (m, 

4H), 2.30-1.73 (m, 4H), 1.38 (s, 6H), 1.15 (s, 6H); HR-MS (ESI) calcd. 405.1672 for 

C23H26NaO5, found 405.1675 [M+Na]+. 

 

6.3 Results and discussion 

6.3.1 Molecular model analysis and a strategy for locking spirobisindane   

As referred to in Chapter 6.1, residual flexibility was considered a negative effect on the 

gas separation performance of PIMs. To address this issue, the popular spirobisindane unit 

was used. For example, PIM-1 (polymer 3) exhibits disadvantageous gas permeation 

properties compared to novel PIMs.[49,76] As proved by molecular modelling of selected 

dihedral angles around the spiro-centre in Figure 6.2, a considerable amount of residual 

flexiblility exists in the spirobisindane structure. Therefore, removing the flexibility of 

spirobisindane units would give rise to an enhanced gas separation performance.  

Based on analysis of a molecular model of monomer 51, which is a typical spirobisindane 

monomer, an encouraging result was observed (Figure 6.3). It was noted that the distance 

between the two carbon atoms at the benzyl position (highlighted in yellow) is only 3.8Å, 

suggesting the possibility of structural connection between them via new covalent bonds, 

thereby frustrating the motion of the two aromatic planes connected by the spiro centre and 

significantly reducing residual flexibility. According to the bond lengths between carbon 

atoms or carbon/hetero atoms, two or three bonds are necessary to bridge the two carbons. 

The candidates could range from ether to ester, sulfone and even alkyls. In this chapter, an 

ether linkage was introduced to connect the two benzyl carbon atoms; thus the “flexible” 

spirobisindane can be “immobilized”. 
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Scheme 6.1 Total synthetic route of silylated monomer 56. 

 

The TBS-protected compound 52 was brominated using N-bromosuccinimide (NBS) via 

free-radical benzyl bromination to give dibenzylbromide 55. The yield was 92%, revealing 

good selectivity for benzyl bromination over aryl bromination. In addition, no dibromo 

substituted benzyl species was found when 2.5 equivalent NBS to the starting material was 

employed. It is noteworthy that a small amount of mono brominated intermediate was 

retained when a smaller amount of NBS was used (2.1 equivalent), which could not be 

removed by crystallisation from methanol or further recrystallisation from n-hexane, due to 

their similarities in polarity. Hence, the reaction needs to be completed either by extension of 

the reaction time or adding more amount of NBS. Furthermore, a handy work-up protocol 

was developed, wherein the reaction mixture was directly poured into methanol and the 



 

 

product

conveni

The 

position

H3) we

planes a

 

Figure 6

 

Initia

55, and

of the d

dibromi

showed

not be e

 

t was cryst

ient for scal

1H NMR s

n and in the

ere observe

around the s

6.4 1H NMR sp

ally, a diol-

d then an eth

diol groups

ide was low

d low hydro

efficiently f

tallised out

le-up prepar

spectrum is 

e bisindane 

ed. The dia

spiro-centre

pectrum of dib

-containing 

her linkage 

 in the pres

wer compar

lysis ability

formed by h

t in high p

ration. 

shown in F

ring, typica

astereotopic

e. 

benzylbromid

compound 

could be su

sence of de

ed to comm

y in aqueous

hydrolysis o

119 

purity as i

Figure 6.4. 

al couplings

city arises f

de 55. 

62 was atte

ubsequently

ehydrating r

mon benzyl 

s NaHCO3 a

f dibromide

indicated b

For the me

s between d

from the fo

empted by h

y produced

reagents.  H

bromide. F

at reflux. C

e 55 (Schem

y NMR. S

ethylene pro

diastereotop

orbidden ro

hydrolysis o

by intramol

However, th

For example

onsequently

me 6.2).    

Cha

Such a pro

otons at the

pic protons 

otation of a

of dibenzylb

lecular dehy

he reactivit

e, the dibro

y, the diol 6

apter 6 

otocol is 

e benzyl 

(i.e. H2, 

aromatic 

 

bromide 

ydration 

y of the 

mide 55 

62 could 



Chapter 6 

120 
 

 

Scheme 6.2 Attempt on hydrolysis of dibromide 55 under mild basic condition. 

 

Silver carbonate is a versatile reagent for the substitution reaction of alkyl bromide. For 

example, the Koenigs-Knorr reaction widely used in saccharide chemistry occurs in the 

presence of Ag2CO3 (Scheme 6.3).[163]  

  

 

Scheme 6.3 Koenigs-Knorr reaction for substitution of bromide of acetobromoglucose. 

 

Therefore, an attempt at hydrolysis of dibromide 55 was carried out using Ag2CO3 under a 

relatively mild neutral condition.[164] The substitution reaction of benzyl bromide was 

successful with the aid of silver salt, but the reaction rate was still slow. The reaction was 

monitored by 1H NMR, and no further changes occurred after 66h in a mixture of 1,4-dioxane 

and water at reflux. This agrees with the previous conclusion that the hydrolysis ability of 
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The most convincing evidence is the results of single-crystal XRD of compound 56. 

Single-crystals of monomer 56 were grown by slow diffusion of n-hexane vapor into 1,4-

dioxane solution. A tetraTBS-protected spirobinsindane locked by a dibenzyl ether moiety 

was observed. The mean value of C-O ether bond connecting the two benzyl carbons is 

1.44Å, which is longer than the average C-O bond length of ethers (1.42 Å). Also, the C-O-C 

bonds angle of the ether is found to be 115.2° larger than that of common ethers (about 112°) 

(Figure 6.7).[165] The orthogonal views of the dihedral angles are also presented to give a 

direct comparison between the dihydrooxocine-based monomer 56, and a couple of typical 

spiroindane crystal structures mentioned in Chapter 3 and Chapter 4 (AB monomer 22 and 

ABA monomer 25) (Figure 6.8a, 6.8b). The dihedral angle between the two benzene planes 

around the spiro-centre in monomer 56 is 58.5°, which is significantly smaller than the 

corresponding dihedral angles of AB-monomer 22 and ABA monomer 25 (71.9° and 77.8°, 

respectively). Furthermore, the bond angles around the spiro-centres are also compared 

(Figure 6.8c). The bond angle value in the five-membered ring such as the bond angle (C9, 

C10, C19) in compound 56 is close to the corresponding bond angles in compound 22 and 

compound 25. However, considerable differences are observed for the bond angle (C9, C10, 

C11) in compound 56 with a mean value of 120.8°, which is significantly larger than the 

mean values of the corresponding bond angles in compound 22 (C13, C19, C25) and in 

compound 25 (C12, C19, C25), which are 114.6° and 116.2°, respectively. Similarly, the 

bond angle (C19, C10, C20) in compound 56 has a mean value of 111.6, and is considerably 

smaller than that of the corresponding bond angles in compound 22 (C18, C19, C20) and in 

compound 25 (C20, C19, C18) which are 114.8° and 115.7°, respectively. This observation 

demonstrates the spiro-carbon of compound 56 is much farther from the perfect tetrahedron 

(109.5°) than the spiro-carbons in compound 22 and 25. According to these findings from 

analysis of the crystal structures, considerable intramolecular strain on the dihydrooxocine 

ring is suggested, and hence an enhanced forbidden rotation of planes around the spiro-centre 

was most likely accomplished by using the ether linkage to strain the two benzene rings. 
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6.3.3 Synthesis of polymer 57 via in-situ tandem desilylation/nucleophilic 

substitution polymerisation and characterisation 

Polymerisation for polymer 57 was conducted using TBS-protected monomer 56 and 

tetrafluoro monomer 2. Since the biscatechol 65 was found to be too unstable to be purified, 

the novel fluoride-mediated polymerisation studied in Chapter 5 found its particular use in 

the preparation of polymer 57 (Scheme 6.6). 

 

Scheme 6.6 Synthetic scheme of polymer 57.  

 

The polymerisation was attempted under various conditions (Table 6.1). DMF and DMAc 

are the most widely used solvents in the area of PIM synthesis. Notably, most PIMs are not 

soluble in DMF or DMAc, therefore PIMs are prepared via heterogeneous polymerisation, in 

this study the first two attempts were carried out in DMF or DMAc. However, products 

obtained from this heterogeneous polymerisation were proved partially soluble in DCM. The 

soluble component of the product was collected by DCM using a Soxhlet extractor. About 30 

percent of the product from Entry 1 was soluble in DCM and similarly for Entry 2. In contrast, 

when conducted in NMP, the polymerisation was found to be homogeneous and a soluble 

product was produced. Due to good solubility of the polymer in NMP, the polymerisation 

proceeded at a rapid rate and formed a high molecular weight polymer in 1h at 160°C based 

on the mixture’s viscosity. The polymer products prepared under different conditions in NMP 

were still different. Polymerisation mediated from 4 equivalent CsF gave a black-ish solution 

after 1h at 160°C (Entry 3, Figure 6.10 a). In contrast, 0.1equivalent TBAF-catalysed 

polymerisation gave a brownish yellow solution at the same temperature (Entry 4, Figure 

6.10 b). When the amount of TBAF was reduced to 0.01equivalent, the resulting polymer 

solution showed a pure yellow colour (Entry 5, Figure 6.10 c).  



 

 

Table 6.1

Entry 

1 

2 

3 
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This hypothesis can also explain the different observations in Entry 3, 4 and 5. Besides the 

colour-changes found for the reaction mixture, interestingly, the products also differed in 

solubility. Entry 3 gave a polymer soluble in pyridine or NMP but not in chloroform. 

Polymers from Entry 4 and 5 exhibited good solubility in NMP, chloroform or DCM, yet 

were poorly soluble in pyridine. Thus, the product obtained from NMP catalysed by different 

amounts of fluoride ion may differ in functional group proportion. Both the colour-change of 

the reaction mixture and the differences in solubility support the benzyloxide-forming 

pathway, where benzyloxide was converted into benzyl alcohol and led to an increase in 

polarity. In Entry 4 and 5, reducing the feed amount of fluoride catalyst resulted in decreasing 

the possibility of ether cleavage. This deduction was additionally supported by the previous 

success of polymerisation of silylated monomer in Chapter 5, where totally soluble linear 

product was produced by using non-ether based monomers. 

Therefore, the optimised condition (Entry 5) was applied to synthesise the target polymer 

57 with enhanced rigidity in the backbone (Figure 6.11). 

 

 

Scheme 6.7 Possible mechanism for the observations of the polymerisation.  
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higher permeability of CO2 than that of H2, in agreement with previously reported 

observations of other spiro-based PIMs (e.g. PIM-1, PIM-SBF).[49,89-91] This phenomenon is 

reversed in those PIMs consisting of triptycene or TB unit, ascribed from different gas 

molecule affinity and molecular sieving behaviour.[36,44,46,47] 

Of particular interest is the enhanced performance of polymer 57 compared with polymer 

3 and PIM-SBF. Polymer 3 is the best known PIM, displaying great permeability combined 

with moderate selectivity. PIM-SBF is a modified version of spiro-based PIM, consisting of a 

bulky spirobifluorene unit that restricts the motion of polymer chains.[49] For all tested gases, 

polymer 57 exhibited higher permeability values than that of polymer 3 and PIM-SBF. This 

observation indicates that polymer 57, compared with polymer 3 and PIM-SBF, has a larger 

amount of free volume and a looser space packing of the polymer chains resulting from the 

stiffer and more shape-resistant polymer backbone. More striking results were found in the 

comparison of their selectivities. For key commercial gas pairs as listed in Table 6.2, polymer 

57 possesses obviously elevated selectivity values compared to the corresponding values of 

polymer 3 and PIM-SBF. The improvement of both permeability and selectivity is evidently 

demonstrated by the upper bound plots shown in Figure 6.17. This outcome agrees well with 

the current PIM structure/property relationship, and demonstrates the accomplishment of 

rational design strategy employed here. 

To evaluate the gas separation performance of polymer 57, more separation parameters in 

terms of permeability and selectivity of the currently leading PIM materials are also listed in 

Table 6.2. In general, polymer 57 possesses exceptional gas permeabilities. Besides the 

excellent rigidity-induced shape-persistent property of polymer 57, the reason for its ultra-

high permeability may be due to the difference in polymer chain packing. Based on the 

analysis of molecular models of repeating units of PIMs, TB and triptycene units have 

dihedral kink angles between the aromatic planes at roughly 112° and 120°, respectively. 

[47,52,79] According to the literature, such wide-open "V"-shaped backbones can result in 

relatively efficient chain packing, which causes a decrease in inter-chain distance. In contrast, 

the cyclised spiro unit polymer 57 displays approximately a 60° kink angle and narrow "V"-

shaped backbones, which are even smaller than that of regular spirobisindane units (ca. 

90°).[23,54] Hence, the polymer chains of polymer 57 are more sparsely packed, producing 

longer inter-chain distance and significantly higher permeability than that of TB and 

triptycene-based PIMs (e.g. PIM-EA-TB, TPIM-1, KAUST-PI-1, PIM-TripTB). Although, to 
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a certain extent, the selectivity of polymer 57 decreases due to the trade-off relationship, the 

overall performance of polymer 57 is amongst the best (Figure 6.17).  

 

Table 6.2 Pure gas permeability and selectivity of polymer 57 (31μm) and polymer 3 (65μm) measured at 22°C 

and a feed pressure of 50psig. For comparison purposes, performance data from state-of-the-art PIMs are also 

listed. 

Polymer 

Permeability [Barrer]a) Ideal selectivity Px/Py 

N2 O2 CO2 CH4 He H2 O2/N2 CO2/CH4 CO2/N2 H2/N2

Polymer 57b) 980 3410 18900 1310 3880 9870 3.5 14.4 19.3 10.1 

Polymer 57c) 580 2210 14040 720 3740 8660 3.8 19.5 24.2 14.9 

Polymer 3b) 540 1620 8570 1000 1660 4270 3 8.6 15.9 7.9 

Polymer 3c) 415 1520 7560 710 1570 3880 3.7 10.6 18.2 9.3 

PIM-SBFd) 786 2640 13900 1100 2200 6320 3.35 12.6 17.7 8.1 

PIM-EA-TBe) 525 2150 7140 699 2570 7760 4.1 10.2 13.6 14.8 

TPIM-1f) 54 368 1549 50 - 2666 6.8 31 29 50 

KAUST-PI-1g) 107 627 2389 105 1771 3983 5.9 22.8 22.3 37.2 

PIM-Trip-TBh) 629 2718 9709 905 2500 8039 4.3 10.7 15.9 12.8 

a) 1 Barrer = 10-10 [cm3 (STP) cm] / (cm2 s cmHg); b) fresh methanol-treated samples; c) samples aged for 24h; d) 

reported by McKeown’s group;[49] e) reported by McKeown’s group;[36] f) reported by Pinnau’s group;[46] g) 

reported by Pinnau’s group;[47] h) reported by McKeown’s group.[44] 
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Previous literature concerning the synthesis of spiro-structure was focused on the 

condensation reaction between polyphenols (e.g. catechol, 1,3-dihydroxybenzene) and 

ketones under acidic conditions. One effective strategy is to incorporate catechol or 1,3-

dihydroxybenzene with 2,6-dimethylhepta-2,5-dien-4-one (phorone) to give spirobisindane or 

spirobischromane, respectively (Scheme 6.10).[166,167] A plausible mechanism is proposed in 

Scheme 6.11, where the α,β-diunsaturated ketone undergoes a double-conjugate addition 

process with electron-rich catechol, followed by intramolecular dehydration under strong 

acidic conditions. 

 

Scheme 6.10 Literature examples of spiro-based structure formation using phorone 67. 

 

 

Scheme 6.11 A plausible mechanism for the synthesis of spiro-bisindane-based biscatechol proposed in this 

work. 
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In the light of these synthetic examples, a plausible protocol for synthesis of the target 

fused-ring biscatechol 70 is proposed, as shown in Scheme 6.12. Instead of phorone, an α,β-

diunsaturated ketone 61 prepared from cyclopentanone and acetone was employed to conduct 

condensation with catechol. 

 

 

Scheme 6.12 Retrosynthetic analysis of biscatechol 70. 

 

The synthesis of α,β-diunsaturated ketone 61 was first tried by one-step condensation of 

cyclopentanone and acetone derived from a method described in the literature, in which 

cyclobutanone successfully reacted with acetone to give a corresponding α,β-diunsaturated 

ketone.[168] However, a complicated condensate mixture was observed when cyclopentanone 

was used to react with acetone, and no further investigation was undertaken on modification 

of this method  (Scheme 6.13).  

 

 

Scheme 6.13 A failed attempt on the synthesis of compound 61. 
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A multiple-step synthetic route was applied via a TMS-enol intermediate. The first step 

was mono-condensation between cyclopentanone and acetone to give α,β-unsaturated ketone 

58.[162] Although the yield was somewhat low (about 20%), it was still acceptable due to 

inexpensive starting materials and the convenient isolation of product in a large scale. Then, a 

TMS-enol intermediate was formed by treating ketone 58 with TMSCl.[169-171] An acid-

catalysed aldol condensation of the TMS-enol 59 with activated TiCl4-acetone complex was 

carried out to produce compound 60.[172,173] The next step is dehydration of alcohol 60 to 

produce α,β-diunsaturated ketone 61 catalysed by p-toluenesulfonic acid (Scheme 6.14).[174]  

 

 

Scheme 6.14 The synthetic route of five-membered ring-containing α,β-diunsaturated ketone 61. 

 

The last step was a condensation reaction between catechol 66 and α,β-diunsaturated 

ketone 61 (Table 6.3). First, the mildly acidic conditions described in the reference were 

employed. [167] After refluxing for 28h in a mixture of ethyl ether and DCM, no reaction 

indicated by TLC analysis occurred, suggesting a lower activity of cyclic ketone 61 compared 

to phorone 67. In order to accelerate the condensation reaction rate, the conditions were 

modified by using a stronger acid and higher temperature (refluxing in AcOH). The result 

appeared to be disappointing, since no main products could be observed on TLC plate, and 

the crude product showed a complicated 1H NMR spectrum. The third attempt was carried 

out in MeSO3H without any other solvent. These conditions would be favourable in an acid-

catalysed dehydration condensation. However, the outcome showed a polar product, 
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biscatechol 71 as verified by 1H NMR, and also a decomposed product ketone 58 from α,β-

diunsaturated ketone 61 was recovered (Scheme 6.15). 

 

Table 6.3 Condensation reaction between catechol 66 and ketone 61 

 

Entry Acids Solvent Conditions Results 

1 10%HCl aq. ethyl ether and DCM reflux for 28h no reaction 

2 60% H2SO4 aq. AcOH reflux overnight decomposition 

3 MeSO3H neat 6d by-product recovered 

 

 

 

Scheme 6.15 Unexpected products in the process of condensation between catechol 66 and ketone 61. 

 

Therefore, after three attempts to create a condensation reaction between catechol 66 and 

ketone 61, no promising results were observed to encourage further investigations. On the 

basis of the proposed mechanism above, the failure of these attempts on the condensation 

reaction of α,β-diunsaturated ketone 61 with catechol may be due to the increased steric 

hindrance of ketone 61 over ketone 67 employed in the literature, which prevent the process 

of intramolecular dehydration cyclisation. 
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6.5 Conclusions 

In conclusion, a strategy for rational design of polymers of intrinsic microporosity with 

improved gas separation performance was demonstrated. In the light of most acceptable 

current theory on structure-property relation, an exceptionally rigid structure was pursued for 

developing the gas separation property of membrane material. In order to obtain more rigid 

polymer chains, the insertion of new covalent bonds into the backbones to constrain residual 

flexibility was attempted. Unlike previously reported polymers, in which bulky groups were 

employed to enhance stiffness via steric hindrance, the strategy adopted here is to use more 

reliable covalent bonds to restrict the motion of the spiro structure, thereby rationally 

constructing a more rigid structure.  

A classic spirobisindane unit was successfully modified by introducing an ether linkage 

and subsequently forming a strained dihydrooxocine ring. Such a dihydrooxocine ring-

containing monomer was synthesised via four steps and an interesting intra-molecular 

cyclisation. It is also noteworthy that the following dibenzodioxin-forming polymerisation 

was conducted via our novel fluoride-mediated method using TBS-protected monomer and 

tetrafluoro monomer with the aid of TBAF. The resulting polymer 57 was fully characterised 

by 1H NMR, FT-IR, elemental analysis, GPC, TGA and DSC. Gas permeation tests were also 

conducted. The results show a largely improved gas separation performance compared to the 

original version (polymer 3) in terms of permeability and selectivity. Furthermore, polymer 

57 possesses a comparable performance to the best PIMs based on Robeson’s upper bound. 

In particular, for gas pair CO2/CH4 and CO2/N2, the new polymer exhibits the best 

performance by giving Robeson plots with the longest distance from the upper bound. This 

advantage allows potential application in the industrial processes of CO2 separation, such as 

natural gas upgrading and post-combustion CO2 capture. 

Another attempt was carried out to synthesise biscatechol 70, a new exceptionally rigid 

monomer for PIM synthesis. However, the results were disappointing due to the failure of 

condensation reaction of catechol 66 with cyclic ketone 61. This failure may result from the 

great steric hindrance of ketone 61, and the infra-molecular cyclisation of the intermediate 

was forbidden. A new synthetic route is necessary in future. 
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Previously, post-modification has mainly been employed as an effective pathway to PIM 

functionalisation (Scheme 7.1). Generally, functional groups were introduced in PIMs via 

various reactions on a nitrile group. For example, tetrazole-containing PIM was prepared by 

treating sodium azide catalysed by zinc chloride undergoing [3+2] cycloaddition.[63] A nitrile 

group was also completely reduced to generate primary amine with the aid of borane 

complex.[64] In addition, thioamide and amidoxime functionalities have been incorporated to 

give PIMs functional derivatives.[59,60] Through such modification of PIMs, the resulting 

polymer exhibited a varied or even an enhanced performance for some gas pairs. The 

tetrazole PIMs possess outstanding CO2/N2 separation performance, breaking the upper 

bound.  The amine-grafted PIM possesses a strong interaction with CO2 molecules arising 

from the introduction of basic amine groups, and consequently shows potential application 

for H2/CO2 separation.    
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Scheme 7.1 Post-modification of polymer 3 to produce various functionalised PIMs. 
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Another approach to functionalising PIMs is the employment of functionalised monomers. 

Such a method allows access to a variety of functionalisations that are especially beneficial 

for those functional PIMs unable to be accomplished by post-modification. In this approach, 

spiro-bisindane-based structures were selected due to their good solubility as a polymer 

structural unit and the availability of various approaches for introducing functionality.   

In general, a spiro-biscatechol with additional functionalities can be directly obtained by 

employing functional catechol condensed with acetone (Scheme 7.2 a). A classic 

condensation reaction of catechol with acetone was initially studied by Baker.[166] The 

condensation reaction was carried out under harsh acidic conditions (in a mixture of acetic 

acid and concentrated hydrochloric acid at reflux temperature), producing 5,5',6,6'-

tetrahydroxy-3,3,3',3'-tetramethyl spirobisindane by giving off water.[177,178] On the basis of 

this approach, other electron-rich aromatics, such as methyl catechol and pyrogallol, were 

successfully used to synthesise spiro-bisindanes (Scheme 7.2 b and c).  Less electron-rich 

compounds (i.e. 1,2-dimethyl benzene) can also be employed for spiro-bisindane synthesis 

via a different method (Scheme 7.2 d).  An interesting rearrangement of bisphenol A was 

discovered to form thermodynamically favoured product catalysed by strong acid (CH3SO3H) 

(Scheme 7.2 e).[179]  

Furthermore, already-established spiro-bisindanes can also be treated to produce 

functionalised monomers for PIM synthesis. For instance, complete bromination can be 

carried out on aromatic rings of spiro-bisindanes, and then substitution or cross-coupling 

reactions can follow (Scheme 7.3).  

Therefore this chapter focuses on the synthesis of new PIMs possessing functional groups. 

These new functionalised PIMs can contribute several more structure candidates and 

synthetic strategies to the future studies of PIMs. Furthermore, it is expected that the 

incorporation of functional groups within conventional PIM structures would improve the 

selectivities of certain gases (e.g. CO2, H2O) to other gases, due to the varied interactions 

between gas molecules and the functionalised polymers.  
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Scheme 7.2 Literature methods of the synthesis of spiro-bisindane-based structures. 
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temperature slowly in an oil-bath for 2.5h. The mixture was filtered, washed with cold AcOH 

(10ml × 2) then washed with water until neutral to give monomer 85 (6.5g, 16.2mmol, 57%) 

as an off-white solid. Monomer 85 was recrystallised from CHCl3 before polymerisation.  

1H NMR (400MHz, DMSO-d6): δ ppm 8.18 (s, 2H), 8.08 (s, 2H), 5.80 (s, 2H), 3.61 (s, 6H), 

2.15-2.03 (m, 4H), 1.43 (s, 6H), 1.33 (s, 6H); 13C NMR (100MHz, DMSO-d6): δ ppm 148.24, 

141.79, 141.24, 132.31, 129.51, 97.68, 60.57, 58.21, 55.84, 42.99, 29.22, 28.69; HR-MS 

(ESI) calcd. for C23H28NaO6 423.1778, found 423.1772 (M+Na)+. 

 

Synthesis of polymer 86, a new MeO-containing PIM and the precursor of polymer 92. 

 

To a mixture of monomer 85 (2.0000g 4.99mmol) and 2,3,5,6-tetrafluoro-terephthalonitrile 

(2) (0.9993g, 4.99mmol) was added anhydrous DMF (34ml) to give a solution. Well-ground 

anhydrous K2CO3 (5.52g, 40mmol) was added at 50°C. The resulting mixture was stirred at 

70°C for 3 days. Upon cooling down to room temperature, the mixture was poured into water 

(150ml) with vigorous stirring for 1h. The solid was filtered and washed with water. The 

crude product was re-dissolved in 5% (v/v) TFA in CHCl3 and precipitated from MeOH to 

give polymer 86 (2.47g, 95%) as a brown-ish yellow solid.  

1H NMR (400MHz, TFA-d): δ ppm 6.41 (br s, 2H), 3.93 (br s, 6H), 2.47-2.31 (br m, 4H), 

1.64 (br s, 6H), 1.54 (br s, 6H). 
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Synthesis of statistical copolymer 87 a new MeO-containing coPIM and the precursor of 

polymer 93. 

 

To a dry flask were added 5,5',6,6'-tetrahydroxy-3,3,3',3'- tetramethyl-1,1'-spirobisindane (1) 

(0.6326g, 1.86mmol), monomer 85 (0.7442g, 1.86mmol), 2,3,5,6-tetrafluoroterephthalonitrile 

(2) (0.7437g, 3.72mmol) and anhydrous DMF (28ml) under Ar. Afterwards, well-ground 

K2CO3(4.1g, 29.8mmol) powder was added at 50°C and the resulting mixture was heated at 

70° C for 72h under Ar. The yellow mixture was poured into water, stirred for 60min, filtered, 

and washed with water to give crude polymer. After drying, the crude polymer was dissolved 

in a mixture of 5vol% TFA in CHCl3 (45ml) and precipitated from MeOH (225ml) to give 

yellow solid which was filtered and dried in an oven to give polymer 87 (1.48g, 77%) as a 

yellow solid.  

1H NMR (400MHz, 5vol%TFA-d in CDCl3): δ ppm 6.86 (br, 2H), 6.45 (br, 2H), 6.14 (br, 

2H), 3.81 (br, 6H), 2.6-1.9 (br, 8H), 1.57 (br, 6H), 1.47(br, 6H), 1.39(br, 6H), 1.33 (br, 6H); 

FT-IR (ATR): νmax cm-1 2956, 2240, 1617, 1444, 1421, 1289, 1265, 1157, 1108, 1011, 875. 

 

Synthesis of alternating copolymer 88, a new MeO-containing coPIM and the precursor 

of polymer 94. 
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To a dry flask were added ABA monomer (25) (1.3521g, 2.05mmol), monomer 85 (0.8197g, 

2.05mmol) and anhydrous DMF (28ml) under Ar. Afterwards, well-ground K2CO3 (3.39g, 

24.6mmol) powder was added at 50°C and the resulting mixture was heated at 70° C for 72h 

under Ar. The yellow mixture was poured into water, stirred for 60min, filtered, washed with 

water to give crude polymer. After drying, the crude polymer was dissolved in a mixture of 

5vol% TFA in CHCl3 (50ml) and precipitated from MeOH (250ml) to give a yellow solid 

which was filtered and dried in oven to give polymer 88 (1.9g, 95%) also as a yellow solid.  

1H NMR (400MHz, 5vol%TFA-d in CDCl3): δ ppm 6.86 (br, 2H), 6.46 (br, 2H), 6.13 (br, 

2H), 3.80 (br, 6H), 2.6-1.9 (br, 8H), 1.55 (br, 6H), 1.45(br, 6H), 1.40(br, 6H), 1.34 (br, 6H); 

FT-IR (ATR): νmax cm-1 2957, 2240, 1617, 1444, 1424, 1289, 1266, 1157, 1109, 1014, 875. 

 

Synthesis of monomer 89, a monomer for polymer 90 and 91. 

 

A solution of compound 85 (0.3g, 0.75mmol) in DMF (4ml) was bubbled with Ar for 30min, 

followed by addition of a solution of KOH (0.10g, 1.5mmol) in H2O (0.5ml) under Ar to give 

a dark blue solution after stirring for 5min. The solution was added into a solution of 2,3,5,6-

tetrafluoroterephthalonitrile (2) (0.32g, 1.58mmol) in MeCN (8ml) under Ar at room 

temperature within 5min. After stirring for 40min, the mixture was filtered, washed with cold 

MeCN to give an off-yellow solid. The solid was washed thoroughly with THF to give the 

title compound 89 (0.35g, 0.49mmol, 65%) as an off-yellow solid. 

1H NMR (400MHz, DMSO-d6): δ ppm 6.11 (s, 2H), 3.77 (s, 6H), 2.34-2.12 (m, 4H), 1.57 (s, 

6H), 1.47 (s, 6H); 19F NMR (376MHz, DMSO-d6): δ ppm -134.53 (d, J =20.3Hz, 2F), -

135.09 (d, J =20.3Hz, 2F); HR-MS (ESI) calcd. for C39H24F4N4NaO6 743.1524, found 

743.1540. 
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Synthesis of statistical copolymer 90, a new MeO-containing coPIM. 

 

To a dry flask were added 9,10-Dimethyl-9,10-ethano-9,10-dihydro-2,3,6,7-tetrahydroxy-

anthracene (39) (0.5864g, 1.97mmol), monomer 85 (0.7872g, 1.97mmol), 2,3,5,6-

tetrafluoroterephthalonitrile (2) (0.7867g, 3.93mmol) and anhydrous DMF (28ml) under Ar. 

Afterwards, well-ground K2CO3(4.35g, 31.5mmol) powder was added at 50°C and the 

resulting mixture was heated at 70° C for 72h under Ar. The yellow mixture was poured into 

water, stirred for 60min, filtered, washed with water to give crude polymer. After drying, the 

crude polymer was dissolved in a mixture of 5vol% TFA in CHCl3 (50ml) and precipitated 

from MeOH (250ml) to give a yellow solid which was filtered and dried in an oven to give 

the polymer 90 (1.8g, 97%) as a yellow solid.  

1H NMR (400MHz, 5vol%TFA-d in CDCl3): δ ppm 6.95 (br, 4H), 6.14 (br, 2H), 3.81 (br, 

6H), 2.6-2.1 (br, 4H), 1.89 (br, 6H), 1.77-1.0 (br, 16H); FT-IR (ATR): νmax cm-1 2940, 2240, 

1607, 1440, 1420, 1333, 1309, 1272, 1134, 1110, 1008, 887. 

 

Synthesis of alternating copolymer 91, a new MeO-containing coPIM. 

 

To a dry flask were added 9,10-Dimethyl-9,10-ethano-9,10-dihydro-2,3,6,7-tetrahydroxy-

anthracene (39) (0.4399g, 1.47mmol), monomer 89 (1.0627g, 1.47mmol), and anhydrous 

DMF (20ml) under Ar. Afterwards, well-ground K2CO3(2.4g, 17.7mmol) powder was added 
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at 50°C and the resulting mixture was heated at 70° C for 72h under Ar. The yellow mixture 

was poured into water, stirred for 60min, filtered, washed with water to give crude polymer. 

After dyring, the crude polymer was dissolved in a mixture of 5vol% TFA in CHCl3 (35ml) 

and precipitated from MeOH (250ml) to give yellow solid which was filtered and dried in 

oven to give polymer 91 (1.33g, 96%) as yellow solid.  

1H NMR (400MHz, 5vol%TFA-d in CDCl3): δ ppm 6.96 (br, 4H), 6.14 (br, 2H), 3.80 (br, 

6H), 2.6-2.1 (br, 4H), 1.89 (br, 6H), 1.77-1.0 (br, 16H); FT-IR (ATR): νmax cm-1 2963, 2240, 

1617, 1440, 1422, 1334, 1308, 1273, 1134, 1110, 1011, 887. 

 

Synthesis of polymer 92, a new OH-containing PIM. 

 

Polymer 86 (1g) was suspended in molecular sieve-dried DCM (90ml) and stirred for 1.5h. 

Then, BBr3 (1.5ml, 15.9mmol) was added dropwise under Ar at room temperature. The 

resulting dark purple mixture was stirred at room temperature for 2 days. To work up, the 

mixture was poured into MeOH (450ml) slowly to give yellow precipitate with stirring for 1h. 

The solid was filtered out and washed with MeOH to give crude product. Crude product was 

dissolved in a mixture of THF (25ml) and AcOH (1ml), precipitated from MeOH (125ml), 

and dried to give polymer 92 (0.94g, 98%) as a yellow solid.  

1H NMR (400MHz, pyridine-d5): δ ppm 6.69 (br s, 2H), 3.80-3.74 (br, 1.16H), 2.38 (br, 4H), 

1.75-1.64 (br, 12H). Based on the integration of residual methoxyl group, about 80% 

conversion into hydroxyl group occurred; FT-IR (ATR): νmax cm-1 3401, 2959, 2241, 1608, 

1432, 1361, 1269, 1155, 1075, 998, 851; GPC (THF, polystyrene standard): Mn=34,000, 

Mw=51,000, Mw/Mn=1.5. 
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Synthesis of statistical copolymer 93, a new OH-containing coPIM. 

 

Polymer 90 (1g) was suspended in molecular sieve-dried chloroform (85ml) and stirred for 

1.5h. Then, BBr3 (5.1g, 1.93ml, 20.4mmol) was added dropwise under Ar at room 

temperature. The resulting dark purple mixture was stirred at room temperature for 2 days. To 

work up, the mixture was poured into MeOH (450ml) slowly to give yellow precipitate with 

stirring for 1h. The solid was filtered out and washed with MeOH to give crude product. 

Crude product was dissolved in a mixture of THF (25ml) and AcOH (1ml), precipitated from 

MeOH (125ml), and dried to give polymer 93 (0.86g, 89%) as a yellow solid.  

1H NMR (400MHz, pyridine-d5): δ ppm 7.02 (br, 2H), 6.67 (br, 4H), 2.9-1.9 (br, 8H), 1.9-0.8 

(br, 24H). Based on the integration of residual methoxyl group, about 90% conversion into 

hydroxyl group occurred. FT-IR (ATR): νmax cm-1 2957, 2242, 1610, 1437, 1363, 1265, 1156, 

1071, 1003, 875; GPC (THF, polystyrene standard): Mn=100,000, Mw=391,000, Mw/Mn=3.9. 

 

Synthesis of alternating copolymer 94, a new OH-containing coPIM. 

 

Polymer 91 (0.9g) was suspended in molecular sieve-dried chloroform (80ml) and stirred for 

1.5h. Then, BBr3 (4.6g, 1.74ml, 18.4mmol) was added dropwise under Ar at room 
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temperature. The resulting dark purple mixture was stirred at room temperature for 2 days. To 

work up, the mixture was poured into MeOH (400ml) slowly to give yellow precipitate with 

stirring for 1h. The solid was filtered out and washed with MeOH to give crude product. 

Crude product was dissolved in a mixture of THF (22ml) and AcOH (1ml), precipitated from 

MeOH (100ml), and dried to give polymer 94 (0.83g, 95%) as a yellow solid.  

1H NMR (400MHz, pyridine-d5): δ ppm 7.05 (br, 2H), 6.67 (br, 4H), 2.9-1.9 (br, 8H), 1.9-0.8 

(br, 24H). Based on the integration of residual methoxyl group, about 90% conversion into 

hydroxyl group occurred. FT-IR (ATR): νmax cm-1 2957, 2241, 1619, 1437, 1363, 1266, 1156, 

1067, 1001, 875; GPC (THF, polystyrene standard):  Mn=143,000, Mw=365,000, Mw/Mn =2.5. 

 

Synthesis of compound 95, an intermediate. 

 

A solution of the starting material 51 (2g, 5.43mmol) in DMF (20ml) was bubbled with Ar 

for 30min. followed by addition of ground K2CO3 powder (6.0g, 43.4mmol). The mixture 

was cooled down in an ice-bath, and methyl iodide was added dropwise at 0°C within 15min. 

After addition, the resulting mixture was kept at 0°C then stirred at room temperature for 24h 

under an Ar atmosphere. Then, the mixture was poured into water (100ml), filtered and 

washed with MeOH (5ml) to give the crude product. After re-crystallisation from a mixture 

of MeOH (40ml) and CHCl3 (12ml), the target compound was obtained (1.77g, 4.17mmol, 

77%) as a slightly yellow solid.   

1H NMR (400MHz, CDCl3): δ ppm 6.57 (s, 2H), 3.88 (s, 6H), 3.70 (s, 6H), 2.29-2.22 (m, 

4H), 1.66 (s, 6H), 1.35 (s, 6H), 1.34 (s, 6H). 
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Synthesis of compound 96, a monomer for polymer 97. 

 

To a suspension of spirobiscatechol 1 (5g, 14.7mmol) in AcOH (20ml) was added a solution 

of Br2 (10g, 3.2ml, 62mmol) in AcOH (12ml) dropwise at 0°C within 40min. The resulting 

mixture was stirred at room temperature. 22h later, the mixture was filtered and washed with 

cold AcOH, and then with water to give the title compound 96 (5.96g, 9.1mmol, 62%) as a 

white solid. The crude product was purified by re-crystallisation from AcOH before 

polymerisation. 

1H NMR (400MHz, CDCl3): δ ppm 5.79 (br, 2H), 5.65 (br, 2H), 2.49-2.25 (m, 4H), 1.60 (s, 

6H), 1.49 (s, 6H); 13C NMR (100MHz, CDCl3): δ ppm 141.53, 140.46, 140.09, 138.40, 

106.22, 106.11, 60.04, 57.14, 46.26, 28.65, 27.96; HR-MS (ESI) calcd. for C21H19Br4O4 

650.8022, found 650.8000 (M-H)-. 

 

Synthesis of polymer 97, a bromide-containing PIM. 

 

To a mixture of monomer 96 (1.6038g, 2.44mmol) and 2,3,5,6-tetrafluoro-terephthalonitrile 

(2) (0.4892g, 2.44mmol) was added anhydrous DMF (27ml) to give a solution. Well-ground 

anhydrous K2CO3 (2.70g, 19.5mmol) was added at 50°C. The resulting mixture was stirred at 

70°C for 3 days. Upon cooling down to room temperature, the mixture was poured into water 

(150ml) with vigorous stirring for 1h. The solid was filtered and washed with water. The 

crude product swollen in 10% (v/v) TFA in CHCl3 and precipitated from MeOH; then 
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swollen again in 1,2-dichlorobenzene and precipitated from MeOH to give polymer 97 (1.75g, 

92%) as a yellow solid. 

 

Synthesis of compound 98[180], an intermediate for the condensation reaction for 

spirobisindane. 

 

To a solution of 3-methoxy catechol (103) (1.0g, 7.1mmol) in acetonitrile (5ml) was added 

N-bromosuccinimide (NBS) (1.33g, 7.5mmol) solution in acetonitrile (13ml) at 0-5°C during 

1h. Upon addition of NBS, the mixture was stirred at 0-5°C for 4h. Then, a solution of 

Na2S2O4 (0.12g) in water (0.5ml) was added to quench the reaction. The mixture was 

evaporated and the residue was partitioned between water and toluene in a flask heated to 

80°C. The organic layer was dried over Na2SO4, and evaporated to give the title compound 

98 (1.15g, 5.25mmol, 74%) as a yellow-ish solid. 

1H NMR (400MHz, CDCl3): δ ppm 6.98 (d, J =8.9Hz, 1H), 6.41 (d, J =8.9Hz, 1H), 5.60 (s, 

1H), 5.55 (s, 1H), 3.87 (s, 3H); 13C NMR (100MHz, CDCl3): δ ppm 146.64, 141.01, 133.53, 

122.26, 104.41, 101.60, 56.35. 

 

Synthesis of compound 99[181], an intermediate for the condensation reaction for 

spirobisindane. 

 

A complex of Br2-1,4-dioxane was prepared by addition of Br2 (19.2g, 120mmol) in to 1,4-

dioxane (10.6g, 120mmol) at room temperature with vigorous stirring. After addition, the 

mixture was poured onto ice to give a yellow solid, which was filtered out and dried for 
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further use. The complex was dissolved in Et2O (40ml). The resulting solution was added into 

a solution of catechol (66) (5.7g, 51.8mmol) in Et2O (30ml) at room temperature during 3h. 

The mixture was stirred for another 1h after addition. Then, the reaction was washed with 

sat.NaHCO3 aq. until neutralised and washed with water for two times. The organic layer was 

separated and dried over Na2SO4 and evaporated to give the title compound 99 (3.6g, 

19.0mmol, 37%) as a brown oil. 

1H NMR (400MHz, DMSO-d6): δ ppm 9.34 (s, 1H), 9.14(s, 1H), 6.87 (d, J =2.4Hz, 1H), 

6.75 (dd, J =2.4, 8.4Hz, 1H), 6.68 (d, J =8.4, 1H), 5.55 (s, 1H), 3.87 (s, 3H); 13C NMR 

(100MHz, DMSO-d6): δ ppm 146.71, 144.95, 121.66, 118.17, 117.14, 109.57. 

 

Synthesis of compound 100, a hexahydroxy monomer for PIM. 

 

To a solution of pyrogallol (108) (3.0g, 23.8mmol) in a mixture of AcOH (6ml) and conc. 

HCl aq. (4.8ml) was added acetone (2.4ml, 40.8mmol) at room temperature. After addition, 

the mixture was heated up to reflux for 24h. Then, the mixture was cooled down to room 

temperature and then was diluted with water. The mixture was filtered, washed with water 

until neutral to give crude product, which was dissolved in THF and crystallised from a 

mixture of chloroform and n-hexane twice to give 100 (2.1g, 5.64mmol, 47%) as a pink-ish 

solid.  

1H NMR (400MHz, DMSO-d6): δ ppm 8.67 (s, 2H), 7.87 (s, 4H), 5.71 (s, 2H), 2.11-1.97 (m, 

4H), 1.41 (s, 6H), 1.31 (s, 6H); 13C NMR (100MHz, DMSO-d6): δ ppm 145.52, 141.98, 

141.83, 131.27, 127.59, 101.21, 60.81, 57.61, 42.93, 29.39, 28.87; HR-MS (ESI) calcd. for 

C21H24NaO6 395.1465, found 395.1460 (M+Na)+. 
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Synthesis of compound 101, an intermediate for sonogashira coupling. 

 

To a mixture of tetrabromo biscatechol 96 (0.5g, 0.762mmol) in DCM (5ml) were added 

triethylamine (0.77g, 7.62mmol) and DMAP (18mg, 0.15mmol). Then, a solution of 

TBDMSCl (1.15g, 7.62mmol) in DCM (5ml) was added dropwise to the above solution 

during 30min at 0°C under Ar. After addition, the resulting mixture was stirred at room 

temperature for 20h. The mixture was diluted with DCM (30ml) and washed with sat.NH4Cl 

aq. (20ml), then, the organic layer was separated and dried over Na2SO4, followed by 

addition of EtOH (20ml). The resulting solution was evaporated slowly to remove most DCM 

to form white precipitate, which was filtered and washed with EtOH to give the title 

compound 101 (0.7g, 0.63mmol, 83%) as a white solid. 

1H NMR (400MHz, CDCl3): δ ppm 2.52-2.20 (m, 4H), 1.60 (s, 6H), 1.48 (s, 6H), 1.05 (s, 

18H), 1.01 (s, 18H), 0.19 (s, 6H), 0.17 (s, 6H), 0.14 (s, 12H). 

 

Synthesis of compound 102, an intermediate for sonogashira coupling. 

 

To a mixture of tetrabromo biscatechol 96 (0.3g, 0.46mmol), triethylamine (0.23g, 2.29mmol) 

and DMAP (18mg, 0.23mmol) was added dropwise Ac2O (0.23g, 2.29mmol) at room 

temperature. The mixture was stirred at room temperature for 17h. Then the resulting solution 

was washed with water. The aqueous layer was extracted with DCM for another two times, 
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and all organic layers were combined, and dried over Na2SO4, evaporated to give the title 

compound 102 (0.35g, 0.42mmol, 93%) as a white solid.  

1H NMR (400MHz, CDCl3): δ ppm 2.58-2.32 (m, 4H), 2.34 (s, 6H), 2.28 (s, 6H), 1.61 (s, 

6H), 1.54 (s, 6H). 

 

7.3 Results and discussion 

7.3.1 Synthesis of methoxy-containing PIMs   

A methoxy-containing spirobisindane was synthesised under harsh conditions in the 

literature (Scheme 7.4).[182]  The compound is suitable for PIM synthesis, but the conditions 

recorded by Xue et al. still need modification for gram-scale preparation, due to the relatively 

low yield and the employment of chromatography for purification. 

 

 

Scheme 7.4 Synthetic route of methoxy-containing spirobisindane 85 reported by Xue.[182] 

 

The classic method was considered to prepare compound 85, since the starting material, 

103, is an electron-rich catechol and should be able to condense with acetone. Attempts to 

prepare monomer 85 are listed in Table 7.1.  
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Table 7.1 Reaction conditions of the synthesis of monomer 85. 

 

Entry Acid Product Method source 

1 conc. HCl aq. multiple components classic method 

2 conc. HBr aq. demethylation  modified method 

3 60% H2SO4 aq. target product (50%yield) In this work 

 

 

The first attempt was carried out in the presence of conc. HCl aq. based on Baker’s 

procedure (Table 7.1 Entry 1).[166] No main products were found, as indicated by TLC 

analysis, hence the classic conditions seemed ineffective at producing the target 

spriobisindane 85.  Then, a modified protocol by use of conc. HBr aq. was tried.[183] The 

spiro structure was readily formed as expected; however, as a demethylation reagent of 

methoxy phenols, conc. HBr aq. removed the methyl group simultaneously to produce a 

hexahydroxy product. Eventually, 60% H2SO4 aq. was used as an acid catalyst and the target 

monomer 85 was successfully synthesised at a yield of 50%, through the condensation 

reaction of methoxy catechol 103 with acetone. Further purification was conducted by simple 

filtration and recrystallisation, which proved to be more practical for large-scale preparation 

than the previous procedure described in the literature. The structure of monomer 85 was 

characterised with 1H NMR, 13C NMR and HR-MS. All these spectra agreed with the 

literature.[182] 

The new methoxy-derived spiro biscatechol monomer 85 was directly introduced in the 

following PIM polymerisation (Scheme 7.5). The classic biscatechol/K2CO3 approach was 

employed here. Biscatechol monomer 85 polymerised with tetrafluoro monomer 2 in 

anhydrous DMF with the aid of K2CO3 at 70°C for 3d. The homo solvents for the resulting 
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polymer 86 were found to be conc.H2SO4 and trifluoroacetic acid (TFA), which are not 

suitable to cast films. Further efforts were made toward finding an appropriate solvent. A 

mixture of DCM with 5% TFA was proven to be effective at dissolving polymer 86, and thus 

the new methoxy-containing PIM 86 was cast into films using such a mixed solvent (Figure 

7.2).  

 

 

Scheme 7.5 The synthesis of methoxy-functionalised PIM (polymer 86). 

 

On the basis of the synthetic studies in Chapter 4, a methoxy-functionalised statistical 

copolymer 87 and its corresponding alternating copolymer 88 were also successfully 

prepared. As depicted in Scheme 7.6, the statistical copolymer 87 was synthesised from the 

copolymerisation of a common spiro biscatechol monomer 1, tetrafluoro monomer 2 and the 

methoxy-containing biscatechol monomer 85. The alternating copolymer 88 was obtained 

from a homo polymerisation of ABA monomer 25 and monomer 85. Both polymerisations 

were carried out under the same conditions as used in the synthesis of polymer 86.  

The solubility of the two copolymers are the same but different from homo-polymer 86. 

No homo-solvents are found that are able to completely dissolve them, including conc.H2SO4 

and trifluoroacetic acid (TFA), although the copolymers swell significantly in DCM or 

chloroform. After many trials, a mixture of TFA and chloroform in which the concentration 

of TFA ranged from 1 to 10 vol% appeared to be a good solvent. The films of copolymer 87 

and 88 were prepared from their 2% solution in a mixture of 1 vol% TFA in chloroform 

(Figure 7.2). 
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88. In Figure 7.7, a slight split is found for the peak of 1# proton in statistical copolymer 90, 

while the corresponding proton in alternating copolymer 91 gives a sharp singlet. 

 

 

Scheme 7.8 The synthesis of methoxy-functionalised statistical copolymer 90 and corresponding alternating 

copolymer 91. 
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considerably. Then, it was treated with an excessive amount of BBr3 (8.3 eq.) at room 

temperature (Scheme 7.9). The colour of the polymer suspension turned from brown-ish 

yellow into black-ish purple once exposed to BBr3, indicating a quick complexation between 

Lewis acidic boron and Lewis basic ethers. After a 2-day stirring, the mixture was quenched 

by MeOH to generate free hydroxyl group via alcoholysis of boronic acid ester. 

 

 

Scheme 7.9 Post-modification of methoxy-functionalised PIM (polymer 86) to give hydroxyl-containing PIM 

(polymer 92). 

 

The polymer product, hydroxyl-containing PIM (polymer 92), was proved to be soluble in 

THF or pyridine, in contrast to its parent polymer 86, which is insoluble in these two solvents 

but soluble in TFA, conc. H2SO4, or a mixture of TFA in either DCM or chloroform. This 

variation in solubility demonstrates the successful conversion in functional groups. In 

addition, polymer 92 was characterised by 1H NMR to confirm its chemical structure (Figure 

7.8). The spectrum showed a considerable decrease of the methoxy group signal and a small 

amount of residual methoxy groups remained. Based on the integration result, over 80% of 

the group was deprotected to give free phenols. FT-IR was also conducted to analyse the 

presence of hydroxyl groups. As shown in Figure 7.9, it was observed that a featured broad 

absorption band of O-H bond stretching in the spectrum of polymer 92. And also, the 

absorption peak at 1108 cm-1 for the starting material (polymer 86) disappeared after the post-

modification, which could be arranged to C-O bond absorption of the methoxy group. GPC 

was also applied to determine the molecular weight of polymer 92. The result (Mn=34,000, 

Mw=51,000, PDI=1.5) indicates a high molecular weight product.  
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Accordingly, both methoxy-containing copolymer 87 and 88 were treated with BBr3 in a 

similar procedure. Due to their different solubility from that of the homo-polymer 86, the 

post-modification of copolymer 87 and 88 was optimised by using chloroform as a solvent, in 

which the copolymers show a better swelling behaviour than in DCM. The reactions were 

worked up in the same way to give hydroxyl-containing polymer products (copolymer 93 and 

94), which were found to be soluble in THF or pyridine (Scheme 7.10). The robust films of 

copolymer 93 and 94 were subsequently prepared from THF solutions (Figure 7.10). 

 

 

Scheme 7.10 Post-modification of methoxy-functionalised copolymer 87 and 88 to give hydroxyl-containing 

copolymer 93 and 94, respectively. 
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Moreover, the same protocol was also applied to the demethylation of ethanoanthracene-

based copolymer 90 (Scheme 7.11). However, the starting material did not swell much in 

chloroform or DCM, which could significantly lower the rate of such reaction. Unfortunately, 

the resulting product was found to be insoluble in common solvents, and hence no further 

investigation was pursued.  

 

 

Scheme 7.11 The treatment of ethanoanthracene-based copolymer 90 with BBr3. 

 

7.4 Other attempts at synthesis of monomers for functionalised PIMs 

KMnO4-mediated oxidation has been widely used in the synthesis of dianhydride 

monomers for polyimides. Also, the oxidation of spiro-bisindane-based structure via KMnO4 

was recorded by Rogan.[90] In that study, KMnO4 oxidation was attempted in order to 

generate carboxylic acid-functionalised monomers for PIM fabrication. With this purpose in 

mind, both benzyl precursors, TBS-protected 52 and methyl-protected 95, were tried by 

refluxing them in a mixture of pyridine and water in the presence of an excessive amount of 

KMnO4 (Scheme 7.12). After a few days of monitoring with TLC and 1H NMR, complicated 

products were observed, or decomposition of the substrate occurred after long-term refluxing. 

Thus, the attempts at oxidation of spiro bisindane-based benzyl were unsuccessful.   
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Scheme 7.12 The attempts at oxidation of spiro bisindane-based a) TBS-protected and b) methyl-protected 

benzylics by KMnO4. 

 

A halogenated PIM was also synthesised using a fully brominated monomer. Due to the 

electron-rich nature of compound 1, a tetrabromo derivative 96 was synthesised by treatment 

of bromine in acetic acid (Scheme 7.13). After that, the resulting tetrabromo biscatechol was 

polymerised with a tetrafluoro monomer 2 to give polymer 97 (Scheme 7.14). However, 

polymer 97 showed poor solubility in common organic solvents, which limited its further use. 
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Scheme 7.13 The bromination of biscatechol 1 to give tetrabromide 96. 

 

 

Scheme 7.14 The polymerisation of tetrabromo biscatechol 96 with monomer 2. 

 

In addition, brominated catechols were used to condense with acetone, in order to produce 

brominated spiro bisindanes. Firstly, methoxy catechol 103 was selectively brominated on the 

ortho-position of hydroxyl group, reserving two available substitution positions for the next 

step.[180,184] The obtained compound 98 was condensed with acetone via our modified sulfuric 

acid-catalysed method (Scheme 7.15 a). But the condensation reaction failed to produce the 

target product. The same result was found in the condensation reaction of another brominated 

catechol 99, which was prepared using a selective bromination of catechol 66 with the aid of 

bromine-1,4-dioxane complex (Scheme 7.15 b).[181] The failure of the two reactions could be 

due to the decrease of electron density of the brominated catechols, thereby prohibiting their 

nucleophilicity towards acetone. 
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Scheme 7.15 The attempts at condensation reactions of bromo-substituted catechols with acetone. 

 

Compared to the brominated catechols, pyrogallol 108 is a better nucleophile and was 

successfully condensed with acetone to produce hexahydroxy spiro bisindane 100. The 

hexahydroxy compound 100 was then used as a monomer to polymerise with tetrafluoro 

monomer 2 via the classic K2CO3 method. Since the highly efficient dioxin-forming 

behaviour of biscatechol with tetraarylfluoride is found in the process of PIMs synthesis, a 

possible selective formation of linear polymer with unreacted free hydroxyl groups in the 

backbone was expected. Besides, the formation of bulky macromolecular chains may involve 

steric hindrance to suppress the reaction of the third hydroxyl group. The condensation 

product 100 was subsequently employed to polymerise with monomer 2 (Scheme 7.16). 

However, the product was insoluble in common organic solvents, quite probably indicating 

the formation of a cross-linked product.    
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Scheme 7.16 The polymerisation of hexahydroxy monomer 100 with tetrafluoro monomer 2. 

 

Furthermore, alkyne is a linear and rigid moiety, so it could provide stiff side-chains to the 

main PIM backbones and lead to an increase in the separation of polymer chains, thereby 

increasing the gas permeability values. Thus, the introduction of alkynes into PIM monomers 

was attempted via a Sonogashira cross-coupling reaction. Tetraarylbromide 96 was firstly 

used to react with TMS-acetylene, with the assistance of palladium acetate, copper (I) iodide 

and triphenyl phosphine. However, no target structure was found after stirring for three days. 

Then, compound 96 was protected by TBS groups to give compound 101, aiming at 

eliminating the potential effects of biscatchols. Still, no reaction occurred and the starting 

material was recovered after a few days’ stirring. Acetyl group was employed here not only 

to protect the biscatechol, but also to significantly change the electron-property of the starting 

material. Unfortunately, most of the starting material, acetyl-protected tetrabromide 102, was 

recovered after long-term reaction, and no target molecule was obtained after column 

chromatography (Scheme 7.17).  

According to the mechanism of Sonogashira cross-coupling, there are two points that can 

be extensively examined and modified to provide the coupling product.[185] First, the halide 

groups should be active enough to undergo an oxidative addition with palladium (0); also, the 

resulting palladium(0)-substrate complex should have good solubility, to allow catalytic 
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turnovers. Hence, replacing bromide with iodide or attempting other phosphine ligands could 

be an effective optimisation for such reactions.  

 

 Scheme 7.17 The attempts at the synthesis of spiro alkyne-containing monomers for PIM construction. 
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7.5 Conclusions 

To conclude, a series of methoxy-functionalised PIMs were synthesised, amongst which 

three polymers, 86, 87 and 88, were soluble and gave mechanically robust films. In addition, 

hydroxyl-functionalised PIMs were produced by treating their corresponding methoxy-

containing parent polymers with BBr3. The resulting hydroxyl PIMs (polymer 92, 93 and 94) 

exhibited different solubilities from their precursors and produced self-standing films. All 

polymers were characterised with 1H NMR and FT-IR. The cooperative work on gas 

permeation measurements are still in progress. 

The synthesis of hydroxy-containing PIMs was additionally attempted using hexahydroxy 

monomer 100 polymerised with tetrafluoro monomer 2, which resulted in a cross-linked 

product. Further efforts concentrated on carboxylated and brominated PIMs, but no target 

PIMs were obtained except a tetrabrominated PIM (polymer 97) which was still insoluble. 

Finally, the cross-coupling reaction of spiro arylbromide with TMS-acetylene failed to give 

alkyne-containing PIM monomers. 
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Chapter 8: Conclusions and Recommendations for Future Work 

 

In this work, the studies of polymers of intrinsic microporosity (PIMs), a new type of gas 

separation membrane material, have been focused not only on the development of synthetic 

methods, but also the pursuit of novel PIMs structures possessing outstanding separation 

properties. Both objectives were accomplished using synthetic chemistry, with the aid of 

characterisation and analysis methods such as NMR, FT-IR, HR-MS, MALDI-ToF MS, GPC, 

XRD, TGA, DSC and gas permeation tests.  

In the sections of synthetic method studies (Chapter 3, 4, 5), firstly, an AB-type monomer 

22 was synthesised and then self-polymerised to give high-molecular weight PIM-1 (polymer 

3) which is the flag-ship PIM consisting of regular dibenzodioxin units. This new method for 

the synthesis of PIMs via AB monomer-route offers an alternative to the traditional AA+BB 

polycondensation route, avoiding stringent stoichiometric balance.  

Then, the significantly decreased reactivity of diarylfluoride compound AB-type monomer 

22 compared to the tetraarylfluoride 2, shed light on the efficient synthesis of ABA monomer 

25, which was further employed to fabricate alternating copolymers of PIMs. By comparison 

of the characterisation results between alternating coPIM 44 and its corresponding statistical 

coPIM 43, a distinctive difference was observed in the MALDI-ToF spectra, illustrating their 

different unit arrangement. Gas permeation measurements were also conducted with the films 

of the two coPIMs. The result suggested an improved performance by alternating copolymer 

44 over statistical copolymer 43, by exhibiting increased permeabilities without sacrificing 

selectivities. The fundamental reasons for this observation can be investigated in future 

through BET and PALS analysis. Still, more pairs of alternating and corresponding statistical 

coPIMs need to be synthesised and tested to draw a solid conclusion that alternating coPIMs 

show a superior enhancement in gas separation performance.  

The last part of our methods studies is founded on a new polymerisation approach, 

wherein tetraTBS-protected biscatechol monomer 52 was used to polymerise with the 

common tetrafluoro monomer 2 in the presence of a fluoride reagent. Three fluoride sources 

(i.e. KF, TBAF, CsF) are proven to be effective at producing film-forming polymers upon 

optimising the polymerisation conditions based on different fluoride reagents. It is envisaged 
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that silylated monomers can replace traditional biscatechol monomers where a stable version 

is desired. Future studies on this F-mediated method can be extended to the potential utility 

for the polymerisation of monomers with base-sensitive moieties.  

In the latter sections (Chapter 6, 7), synthetic chemistry was employed to construct novel 

structures aiming at both rational design and functionalisation of novel PIMs.  

On the one hand, as suggested by the current structure/property relationship in PIMs, the 

increase in chain rigidity will impart the improvement in overall gas separation performance.  

Accordingly, a rational modification based on the structure of a spirobinsindane-based PIM 

(polymer 3) was carried out. By the introduction of an ether linkage, the spirobisindane unit 

was considerably strained, forming a dihydrooxocine-based macrocycle with enhanced 

rigidity. Consequently, the resulting new PIM exhibits exceptional performance amongst the 

best PIMs, providing direct evidence to support the structure/property relationship. This 

novel rigid dihydrooxocine unit can be extensively employed as a rigid segment for future 

synthetic studies of PIMs. Furthermore, the strategy developed here to introduce additional 

stiffness into known unit structures could be a promising pathway for PIMs design.   

On the other hand, methoxy-functionalised PIM homo and copolymers were successfully 

synthesised using a methoxy-containing monomer. Then, post-modification was conducted to 

generate hydroxyl-containing PIMs derived from the methoxy parent polymers with the aid 

of BBr3. All polymers were characterised with NMR, FT-IR, and some of them were proved 

to be soluble and cast into mechanically robust films. In future work, the gas separation 

performance of the functionalised PIMs will be examined. In addition, hydroxyl-

functionalised PIMs show potential to be a solvent-processible precursor of cross-linked 

PIMs, which may be useful in increasing mechanical strength, reducing the ageing effect and 

antiplasticisation.   
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Table A2 Bond lengths for compound 22 

Atom Atom Length/Å  Atom Atom Length/Å 

C1 C2 1.376(3)  C13 C19 1.516(3) 
C1 C7 1.394(3)  C15 C16 1.529(3) 
C1 F1 1.337(3)  C15 C17 1.538(3) 
C2 C3 1.395(3)  C15 C18 1.550(3) 
C2 F2 1.345(3)  C18 C19 1.568(3) 
C3 C4 1.444(3)  C19 C20 1.559(3) 
C3 C5 1.388(3)  C19 C25 1.521(3) 
C4 N2 1.143(3)  C20 C21 1.548(3) 
C5 C6 1.399(3)  C21 C22 1.534(3) 
C5 O2 1.356(3)  C21 C23 1.542(3) 
C6 C7 1.400(3)  C21 C24 1.518(3) 
C6 O1 1.363(3)  C24 C25 1.393(3) 
C7 C8 1.439(3)  C24 C29 1.394(3) 
C8 N1 1.143(3)  C25 C26 1.390(3) 
C9 C10 1.386(3)  C26 C27 1.393(3) 
C9 C14 1.376(3)  C27 C28 1.401(3) 
C9 O1 1.409(3)  C27 O3 1.379(3) 

C10 C11 1.377(3)  C28 C29 1.375(3) 
C10 O2 1.404(3)  C28 O4 1.380(2) 
C11 C12 1.395(3)  C30 Cl1 1.769(3) 
C12 C13 1.396(3)  C30 Cl2 1.755(3) 
C12 C15 1.512(3)  C30 Cl3 1.755(3) 
C13 C14 1.393(3)     
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Table A3 Bond angles for compound 22 

Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 
C2 C1 C7 120.3(2)  C16 C15 C17 108.94(17) 
F1 C1 C2 120.3(2)  C16 C15 C18 112.0(2) 
F1 C1 C7 119.37(18)  C17 C15 C18 111.66(19) 
C1 C2 C3 120.5(2)  C15 C18 C19 107.44(19) 
F2 C2 C1 120.1(2)  C13 C19 C18 101.29(17) 
F2 C2 C3 119.42(19)  C13 C19 C20 112.3(2) 
C2 C3 C4 121.0(2)  C13 C19 C25 114.63(19) 
C5 C3 C2 119.85(19)  C20 C19 C18 114.80(19) 
C5 C3 C4 119.2(2)  C25 C19 C18 113.6(2) 
N2 C4 C3 177.5(3)  C25 C19 C20 100.83(17) 
C3 C5 C6 119.9(2)  C21 C20 C19 108.09(19) 
O2 C5 C3 118.44(18)  C22 C21 C20 111.66(18) 
O2 C5 C6 121.6(2)  C22 C21 C23 109.1(2) 
C5 C6 C7 119.8(2)  C23 C21 C20 110.9(2) 
O1 C6 C5 122.0(2)  C24 C21 C20 100.89(18) 
O1 C6 C7 118.12(19)  C24 C21 C22 110.7(2) 
C1 C7 C6 119.60(19)  C24 C21 C23 113.37(19) 
C1 C7 C8 121.2(2)  C25 C24 C21 111.48(18) 
C6 C7 C8 119.1(2)  C25 C24 C29 120.0(2) 
N1 C8 C7 177.9(3)  C29 C24 C21 128.5(2) 

C10 C9 O1 120.8(2)  C24 C25 C19 111.8(2) 
C14 C9 C10 121.2(2)  C26 C25 C19 127.5(2) 
C14 C9 O1 118.03(17)  C26 C25 C24 120.73(19) 
C9 C10 O2 121.0(2)  C25 C26 C27 119.0(2) 

C11 C10 C9 121.2(2)  C26 C27 C28 120.0(2) 
C11 C10 O2 117.76(17)  O3 C27 C26 119.2(2) 
C10 C11 C12 118.14(19)  O3 C27 C28 120.76(18) 
C11 C12 C13 120.6(2)  C29 C28 C27 120.62(19) 
C11 C12 C15 127.44(18)  C29 C28 O4 124.3(2) 
C13 C12 C15 111.91(19)  O4 C28 C27 115.1(2) 
C12 C13 C19 111.4(2)  C28 C29 C24 119.6(2) 
C14 C13 C12 120.4(2)  Cl2 C30 Cl1 110.77(17) 
C14 C13 C19 128.17(18)  Cl3 C30 Cl1 109.51(15) 
C9 C14 C13 118.41(19)  Cl3 C30 Cl2 110.99(14) 

C12 C15 C16 111.93(19)  C6 O1 C9 114.57(17) 
C12 C15 C17 110.4(2)  C5 O2 C10 115.15(15) 
C12 C15 C18 101.84(16)      
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Table A5 Bond lengths for compound 25 

Atom Atom Length/Å  Atom Atom Length/Å 
C1 C2 1.443(5)  C19 C20 1.561(4) 
C1 C3 1.393(4)  C19 C25 1.524(4) 
C1 C8 1.392(4)  C20 C21 1.549(4) 
C2 N2 1.144(4)  C21 C22 1.532(4) 
C3 C4 1.364(4)  C21 C23 1.530(4) 
C3 F1 1.344(3)  C21 C24 1.505(4) 
C4 C5 1.390(5)  C24 C25 1.390(4) 
C4 F2 1.350(3)  C24 C29 1.401(4) 
C5 C6 1.439(5)  C25 C26 1.388(4) 
C5 C7 1.395(4)  C26 C27 1.379(4) 
C6 N1 1.155(4)  C27 C28 1.398(4) 
C7 C8 1.399(4)  C27 O3 1.401(4) 
C7 O1 1.354(4)  C28 C29 1.364(5) 
C8 O2 1.365(3)  C28 O4 1.408(4) 
C9 C10 1.389(4)  C30 C31 1.388(4) 
C9 C14 1.374(4)  C30 C36 1.383(5) 
C9 O1 1.407(4)  C30 O3 1.375(4) 

C10 C11 1.384(4)  C31 C32 1.411(4) 
C10 O2 1.400(4)  C31 O4 1.357(4) 
C11 C12 1.386(4)  C32 C33 1.435(5) 
C12 C13 1.398(4)  C32 C34 1.380(5) 
C12 C19 1.513(4)  C33 N4 1.139(5) 
C13 C14 1.397(4)  C34 C35 1.361(5) 
C13 C15 1.515(4)  C34 F4 1.357(4) 
C15 C16 1.530(4)  C35 C36 1.407(5) 
C15 C17 1.531(4)  C35 F3 1.335(4) 
C15 C18 1.551(4)  C36 C37 1.448(5) 
C18 C19 1.555(4)  C37 N3 1.143(4) 
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Table A6 Bond angles for compound 25 

Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 
C3 C1 C2 120.2(3)  C25 C19 C20 100.9(2) 
C8 C1 C2 120.4(3)  C21 C20 C19 108.1(2) 
C8 C1 C3 119.3(3)  C22 C21 C20 111.3(3) 
N2 C2 C1 178.7(4)  C23 C21 C20 111.6(3) 
C4 C3 C1 120.9(3)  C23 C21 C22 109.5(3) 
F1 C3 C1 118.9(3)  C24 C21 C20 101.8(2) 
F1 C3 C4 120.3(3)  C24 C21 C22 109.6(3) 
C3 C4 C5 120.5(3)  C24 C21 C23 112.8(3) 
F2 C4 C3 120.0(3)  C25 C24 C21 112.0(3) 
F2 C4 C5 119.5(3)  C25 C24 C29 120.0(3) 
C4 C5 C6 120.5(3)  C29 C24 C21 127.9(3) 
C4 C5 C7 119.8(3)  C24 C25 C19 111.6(3) 
C7 C5 C6 119.7(3)  C26 C25 C19 127.3(3) 
N1 C6 C5 179.6(4)  C26 C25 C24 121.0(3) 
C5 C7 C8 119.5(3)  C27 C26 C25 118.8(3) 
O1 C7 C5 117.5(3)  C26 C27 C28 120.1(3) 
O1 C7 C8 123.0(3)  C26 C27 O3 118.4(3) 
C1 C8 C7 120.1(3)  C28 C27 O3 121.5(3) 
O2 C8 C1 117.7(3)  C27 C28 O4 120.8(3) 
O2 C8 C7 122.2(3)  C29 C28 C27 121.6(3) 
C10 C9 O1 121.0(3)  C29 C28 O4 117.6(3) 
C14 C9 C10 121.7(3)  C28 C29 C24 118.6(3) 
C14 C9 O1 117.3(3)  C36 C30 C31 120.8(3) 
C9 C10 O2 122.3(3)  O3 C30 C31 121.2(3) 

C11 C10 C9 120.2(3)  O3 C30 C36 118.1(3) 
C11 C10 O2 117.5(3)  C30 C31 C32 119.4(3) 
C10 C11 C12 118.8(3)  O4 C31 C30 123.6(3) 
C11 C12 C13 120.8(3)  O4 C31 C32 117.0(3) 
C11 C12 C19 127.7(3)  C31 C32 C33 119.4(3) 
C13 C12 C19 111.2(3)  C34 C32 C31 118.9(3) 
C12 C13 C15 111.8(3)  C34 C32 C33 121.6(3) 
C14 C13 C12 119.9(3)  N4 C33 C32 176.2(4) 
C14 C13 C15 128.2(3)  C35 C34 C32 121.6(3) 
C9 C14 C13 118.5(3)  F4 C34 C32 119.2(3) 

C13 C15 C16 113.5(3)  F4 C34 C35 119.1(4) 
C13 C15 C17 109.9(3)  C34 C35 C36 120.0(3) 
C13 C15 C18 101.0(2)  F3 C35 C34 121.1(3) 
C16 C15 C17 108.7(3)  F3 C35 C36 118.9(3) 
C16 C15 C18 111.4(3)  C30 C36 C35 119.1(3) 
C17 C15 C18 112.2(3)  C30 C36 C37 121.2(3) 
C15 C18 C19 107.8(3)  C35 C36 C37 119.7(3) 
C12 C19 C18 101.0(2)  N3 C37 C36 179.1(4) 
C12 C19 C20 111.2(2)  C7 O1 C9 115.9(2) 
C12 C19 C25 116.2(3)  C8 O2 C10 115.5(2) 
C18 C19 C20 115.7(3)  C30 O3 C27 115.6(2) 
C25 C19 C18 112.6(3)  C31 O4 C28 115.1(2) 
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Table A8 Bond lengths for compound 56 

Atom Atom Length/Å  Atom Atom Length/Å 

C1 C2 1.390(4)  C21 C22 1.538(4) 
C1 C11 1.387(4)  C21 C23 1.528(4) 
C1 C21 1.516(4)  C24 Si1 1.855(3) 
C2 C3 1.388(4)  C25 Si1 1.855(3) 
C3 C4 1.403(4)  C26 C27 1.599(4) 
C3 O1 1.379(3)  C26 C28 1.545(4) 
C4 C5 1.403(4)  C26 C29 1.550(4) 
C4 O2 1.378(3)  C26 Si1 1.816(4) 
C5 C6 1.507(4)  C30 Si2 1.863(3) 
C5 C11 1.402(4)  C31 Si2 1.857(3) 
C6 O3 1.440(3)  C32 C33 1.531(4) 
C7 C8 1.501(4)  C32 C34 1.539(4) 
C7 O3 1.440(3)  C32 C35 1.536(4) 
C8 C9 1.402(4)  C32 Si2 1.874(3) 
C8 C12 1.399(4)  C36 Si3 1.850(3) 
C9 C10 1.530(3)  C37 Si3 1.852(4) 
C9 C15 1.387(4)  C38 C39 1.537(5) 

C10 C11 1.533(4)  C38 C40 1.534(5) 
C10 C19 1.555(4)  C38 C41 1.539(5) 
C10 C20 1.554(4)  C38 Si3 1.876(3) 
C12 C13 1.398(4)  C42 Si4 1.861(3) 
C12 O4 1.384(3)  C43 Si4 1.861(3) 
C13 C14 1.386(4)  C44 C45 1.536(5) 
C13 O5 1.385(3)  C44 C46 1.547(4) 
C14 C15 1.390(4)  C44 C47 1.546(5) 
C15 C16 1.518(4)  C44 Si4 1.876(3) 
C16 C17 1.533(4)  O1 Si1 1.6579(19) 
C16 C18 1.538(4)  O2 Si2 1.663(2) 
C16 C19 1.554(4)  O4 Si3 1.671(2) 
C20 C21 1.546(4)  O5 Si4 1.6638(19) 
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Table A9 Bond angles for compound 56 

Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 
C2 C1 C21 126.7(2)  C27 C26 Si1 109.5(2) 

C11 C1 C2 120.8(3)  C28 C26 C27 104.3(3) 
C11 C1 C21 112.5(2)  C28 C26 C29 109.4(3) 
C3 C2 C1 119.7(3)  C28 C26 Si1 113.5(2) 
C2 C3 C4 119.6(2)  C29 C26 C27 104.9(3) 
O1 C3 C2 122.0(2)  C29 C26 Si1 114.4(2) 
O1 C3 C4 118.4(2)  C33 C32 C34 109.4(3) 
C3 C4 C5 120.6(2)  C33 C32 C35 108.4(3) 
O2 C4 C3 119.0(2)  C33 C32 Si2 110.1(2) 
O2 C4 C5 120.3(2)  C34 C32 Si2 110.6(2) 
C4 C5 C6 120.2(2)  C35 C32 C34 108.2(3) 

C11 C5 C4 118.6(2)  C35 C32 Si2 110.1(2) 
C11 C5 C6 120.6(2)  C39 C38 C41 108.0(4) 
O3 C6 C5 110.9(2)  C39 C38 Si3 110.6(2) 
O3 C7 C8 111.3(2)  C40 C38 C39 108.6(3) 
C9 C8 C7 120.6(2)  C40 C38 C41 109.4(3) 

C12 C8 C7 120.5(2)  C40 C38 Si3 110.1(3) 
C12 C8 C9 118.3(2)  C41 C38 Si3 110.1(3) 
C8 C9 C10 129.1(2)  C45 C44 C46 108.5(3) 

C15 C9 C8 120.3(2)  C45 C44 C47 109.4(3) 
C15 C9 C10 110.6(2)  C45 C44 Si4 111.2(2) 
C9 C10 C11 120.8(2)  C46 C44 Si4 108.8(2) 
C9 C10 C19 99.7(2)  C47 C44 C46 107.7(3) 
C9 C10 C20 112.2(2)  C47 C44 Si4 111.1(2) 

C11 C10 C19 112.7(2)  C3 O1 Si1 131.06(18) 
C11 C10 C20 100.2(2)  C4 O2 Si2 131.15(17) 
C20 C10 C19 111.6(2)  C7 O3 C6 115.2(2) 
C1 C11 C5 120.1(2)  C12 O4 Si3 127.97(17) 
C1 C11 C10 110.3(2)  C13 O5 Si4 127.75(17) 
C5 C11 C10 129.6(2)  C24 Si1 C25 107.74(15) 

C13 C12 C8 120.8(2)  C26 Si1 C24 112.90(14) 
O4 C12 C8 119.4(2)  C26 Si1 C25 111.28(15) 
O4 C12 C13 119.8(2)  O1 Si1 C24 103.95(13) 
C14 C13 C12 119.8(2)  O1 Si1 C25 112.41(13) 
O5 C13 C12 118.7(2)  O1 Si1 C26 108.39(12) 
O5 C13 C14 121.2(2)  C30 Si2 C32 111.92(14) 
C13 C14 C15 119.4(3)  C31 Si2 C30 108.68(15) 
C9 C15 C14 120.8(2)  C31 Si2 C32 110.41(14) 
C9 C15 C16 112.5(2)  O2 Si2 C30 112.14(13) 

C14 C15 C16 126.7(2)  O2 Si2 C31 109.80(12) 
C15 C16 C17 111.8(2)  O2 Si2 C32 103.84(12) 
C15 C16 C18 111.4(2)  C36 Si3 C37 109.8(2) 
C15 C16 C19 100.6(2)  C36 Si3 C38 112.19(16) 
C17 C16 C18 108.1(2)  C37 Si3 C38 109.69(18) 
C17 C16 C19 110.4(2)  O4 Si3 C36 108.95(13) 
C18 C16 C19 114.4(2)  O4 Si3 C37 112.07(14) 
C16 C19 C10 108.0(2)  O4 Si3 C38 104.10(13) 
C21 C20 C10 107.9(2)  C42 Si4 C43 109.70(14) 
C1 C21 C20 101.1(2)  C42 Si4 C44 111.25(15) 
C1 C21 C22 110.5(2)  C43 Si4 C44 110.54(15) 
C1 C21 C23 112.0(2)  O5 Si4 C42 104.05(13) 

C22 C21 C20 113.6(2)  O5 Si4 C43 110.32(12) 
C23 C21 C20 110.8(2)  O5 Si4 C44 110.80(12) 
C23 C21 C22 108.7(2)      
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