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 Abstract 

 

Porous Organic Cage Membranes for Versatile Molecular Separations 

Ai He 

 

Membranes with excellent permeance and high selectivity offer an attractive route to molecular 

separations because technologies such as distillation and chromatography are energy-intensive. 

However, it remains challenging to fine-tune the structure and porosity in membranes so that 

they can effectively separate similar-sized molecules. In this thesis, a series of porous organic 

cage (POC) based membranes have been fabricated via different approaches to investigate the 

possibility of making membranes with excellent performance using POC as building blocks.  

In Chapter 3, the fabrication of composite membranes that comprise crystalline POC films have 

been fabricated by a novel interfacial synthesis approach on a polyacrylonitrile support (CC3-

PAN). These membranes are continuous, crystalline, and exhibited ultrafast solvent permeance 

(including 177.3 L·m-2·h-1·bar-1 for acetone, 147.5 L·m-2·h-1·bar-1 for acetonitrile, 136.9 L·m-

2·h-1·bar-1 for hexane, 55.9 L·m-2·h-1·bar-1 for toluene, and 42.9 L·m-2·h-1·bar-1 for water), and 

high rejection of organic dyes with molecular weights over 585 g∙mol-1. Other synthetic 

strategies were used to prepare the CC3 membranes, including spin-coating, casting, in-situ 

synthesis, and sonochemistry, and the obtained membranes showed different crystallinity and 

separation performance. Unlike the crystalline CC3 membranes, amorphous CC3 membranes 

fabricated via spin-coating have demonstrated the molecular weight cut-off (MWCO) shifts to 

~400 g·mol-1. 

The crystalline CC3-PAN membrane discussed in Chapter 3 is dynamic, and its non-covalent 

structure could be switched using a solvent. The results presented in Chapter 4 demonstrate 

that the pore aperture of CC3-PAN can be switched in methanol to generate larger pores that 

provide increased methanol permeance and higher MWCO (1400 g∙mol-1). By varying the 

water/methanol ratio, the membrane can be switched between two phases that have different 

selectivities, such that a single, ‘smart’ crystalline membrane can perform graded molecular 

sieving. This effect has been exemplified by separating three organic dyes in a single-stage, 

single-membrane process. 
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In Chapter 5, a series of thin-film composite membranes comprising a cage nanofilm separating 

layer have been fabricated at an aqueous–organic interface, using a series of reduced amine 

functionalised POCs cages named RCC1, RCC2 and RCC3. The obtained nanofilms were 

continuous and robust with an ultrathin thickness. By altering the molecule type during the 

synthesis, RCC1, RCC2, and RCC3 nanofilms exhibited distinctive performance, where 

RCC1 and RCC2 nanofilms had a similar MWCO of ~250 g·mol-1. In comparison, RCC3 

nanofilm showed a shift of its cut-off to ~600 g·mol-1. The RCC3 nanofilm has been used for 

post-functionalisation, where the unreacted amines were reacted with formaldehyde to make 

the POC more rigid. A tunable sieving effect was subsequently found in the FT-RCC3 

nanofilm, and its MWCO shifted to ~450 g·mol-1 after being post-synthetically modified. 
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1.1 Introduction 

Extended periods of drought and water pollution have become some of the most pervasive 

environmental issues in the world, principally caused by population growth, industrial 

development, water scarcity and resource deterioration1. For example, drinking water sources, 

such as rivers and lakes, contain micropollutants from municipal, industrial and agricultural 

wastewaters2. Micropollutants (Figure 1.1), which include hormones, pharmaceuticals, 

pesticides, personal care products and industrial chemicals, can have detrimental effects even 

at low concentrations3. Furthermore, municipal wastewater effluents in water-stressed regions 

are often recycled for agriculture and even for indirect potable use, introducing a wide range 

of micropollutants to freshwater resources4,5. Therefore, the development of new technologies 

that remove micropollutants and other contaminants, as listed in Table 1.1, is paramount to 

ensure a constant supply of clean and safe drinking water continues6. 

 

Figure 1.1 Chemical structures of emerging organic micropollutants3. Reprinted from 

Springer Nature with permission. 

The three main processes used for water purification are adsorption, catalysis and separation 

(Figure 1.2)7,8, which have different purification mechanisms. Among these current strategies, 

separation processes are considered the most critical and commonly used for water treatment. 

Membrane-based separations for water purification and desalination have been increasingly 

applied to address the global challenges of water scarcity and the pollution of aquatic 

environments9.  
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Table 1.1 Contaminants of concern in source waters and membrane technologies that can meet 

treatment objectives. Reprinted from reference6 with permission from Springer Nature. 

(a) Purification for Natural waters 

Source water Key contaminants Treatment 

objectives 

Membrane 

technologies 

Problems and 

challenges 

Seawater Boric acid, 

divalent cations 

Reduce salinity • Pre-treatment: 

MF, UF 

• Desalination: RO 

Energy of 

desalination 

Brackish 

groundwater 

Divalent cations Reduce salinity • Desalination: 

RO and 

electrodialysis 

Inland discharge 

of brine 

Surface waters Organic matter Remove 

particles,  

microbial 

pathogens 

MF, UF, NF, RO High fouling 

potential 

Fresh groundwater Heavy metals Reduce ions MF, UF, NF, RO Seawater intrusion 

(b) Purification for Wastewaters 

SOURCE 

WATER 

KEY 

CONTAMINANTS 

TREATMENT 

OBJECTIVES 

MEMBRANE 

TECHNOLOGIES 

PROBLEMS 

AND 

CHALLENGES 

Municipal 

wastewater 

Boric acid, 

divalent cations 

Degrade organic 

matter 

MF, UF, NF, RO High fouling 

potential 

Shale-gas 

produced 

water 

Drilling fluid 

additives, 

oil and grease 

Remove oily 

compounds and 

reduce salinity 

• Drilling reuse: 

MF, UF 

• Desalination: 

NF, RO, FO, MD 

High fouling 

potential 

Coal-fired 

power flue gas 

desulfurization 

Toxic metals Remove 

dissolved toxic 

metals and 

reduce salinity 

MF, UF, NF, RO, FO, 

MD 

Potential zero 

liquid discharge 

requirements 

 

During the last decades, nanofiltration (NF) and reverse osmosis (RO) have rapidly developed 

and provide tremendous potential for desalination, water softening, wastewater recycling, 

organic removal and metal removal10. Nanofiltration membranes and reverse osmosis 

membranes are the current state of the art for nanofiltration and reverse osmosis processes for 

water treatment, with an average pore size between 0.5 – 2 nm11. The separation mechanisms 
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of NF and RO membranes include steric effect, transport effect, Donnan effect and Dielectric 

exclusion, which describe the separation process by volume exclusion, interaction and surface 

charges12. To obtain favourable performance, high permeability is essential to minimize the 

membrane area, in combination with good selectivity. Hence, new-generation materials for NF 

or RO membranes with a high flux and rejection rate simultaneously is dramatically desired for 

the water treatment applications.  

 

Figure 1.2 Graphical representation of processes currently used for water purification7,8. 

Reprinted from Chemical Society reviews Springer Nature with permission. 

 

1.2 A Brief History of Membrane Separation Technology 

The record of earliest experiments using membrane technology dates back to the 18th century 

when Abbé Nolet defined the word ‘osmosis’ as the permeation of water through a membrane 

(diaphragm) in 174813. This study applied membranes as tools to investigate specific chemicals 

physicochemical properties rather than as a viable separation technique. However, membrane 

science in the early stage was not well developed for four main reasons: unreliability, low 

permeation rate, poor selectivity, and high cost14. 

After decades of stagnation, the rapid growth of membrane technologies occurred through the 

development of large scale processing techniques in the 1960’s. For example, the Loeb-

Sourirajan process was developed for making defect-free, high-flux, anisotropic reverse 

osmosis membranes by Loeb and Sourirajan in 196315. These cellulose triacetate membranes 

were fabricated by asymmetric morphologies, consisting of an upper skin layer bonded to a 

microporous sublayer. Both the skin layer and porous sublayer have identical chemical 

composition, and the filtration performance of the membrane depends on the degree of 
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acetylation. As a result, the flux of the first Loeb-Sourirajan RO membrane was ten times 

greater than that of other available membranes, making RO a potentially practical approach for 

desalting water.   

The structures of asymmetric membranes casting from dope solutions were first reported by 

Riley et al. in 196516, and showed good RO performance, leading to the first commercial 

membrane desalination plant in Coalinga. A 16-month trial was performed at the industrial 

plant, during which time the membrane durability and reliability was tested17. During the same 

period of time, pressure-driven membrane processes began to materialise, with leading journals 

Desalination and The Journal of Membrane Science appearing in 1965 and 1976, respectively18.  

After some promising initial discoveries, membrane technologies started to be used for 

industrial-scale gas separations where advantages included their overall economics, safety, 

environmental and technical aspects since the 1980s. The membranes were first used to 

separate hydrogen from purge streams in ammonia production and for natural gas processing 

(e.g., CO2/CH4 separation) in the following years of developing18.  

 

Figure 1.3 Summary of the most significant events, which have contributed to the development 

of NF, over time. Reprinted from reference19 with permission. 
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Although NF technologies have been mentioned in the literature since the late 1960s20, the 

technology only began to break through into industrial processes in the 21st century. A 

schematic showing some of the most significant events that have contributed to the 

development of the field are shown in Figure 1.3. The term “Nanofiltration” was defined 

during a FilmTec meeting in 1984 for the first time21 to solve the terminology problem for a 

selective RO process that allows ionic solutes in feed water to permeate through a membrane. 

Membranes that retain molecules lower than 2 nm in diameter are defined as nanofiltration 

membranes22. NF membranes typically have high retentions of solutes in the 200-1000 g mol-

1 molecular weight range. Commercial membranes prepared for organic solvent nanofiltration 

(OSN) applications first became available in the late nineties from KOCH Membrane 

Systems21. Since then, several other companies, including Evonik MET and SolSep21, have 

entered the OSN membrane market, endowing the NF fields with increasing interests from both 

industry and scientific research areas.  

Nowadays, membranes are critical components in devices used for applications, such as fuel 

cells, controlled delivery devices, solar cells,14,23 separation, and purification systems24,25.  

Materials research and design is the key point to enable synthetic membranes for large-scale, 

energy-efficient molecular separations. Materials with rigid, well-engineered pore structures 

can be favourable for fabricating advanced membranes26. In the next section, molecular sieving 

materials for the next-generation molecularly selective synthetic membranes will be introduced 

and discussed.  

 

1.3 Molecular Sieving Materials for Membranes  

In recent years, porous materials (Figure 1.4) have attracted significant attention in NF and 

RO fields. The types of porous materials investigated include graphene, carbon nanotubes 

(CNTs), nanoparticles, zeolites, metal-organic frameworks (MOFs), covalent-organic 

frameworks (COFs), hydrogen-bonded organic frameworks (HOFs), porous organic polymers 

(POPs) and porous molecular solids27–30. With well-defined pore structures and high surface 

areas, these membranes exhibit high water flux and good salt rejection. Besides, the chemical 

diversity of these molecular sieving materials also contributes to multi-functional modification. 
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Figure 1.4 (a) Molecular sieving materials for versatile separations27–30. (b) A graphene 

membrane with subnanometer pores is a promising reverse osmosis membrane31. Reprinted 

from Springer Nature with permission. 

 

1.3.1 Graphene and Graphene Oxide membranes  

Ever since their discovery by Prof Andre Geim and Prof Kostya Novoselov at The University 

of Manchester in 200432, graphene has attracted enormous attention from academia and 

industry. Including because of its unique electrochemical properties, which include high 

thermal conductivity, high current, density, chemical inertness, optical transmittance and very 

high hydrophobicity. Since then, a flurry of studies in 2-D materials led to the generation of 

the scientific feat that won the Noble Prize in 2010 in Physics, which sparked a global explosion 

in graphene research. Graphene is a 2-D semimetal with a tiny overlap between valence and 

conductance bands, which is formed by a thick sheet of carbon atoms bonded by 

sp2 hybridization arranged in a hexagonal array33. X-ray diffraction revealed the crystal 

structure of graphene as a closely packed honeycomb-like structure34. This material is the 

simplest form of carbon and is considered the world’s thinnest material so far35.  
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The graphene family includes graphene oxide (GO)36, reduced graphene oxide (rGO)37, 

graphene sheets and layered graphenes such as few layered graphenes and multilayered 

graphene (MLG)38,39. GO is obtained from a highly oxidized form of graphene molecule by 

strong oxidizing agents (Figure 1.5(a)), showing its unique intrinsic physical and chemical 

properties40. With their large surface area, oxygen-containing functionality, better conductivity 

and good biocompatibility, the graphene family has been an active candidate in the fields like 

energy41 and biomedical42 applications. Moreover, there was an enormous scope for graphene-

based materials to be used as sieving membranes43–46, as the 2-D structure and tunable 

physicochemical properties of these materials are promising for membrane applications.  

Nanoporous single-layer graphene has been demonstrated by Mahurin et al.47 as a desalination 

membrane.  Because the only translocation pathways for water and ion molecules were the 

nanopores, the resulting membranes achieved a salt rejection rate of nearly 100% and rapid 

water transport. Cohen-Tanugi et al.31,48 showed that nanoporous graphene membranes could 

successfully desalinate water. They used molecular dynamics simulations to predict that 

nanoporous graphene membranes can provide water transport of up to 66 L per cm2 ·day·MPa, 

with >99% salt rejection. By comparison, a typical RO membrane provides water transport of 

~0.01–0.05 L per cm2·day·MPa, with comparable rejection31,48.  

GO membranes have been synthesized either by vacuum filtration or by layer-by-layer (LbL) 

assembly49. As is shown in Figure 1.5(b), dry GO membranes prepared by vacuum filtration 

are tightly packed with a void spacing of ∼0.3 nm between GO nanosheets. Thus, only water 

vapour aligned in a monolayer could permeate through the nanochannel. In contrast, the 

hydration of GO in an aqueous solution allowed water and small-sized ion molecules (with a 

hydrated radius less than 0.45 nm) to permeate fast through the interconnected nanochannels 

formed between GO nanosheets, whilst larger species were blocked49. More importantly, the 

separation capability of the GO membrane can be tuned by adjusting the nanochannel size, thus 

fitting the demands for desalination (0.3-0.7 nm, Figure 1.5(c)), water purification (0.7-2 nm), 

or biomedical filtration (more than 2 nm).  
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Figure 1.5 (a) Chemical structure of GO and the conversion of graphene into GO and rGO. 

Reprinted from reference40 with permission.  (b) Water and small-sized ions and molecules 

(compared with the void spacing between stacked GO nanosheets) permeate superfast in the 

GO membrane, but larger species are blocked. (c) The separation capability of the GO 

membrane is tunable by adjusting the nanochannel size. Reprinted from reference49 with 

permission. (d) A schematic of how K+ ions in a GO membrane determine and fix the interlayer 

spacing such that other cations are rejected while pure water can penetrate. (e) Photograph of 

a freestanding GO membrane prepared by drop-casting of a 5 mg ml−1 GO suspension. (e) 

Reprinted from reference50 with permission.   
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Therefore, GO membranes can be designed and utilised as ultrathin, high-flux, and energy-

efficient membranes for precise ionic and molecular sieving in an aqueous solution. For 

example, Zhou et al.47 fabricated free-standing GO membranes with tunable thickness via 

facile vacuum filtration process. As the GO was observed to be negatively charged, the GO 

membrane exhibited a higher rejection rate for electronegative organic dyes and inorganic salts. 

Wang et al.47 reported a strategy to adjust the interlayer spacing of GO laminates by fullerene 

grafting, with a fixed interlayer spacing of 1.25 nm achieved. The as-prepared GO membrane 

obtained a high water flux up to 10.85 L h–1 m–2 bar–1, and the rejection rate for NaCl reached 

89.66%, which showed the potential to purify brackish water into drinkable water. GO 

membranes have also been reported to be controlled of the interlayer spacing with ångström 

precision using different ions50 (Figure 1.5(d)). 

 

1.3.2 Carbon Nanotube Membranes 

Discovered by Sumio Iijima in 199151, carbon nanotubes (CNTs) are nanoscale cylinders of 

graphene, which can be capped at one or both ends with a half a fullerene molecule. These 

materials have been called a recipe for strength because of their unprecedented mechanical, 

electrical, and thermal properties52. There are two main types of CNTs: single-walled 

nanotubes (SWNTs), which comprise a single graphite sheet seamlessly wrapped into a 

cylindrical tube and have outer diameters in the range of 1–3 nm with inner diameters of 0.4–

2.4 nm (Figure 1.6, A to D); and multi-walled nanotubes (MWNTs), which consist of an array 

of these nanotubes that are concentrically nested similar to rings of a tree trunk, with outer 

diameters ranging from ~2 nm (double walled nanotubes) up to ~100 nm with tens of walls 

(Figure 1.6 E)53. 

These nanotubes exhibit excellent properties, such as high mechanical strength, large surface 

area, interconnected open pore structure and tunable chemistry54. Combined with their 

nanoscale dimensions, these properties have led to their study for a wide range of applications, 

including high-strength conductive composites, field emission displays, hydrogen storage 

devices, and sensors55. Moreover, there has been growing interest in exploring CNTs as the 

next generation of membrane materials, which exhibit high flux and selectivity, and are 

resistant to fouling56.  
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Figure 1.6 Schematic illustrations of the structures of CNTs: (a) armchair, (b) zigzag, and (c) 

chiral SWNTs. Projectors normal to the tube axis and perspective views along the tube axis 

are on the top and bottom, respectively. (d) SPM picture of a 1.3 nm diameter chiral SWNT. (e) 

TEM image of a MWNT containing a concentrically nested array of nine SWNTs. (f) TEM 

micrograph (18) showing the lateral packing of 1.4-nm-diameter SWNTs in a bundle. 

Reprinted from reference53 with permission. (g) SEM image of an array of MWNTs grown as 

a nanotube forest. (h) Electrochemical filtration reactive transport mechanism on a CNT 

membrane. Reprinted from reference57 with permission.   

To exploit these properties for membranes, macroscopic structures must be designed with 

controlled porosity and pore size. The CNT 1D form allows the assembly of a stable thin-film 
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fibrous network by various facile techniques. For example, CNT membranes were first 

fabricated using polymer infiltration by poly(styrene) to achieve a uniform nanoporous 

structure58. Both N2 and Ru(NH3)6
3+ were transported across the resulting membrane in an 

aqueous solution, with gas permeance of 2.6 μmol/(m2 s Pa) and an iron transport flux of 0.07 

μmol cm–2 hour–1  observed. CNTs and their composites have been demonstrated as 

electroactive membrane materials57 by incorporating them into commercial membrane devices 

(Figure 1.6 H). These composite membranes showed fast electrochemical filtration transport 

and were used to degrade organic compounds and heavy metal ions decontamination.  Rasel 

Das et al.59 reported CNT membranes for water purification with self-cleaning functions. The 

Tip-functionalized nonpolar interior home of CNTs provides a strong invitation to polar water 

molecules and rejects salts and pollutants. Chan et al.58 have simulated and fabricated CNT 

membranes (diameter 1.5 nm) with two zwitter ions at the tip ends, which achieved 98.6% Na+ 

ion rejection for water desalination.  

 

1.3.3 Membranes with Nanoparticles  

Nanoparticles are discrete nanometre scale assemblies of atoms and are a class of material that 

can exhibit distinct properties compared to their bulk and molecular counterparts60. For 

example, by showing magnetic properties, photocatalytic and/or optical properties, 

biocompatibility. Therefore, nanoparticles are widely applied in the areas like photocatalysis61, 

biological sensing62 and drug delivery63. 

For the past few decades, porous nanoparticles have been found to play an essential role in 

separation membranes due to their properties such as antimicrobial activity, photoemission, 

and catalytic activity. In addition, the incorporation of nanoparticles in membranes enhances 

mechanical properties, hydrophilicity and separation properties64, making them ideal additives 

which lessen the mass transfer resistance for water permeation through membranes. Several 

metal and metal oxide nanoparticles, i.e., silica (SiO2), titanium dioxide (TiO2), silver and 

aluminium nanoparticles, have been incorporated into a polymeric matrix to fabricate 

nanofiltration membranes to improve the membrane performances. For example, flux and 

rejection, mechanical and thermal stability, and anti-fouling and/or anti-bacteria properties65.  

https://www.sciencedirect.com/science/article/pii/S0011916413006127#!
https://www.sciencedirect.com/science/article/pii/S0011916413006127#!
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Figure 1.7 Schematic illustration showing an example of the improvement of nanofiltration 

performance on micropollutant removal and reduction of membrane fouling by hydrolysed-

aluminium nanoparticles. Reprinted from Elsevier with permission.   

Babak Rajaeian et al.66 utilised functionalised inorganic nanoparticles to increase the product 

flux and the separation efficiency. In their study, thin film 

nanocomposite nanofiltration membranes were prepared via interfacial incorporation of 

aminosilanised TiO2 nanoparticles. TiO2 nanoparticles were incorporated in pure and 

functionalized forms into trimesoyl chloride organic phase and m-phenylenediamine aqueous 

phase. Zinatizadeh et al.67 prepared a nanofiltration membrane containing carboxymethyl 

chitosan-coated Fe3O4 nanoparticles, and the retention of Direct Red 16 dye improved from 88% 

to 99% compared to the nascent membrane. The blended nanoparticle membrane also showed 

an improved antifouling property with 6.4 times. An in situ hydrolysed-aluminum-deposited 

membrane, as is shown in Figure 1.7, has been demonstrated by Ma et al.68 with improved 

membrane hydrophilicity, roughness and positively-charging capacity.  The percentage 

removal of the micropollutant, bisphenol-A, was improved to be 88.5%. Moreover, the loosely 

hydrophilic deposition on the membrane surface successfully alleviated membrane fouling, 

which was reduced by 2.13 times. Another example was reported by Huang et al.69, who 

embedded hollow silica nanoparticles in nanofiltration polyamide membranes by adding them 

to the interfacial polymerisation reactions. The modified membranes exhibited higher 

hydrophilicity, along with a great water flux of 90 ± 3 L/m2 h (6 bar), and the rejection of 

different salts followed the trend: Na2SO4 (92%) > MgSO4 (70%) > MgCl2 (14%) > NaCl 

(11%).  

https://www.sciencedirect.com/science/article/pii/S0011916412006856#!
https://www.sciencedirect.com/topics/chemical-engineering/nanocomposites
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/nanofiltration
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1.3.4 Zeolites and Zeolitic Imidazolate Framework Membranes 

Materials with porous frameworks have been developed in the areas of host-guest chemistry, 

gas storage, separations, and catalysis. Frameworks are well-known and established molecular 

architectures70, and the networks can be  1-dimensional, 2-dimensional or 3-dimensional70. The 

initial discovery of the framework materials can be traced back to zeolites, with the first 

scientific report of a zeolite by a mineralogist Cronstedt from mineral stilbite (“boiling stones”) 

in 175671.  

Zeolites are hydrated, crystalline tectoaluminosilicates constructed from TO4 tetrahedra (T = 

tetrahedral atom, e.g., Si, Al)72. Although zeolite materials have been found in nature, they can 

be synthesized in the laboratory73. The typical zeolite framework structures are shown in 

Figure 1.8. The International Zeolite Association monitors verifiable discovery and synthesis 

of new minerals and materials to associate the new compounds with existing framework types74. 

 

 

Figure 1.8 Selected zeolite framework structures. Reprinted from reference71 with permission.   

The close connection between the microscopic structure and the macroscopic properties of 

these materials allows them to be used as molecular sieves to recognize, discriminate, and 

organize molecules with precisions that can be less than 1 Å75. As a result, Zeolites have 

attracted widespread applications in diverse fields of molecular recognition phenomena, such 

as ion exchange, separations, and catalysis76. With additional advantages like thermal stability, 

solvent and chemistry stability, sterilization ability and biocompatibility, there has been an 

increasing interest in utilising zeolite materials in separation membranes77. 
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Zeolite membranes combine the general advantages of inorganic membranes, such as 

temperature stability and solvent resistance, with an ideal shape selectivity. Due to their 

“molecular sieve” function, zeolite membranes can principally discriminate liquid gaseous or 

mixtures components based on their molecular sizes78. For example, zeolite membranes with 

long-term stability have been considered ideal candidates for desalination79. In these 

membranes, ions have effects on infiltrating the zeolite material and altering its size-selective 

property80. 

 

Figure 1.9 Crystal structures of ZIFs and grouped according to their topology (three-letter 

symbol). The largest cage in each ZIF is shown with ZnN4 in blue and CoN4 in pink polyhedra, 

and the links in ball-and-stick presentation. The yellow ball indicates space in the cage. H 

atoms are omitted for clarity (C, black; N, green; O, red; Cl, pink). Reprinted from reference81 

with permission.  Copyright 2010 American Chemical Society. 
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A primary current goal in zeolite chemistry is to create a structure in which metal ions and 

functionalised organic units can make up an integral part of the framework. Such a structure, 

by virtue of the flexibility with which metal ions and organic moieties can be varied, has been 

widely considered as a key to further improving zeolite properties and accessing new 

applications. Zeolitic imidazolate frameworks (ZIFs) are a class of porous crystals with 

extended 3-dimensional structures constructed from tetrahedral metal ions (e.g., Zn, Co) 

bridged by imidazolate. A large number of crystalline ZIFs have been discovered and 

synthesised by combining metal salts with imidazole in solution and are shown in Figure 1.9 

grouped according to their topology82. Remarkably, these ZIF materials exhibit permanent 

porosity and high thermal and chemical stability, which make them attractive candidates for 

many applications such as separation and storage of gases81,83,84.  

Practically, ZIFs have a flexible structure, controllable pore size, and thus adjustable properties, 

which make them effective materials for membrane separation. ZIF-based membranes have 

been applied in pervaporation, nanofiltration, reverse osmosis and gas separation processes85. 

The diversity of the size of pores of ZIF within the size range of many vital gases has made the 

separation of different gases with different pore sizes possible86,87.  

Incorporating ZIFs into a polymer to fabricate hybrid membranes has experimentally been 

proven as a practical approach to breaking the trade-off between permeability and selectivity. 

For example, Zhan Wang et al.84 demonstrates a ZIF hybrid NF membrane with enhanced 

selectivity for dye removal, fabricated by a combination of self-assembly and interfacial 

reaction method. Positively charged polyethyleneimine (PEI) molecules and zinc ions were 

first deposited on the negative charged hydrolyzed polyacrylonitrile substrate by electrostatic 

attraction (self-assembly), and zeolitic imidazolate framework-8 (ZIF-8) particles were then 

in-situ formed on the PEI layer via interfacial reaction, thereby forming a thin and uniform 

ZIF-8/PEI hybrid membrane. This approach was used to prepare a membrane that possessed 

high permeance of up to 33.0 L m−2 h−1 bar−1, with a rejection of 99.6% for methyl blue 

aqueous solutions84. Fusheng Pan et al.88 reported a hybrid membrane incorporating multi-

functional hollow ZIF-8 has dramatically intensified the diffusion process of water molecules, 

owing to their well-designed hierarchical structures (Figure 1.10). When utilised to separate 

90 wt% ethanol aqueous solution at 76 °C, the hybrid membrane displays the highest separation 

performance with permeation flux of 2485 g/m2h and separation factor of 1884. A novel 

nanoconfined composite membrane was invented by Naixin Wang et al.89 to control the size 

and dispersion of ZIF particles in the polymeric matrix, where the nanopores in the substrate 



17 

 

membrane were used as a template to confine the formation of ZIF particles. A membrane of a 

thin layer of ZIF-11 on a substrate had a water flux (464 L·m−2·h−1·MPa−1), which is much 

higher than most other nanofiltration membranes, and the ZIF-11 membrane showed an 

excellent rejection (98.4%) to methyl blue dye molecules.  

 

Figure 1.10 Scheme of the selectively for water and ethanol through a hybrid membrane 

incorporating multi-functional hollow ZIF-8 nanospheres. Reprinted from reference88 with 

permission.   

 

1.3.5 Metal-Organic Framework Membranes 

ZIFs are a sub-class of metal-organic frameworks (MOFs). More generally, MOFs are hybrid 

materials with crystalline networks, composed of organic ligands co-ordinated to metal clusters 

(metal "nodes" connected via organic "linkers"), to generate infinite framework materials that 

remain permanently porous 90. The first MOFs were reported in 1999 by Williams et al. and 

Yaghi et al., known as HKUST-191, containing copper-based clusters and benzene 

tricarboxylate linkers, and MOF-5 (Zn4O(BDC)3·(DMF)8(C6H5Cl)92, containing zinc-based 

clusters and benzene dicarboxylate linkers.  

MOFs are synthesised using bridging organic ligands, which are coordinated to metals, forming 

infinite framework structures93,94. As an important candidate among the porous material family, 

tens of thousands of different MOFs have been generated93–99, with representative MOF 

examples are shown in Figure 1.11.   
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Figure 1.11 The 3D structures of MOFs with different metal clusters. (a) A series of the 

isoreticular metal–organic frameworks (IRMOFs) with different functional organic linkers has 

been produced in which each member shares the same cubic topology.  The yellow spheres 

represent the internal voids. The extended organic linker increases the internal void and it also 

allows the formation of catenated structure. Reprinted from reference97 with permission.(b)-(d) 

Other representative MOFs. Reprinted from reference99 with permission. 
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Unlike zeolites, the channel linings can be chemically functionalized; for example, the aqua 

ligands can be replaced by pyridines91. The size of the pores in MOFs can be determined by 

the length of the ligand linker used, i.e., the longer the linker, the larger the pore. As a result, 

adjusting the chemistry and size of the two components helps customise the crystal pores and, 

thus, tailor the material for a given application. Therefore, MOFs are widely regarded as 

promising materials for applications in catalysis, separation, gas storage and molecular 

recognition100–109.  

MOF-based membranes have shown an excellent gas separation performance in many previous 

reports110–113. More recently, MOFs are emerging as great potential porous nanomaterials for 

preparing nanofiltration membranes114–116. In addition to a high surface area and pore volume, 

their chemical structure, surface properties and particle size can be easily tuned in order to 

satisfy the demands of membrane fabrication and specific applications65.  

 

Figure 1.12 Examples of desalination using MOF membranes. (a) Desalination performance 

of the UiO-66 membrane. Reprinted from reference117 with permission. Copyright 2015 

American Chemical Society. (b) Scheme of post synthetic defect healing by relinking two 

adjacent Zr6O4(OH)4 clusters (blue polyhedron) by one ligand, and separation performance of 

the membrane. Reprinted from reference118 with permission. Copyright 2017 American 

Chemical Society. 
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Thin film nanocomposite membranes based on MOFs have been applied for desalination as 

well as organic solvent nanofiltration with high flux. Livingston et al.119 have fabricated a 

series of thin film nanocomposite membranes containing a range of 50–150 nm MOFs via in-

situ interfacial polymerization on top of the cross-linked polyimide porous supports. It was 

found that these porous MOFs provided preferential flow paths for the solvents, whilst the 

polyamide layer surrounding MOFs maintained a high solute rejection. As a result, these 

membranes exhibited increased solvent permeance compared to the pristine polyamide support 

membrane without sacrificing rejection. Li et al.117 have synthesized UiO-66 to prepare 

continuous MOF-based membranes for water softening applications. As is shown in Figure 

1.12(a), the membrane showed high rejections for multivalent ions (e.g., 86.3% for Ca2+, 98.0% 

for Mg2+, and 99.3% for Al3+), moderate water permeation flux (0.14 L m−2 h−1 bar−1), and 

competitive permeability (0.28 L m−2 h−1 bar−1 μm). Zhao et al.118 further presented a highly 

selective water treatment Zr-MOF membrane, which increased the Na+ rejection of the 

membrane by 74.9% and resulted in excellent hydrothermal stability in aqueous solutions 

(>600 h) (Figure 1.12(b)).  

 

1.3.6 Covalent Organic Framework Membranes  

Covalent Organic Frameworks (COFs) are an emerging class of porous organic material, with 

well-defined, crystalline porous structures composed of lightweight elements (C, O, B, Si and 

N) linked by robust covalent bonds. COFs are synthesized by the reversible self-condensation 

of boronic acids or boronic acids and alcohols, producing water as a by-product to produce 

strong B-O bonds120. These boroxine rings can be viewed as the organic analogues of metal 

clusters that are seen among MOFs. To obtain a crystalline and ordered structure, the building 

blocks are required to react under the dynamic covalent bond control with appropriate 

conformation and rigidity to enforce directional-bond formation121.  

Originally discovered in 2005 by Yaghi et al.122, the first reported COFs, 2-D COF-1 and COF-

5 have been successfully prepared via boroxine and boronate ester bond formation. COF-1 was 

synthesized by reversible self-condensation of 1,4-benzenediboronic acid, giving a staggered 

layer framework linked by planar boroxine rings. COF-5 was synthesized by the condensation 

of the same boronic acid reagent along with hexahydroxy triphenylene, which produced an 

eclipsed framework structure (see the structures of COF-1 and COF-5 in Figure 1.13). The two 

COFs demonstrated permanent porosities with high thermal stabilities. Since then, a range of 
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COF materials have been reported using various approaches123, with the examples shown in 

Figure 1.13. The variation of building blocks with different geometries and sizes determines 

the structures and features of a specific COF124. A series of COFs with 3-D architectures have 

been prepared by the self-condensation and co-condensation reactions of the rigid molecular 

building blocks, tetrahedral and triangular monomers (see the structures of COF-102 and COF-

103 in Figure 1.13).   

 

Figure 1.13  Condensation reactions of boronic acids and 2,3,6,7,10,11-

hexahydroxytriphenylene used to produce COFs (top), resulting in fragments of the COFs 

(middle), and atomic connectivity and structure of crystalline products of 2D and 3D COFs 

(bottom). Reprinted from reference123 with permission by 2009 American Chemical Society. 

Since these materials are entirely constructed from strong covalent bonds (C-C, C-O, C-B, and 

B-O), they exhibited high thermal stabilities (400° to 500 °C), high surface areas (3472 and 

4210 m2 g-1 for COF-102 and COF-103, respectively) and extremely low crystal densities (0.17 

cm3g-1)125. With lower densities than MOFs, COFs show higher gas uptakes due to the large 

pore volumes coupled with low densities. As the unique architectures endow such material 

with desirable properties, i.e., inherent porosity, large surface area, high stability, versatile 
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chemical composition, and multi-dimension, COFs, therefore, have been considered as good 

candidates for energy storage126, organic molecules adsorption127, catalysis124, as well as semi-

conducting and photo-conducting materials128. Furthermore, 2-dimensional COFs have great 

promise for separation applications because of their well-defined pore aperture, ordered 

channel structure, and permanent porosity129.  

 

Figure 1.14 Examples of two COF membranes for molecular separation. (a) Crystalline COF 

thin films prepared by interfacial synthesis for molecular separation. Reprinted from 

reference7 with permission by American Chemical Society. (b) COF-1/GO nanocomposites as 

the membrane material for dye removal. Reprinted from reference130 with permission. 

In recent years, as they are highly compatible with polymers131, COFs have been applied to 

obtain defect-free membranes with enhanced separation performance, for gas separation132–135, 

organic solvent nanofiltration136,137, and water purification7,130,138,139. Different from graphene, 
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COFs with intrinsic nanopores (0.5 to 4.7 nm) can serve as the channels for molecular 

transport140. Therefore, these COF membranes exhibit recyclability and retain their structural 

integrity in water, organic solvents, and mineral acids141. 

To separate molecular dyes, Ma et al.138 demonstrated a bottom-up interfacial crystallisation 

method to synthesize a cationic COF by combining the cationic monomer with the Schiff base 

reaction, and the continuous COF membrane was further prepared by a facial vacuum filtration 

with controlled thickness. The prepared membrane obtained a dye rejection of 99.6%, 99.2%, 

and 98.1% for Rhodamine B, Methylene Blue, and N,N-dimethyl-p-phenylenediamine 

dihydrochloride, respectively. For neutral dyes, the rejection rates were found to be  22.3%, 

74.4%, and 15.7% for Nile Red, Calcein, and p-Nitroaniline, respectively, where the pore size 

sieving effect played a dominant role rather than the static electric effect in this case. It was 

shown by Lai et al. that the effective molecular size for dyes depends on the smallest projection 

size139. Also, Banerjee et al.7 reported a series of crystalline COF thin films by interfacial 

synthesis with pore sizes ranging from 14-26 Å, and they showed good performance in 

nanofiltration dye rejection studies after being deposited between macroporous polyester 

(Figure 1.14(a)). Zhang et al.130 prepared COF-1/GO nanocomposites as the membrane 

material for dye removal. The obtained membranes achieved high performance with a water 

permeation of 310 L m–2 h–1MPa–1 with the dye rejection of 99% (Figure 1.14(b)). Dichtel et 

al.142 fabricated a thin-film COF composite prepared using a 2D COF with 3.4 nm sized 

hexagonal pore performed, which was used for nanofiltration application. 

 

1.3.7 Hydrogen-bonded Organic Framework Membranes 

More recently, a novel type of porous crystalline solids, hydrogen-bonded organic frameworks 

(HOFs), have attracted increasing interest as molecular sieving materials from researchers143–

145, although they have been known for decades. These porous HOF materials are assembled 

by organic or metal-organic building blocks through hydrogen-bonding interactions, which 

interact with one another, forming a supramolecular assembly146,147. Desiraju148 introduced the 

concept for constructing porous HOF materials using hydrogen-bonding interactions in 1995, 

by taking advantage of H-bonding tectons for crystal engineering in supramolecular materials. 

A key milestone of HOF chemistry is the establishment of the microporosity of HOF materials 

around 2010149,150, which significantly expanded the exploration of new HOFs for applications 

in various fields. In 2012, Mastalerz et al.151 reported a HOF with an ultra-high Brunauer 
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Emmett Teller Surface Area (SABET) of 2796 m2g-1. Figure 1.15 shows the representative 

examples of the construction of porous HOFs. 

 

Figure 1.15 (a) Reticular construction of HOFs. (b) H-bonding motifs used for the construction 

of porous HOFs. Reprinted from reference143 with permission by American Chemical Society. 
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To achieve permanent porosity in HOF materials, stable and robust open frameworks can be 

constructed by the use of rigid molecular building blocks and hydrogen-bonded units via strong 

H-bonding interactions. The stability of the HOFs can be further improved by framework 

interpenetration or other types of weak intermolecular interactions such as π⋯π interactions152. 

As a result, HOFs can be fine-tuned for host-guest chemistry by judicious selection of building 

blocks of a specific size. The pores can be therefore tailored for a desired guest153. In addition, 

HOFs have improved solubility compared with other organic framework materials, such as 

COFs. Owing to the reversible and flexible nature of H-bonding connections, HOF materials 

have shown unique features such as mild synthesis condition, high crystallinity, solution 

processability, easy healing, and regeneration143. They can also be environmentally friendly 

lightweight porous materials without heavy or transition metal species in the network152. These 

advantages enable HOFs to be considered as multi-functional porous materials for various 

applications, including gas separation and storage154–157, catalysis158,159, proton 

conduction160,161 as well as membrane-based molecular separations.  

Combining the solubility of polymers with the porosity of ordered porous materials, HOFs are 

promising membrane materials. Sun et al.155 reported the fabrication of a HOF membrane 

through solution processing, which was used for pressure-regulated H2/N2 separation and 

possessed a separation factor of 19.5 with good mechanical and thermal stability. However, the 

applications in liquid-phase molecular separation, such as nanofiltration, haven’t been widely 

explored using HOF membranes. One example, recently reported by Liu et al.162 in 2021, is a 

HOF membrane fabricated based on a thin-film nanocomposite membrane containing porous 

HOF nanoparticles. The prepared membranes showed ultra-high water permeability (546.1 L 

m−2 h−1 bar−1) with a reasonable rejection of organic dye molecules (95.9% for Congo red, 96.5% 

for brilliant blue, 97.2% for rhodamine B, and 83.7% for methyl blue). 

 

1.3.8 Porous Organic Polymer Membranes 

Apart from the crystalline extended porous structures, another classification includes porous 

organic polymers (POPs), highly cross-linked, amorphous polymers possessing micropores163–

165. This constitutes a broad area, from covalent triazine frameworks (CTFs)163,166,167, hyper-

cross-linked polymers (HCPs), to conjugated microporous polymers (CMPs)163,168–171, and 

polymers of intrinsic microporosity (PIMs). One example of a POP was PAF-1 (shown in 

Figure 1.16), synthesised by Ben et al.172 using theoretical simulations to design the structure 
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of the porous aromatic framework. This extended network, consisting of a diamond-like 

structure with covalent C-C single bonds replaced with phenyl rings, had shown an insoluble 

amorphous framework with robust internal cavities. As a result, PAF-1 was thermally stable 

(up to 520 ºC), and its high Brunauer-Emmett-Teller surface area (SABET = 5600 m2 g-1) also 

contributed to an increased uptake capacity for gases, such as H2 (10.7 wt%), and CO2 (1300 

mg g-1).  

 

Figure 1.16 Structure of common porous organic polymers: (a) general structure for CTFs, 

which can be connected by a variety of linkers173, and (b) the extended structure for the porous 

aromatic framework, PAF-1, with the structure of the linker172. Figures cited from PhD thesis 

repository174. (c) Reaction scheme for the synthesis of a microporous “knitted” HCP network. 

Reprinted from reference175 with permission. (d) Molecular repeated units for linear and 

network PIMs: PIM-1 and PIM-7 are linear and soluble; HATN-PIM, CTC-PIM, Trip-PIM, 

Porph-PIM are insoluble networks; and (e) Molecular repeated units for CMPs (CMP-0 to 

CMP-5). Reprinted from reference176 with permission. 

One flaw of the irreversible chemistry of POPs is that these microporous materials are 

amorphous instead of crystalline, but the benefit is that these solids can show significant 

physical stability. Therefore, POPs have been considered a versatile platform, not only for the 
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deployment of catalysts163, but also promising for the design of high-performing membranes, 

thanks to their superior surface area, intrinsic mesoporous structures, and good polymer 

affinity177. With some examples using POPs as membrane materials, such as a microporous 

membrane comprising CMP with rigid backbones showing ultrafast organic-solvent 

nanofiltration (32 Lm−2 h−1 bar−1 for hexane)178, mixed-matrix membranes with size-controlled 

HCP additives enabling enhanced gas selectivity (H2/CH4 = +690%)179, and a CTF membrane 

used for the robust and precise molecule/ion separation (water permeance ~140 L m−2 h−1; 

Methyl orange rejection >96%)180; the most popular POP materials for membrane fabrication 

and relevant separation applications are the PIMs.  

PIMs are robust, solution-processable, organic nanoporous materials181. As reported by 

McKeown and Budd182, these materials have rigid, contorted structures, where a large amount 

of interconnected free volume is created by inefficiently packing the polymeric chains. Most 

PIMs are synthesised using a highly efficient dibenzodioxane-forming reaction between a  

spirobisindane monomer and an o-dihalide monomer, based on a double-aromatic nucleophilic 

substitution mechanism to form the dibenzodioxin linkage. This polymerisation reaction 

provides the simultaneous formation of two covalent bonds, providing a linking group 

composed of fused rings, thus enabling the construction of ladder polymers of high average 

molecular mass183. The first PIM networks were prepared based on porphyrins and 

phthalocyanines184,185, with the structure of Porph-PIM shown in Figure 1.16. 

PIMs can be synthesised to be insoluble networks or, uniquely, as soluble linear polymers. In 

contrast to other types of POP, PIMs are not comprised of a network of cross-linked covalent 

bonds so that they can be dissolved in organic solvents and processed into robust films, coatings 

or fibres.186 Combining solution processability and microporosity with structural diversity, 

PIMs have proven utility for making membranes and sensors, being used for gas and vapour 

separations, organic nanofiltration, and pervaporation183. A series of PIMs-based gas 

separation membranes have been reported187–190. For example, two membranes prepared of 

PIM-1 and PIM-7 (see structures in Figure 1.16) have shown a significant separation 

performance for commercially important gas pairs, including O2/N2 and CO2/CH4
190

. Offering  

excellent solvent resistance and stability, PIMs are widely used as high-performance organic 

solvent nanofiltration membranes191–194. Livingston et al.191 have presented a membrane with 

ultrathin separation layers down to 35 nm in thickness fabricated from PIM-1, which exhibited 

a fast permeation of n-heptane with a rejection for hexaphenylbenzene of about 90%. Figure 

1.17(a) shows a PIM-1 thin film composite membrane on the PAN support of 80 cm width, 



28 

 

which a 90% retention detected at below 200 g/mol at 30 bar192. Chung et al.193 modified PIM-

1 into thioamide-containing PIM-1 (TPIM) and prepared a membrane (as shown in Figure 

1.17(b)) for dye NF separation with ethanol and acetone as the solvents. The rejection rate of 

obtained TFC membrane to Remazol Brilliant Blue R reached 90%, with the permeability of 

pure ethanol of 3.4 L·m−2·bar−1·h−1. 

 

Figure 1.17 Examples of PIM membranes. (a) A PIM-1 thin film composite membrane (yellow) 

on PAN support (uncoated, white) of 80 cm width, with its retention curve of in n-heptane 

measured with a polystyrene mixture. Reprinted from reference192 with permission. (b) The 

formation of TPIM/TMC membranes and their structure. Reprinted from reference193 with 

permission. Copyright 2018 Elsevier B.V. 

 

1.3.9 Limitations and Challenges 

The porous material field has rapidly developed in the last decade (Figure 1.18). However, 

challenges for these molecular sieving materials, such as fragile and not easily processable 

property, poor scalability, physical ageing and unknown toxicity for environmental impact, 

have restricted their comprehensive implementation in membrane fields.  

GO usually suffer a poor compatibility with polymer membranes so that they might be easy to 

be peeled off in a high flow rate during the filtrations. The membranes incorporating 

nanoparticles or zeolites have been limited by the lower loading content, due to the low 

solubility of these particles. The growth regularity of MOFs and their stability within 

membranes are not well controlled to achieve high nanofiltration performance. For example, 

the inherent defects of UiO-66 due to ligand/cluster deletion affect the molecular sieving 

performance of UiO-66 membranes195. COF membranes contain pores that tend to be robust 

but are difficult to be scaled up and often have defects, and the processing techniques are 
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limited by their synthetic conditions. Long-term stability and the operation under high pressure 

of COF membranes have been rarely reported. HOFs building blocks are soluble, unlike COFs, 

but their porous low-density crystal packings tend to be metastable and are often unstable in 

humid environments. The POPs are robust for using as membranes, however the stability and 

the tuneability of the performance are limited as they don’t have well-defined, crystalline 

structures. 

 

Figure 1.18 Representative timeline for the development of types of porous molecular 

materials and related materials. Reprinted from reference146 with permission. 

In addition, these porous materials suffer usually from poor interfacial binding with the 

polymeric membrane matrix, and this may lead to nonselective molecular transport pathways 

on membranes. Largely unexplored is the potential of purely organic dispersed phases, 

comprising only C, H, N, and O atoms, which are expected to show better compatibility with 

a continuous polymeric matrix.  More importantly, novel membrane materials with well-

defined structures and tuneable pores would offer scope for tailoring the physical and chemical 

properties of the membranes through organic synthesis or post-treatment.  

 

1.4 Porous Organic Cages (POCs) 

1.4.1 Introduction of Porous Molecular Solids 

Porous organic molecular solids are defined by their modular, molecular structures, and the absence 

of extended covalent or coordination bonding in the solid-state. Since their extended structures are 

generally prepared by processing the molecules after synthesis (typically by post synthesis 
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crystallisation), this distinguishes these materials from extended frameworks, such as MOFs and 

COFs, where synthesis and crystallization occur in the same step196.  

Discrete porous organic solids have intrinsic pores, a guest-accessible cavity defined by covalent 

bonds that is prefabricated during synthesis197,198, and these materials have been shown to adsorb 

guests in their intrinsic cavities in the solid-state. As is shown in Figure 1.19, porous organic 

molecular solids with open, bowl- or ring-shaped, intrinsic cavities, like calix[n]arenes199,200, 

pillar[n]arenes201, and cucurbit[n]urils202, generally exhibit an open window with the same width 

as their intrinsic cavity. In this case, the guest accessibility depends on the size and chemistry of 

the intrinsic cavity, and how these cavities are arranged in their solid-state. Porous organic 

molecules with cage-like structures (such as porous POCs203 and cryptophanes204), on the other 

hand, have shown a narrower window size compared to their intrinsic cavity; it is these windows 

in the molecular structures that control and regulate the guest diffusion into the intrinsic pores.  

 

Figure 1.19 Molecular structures of some organic compounds with a) open, and b) enclosed 

intrinsic pores. c–e) Different intrinsic pores in organic molecules can be used to modulate the 
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porosity in organic crystals; including, f) 0D pores for calix[4]arene, g) 1D pores for 

pillar[6]arene, and h) either 2D or 3D pores for the POC, CC3, depending on the 

crystallization conditions. Reprinted from reference196 with permission. 

Therefore, with the features of regulated guest accessibility, POCs, known as cage-like 

macrocyclic organic molecules, have proven to be an exciting new family of molecule sieving 

materials. These discrete molecular building blocks have intrinsic guest cavities, and the cages 

can be crystallised to form structures with different pore structures, which can contain 

additional extrinsic voids located outside of the cage cavity203. 

1.4.2 Structures and Porosity of Porous Organic Cages 

The discovery of organic cages can be dated back to 1960s205. However, the measurements for 

their permanent porosity wasn’t investigated in the early years. An important POC, Covalent 

cage 3 (CC3), synthesized through a reversible imine-forming condensation reaction206, was 

thermodynamically driven to form a [4+6] porous imine cage by Skawronek et al.207 in 2008.  

This molecule was then systematically studied by Tozawa from Cooper group203 in 2009, 

alongside two other analogues (covalently-bonded imine cages, CC1 and CC2), which have 

been known as the first series of POC molecules. 

As is shown in Figure 1.20, the reaction of 1,3,5-triformylbenzene (TFB) with three different 

vicinal diamines successfully yielded [4+6] imine cages where the porosity was pre-fabricated 

and intrinsic to the cage structures, where the molecules pack together via non-covalent 

interactions to generate extended structures in the solid state. These cages were then isolated 

as their most thermodynamically stable products and typically adopted a similarly tetrahedral 

structure with triangular windows. These triangular windows vary in size depending on which 

diamine was used, showing window sizes of 5.8, 6.1 and 5.8 Å for CC1, CC2 and CC3, 

respectively. CC1 was found to be non-porous to N2 (Langmuir surface area of 40  m2 g-1) and 

packed in a window-to-arene conformation with no extended connection between internal 

pores. Packing in a similar window-to-arene fashion, CC2 showed a frustrated packing of 

stacks resulting from these methyl groups from the diamine vertices, where 1D pore channels 

were therefore created. This was demonstrated by a higher BET surface area of 533 m2 g-1, 

which results from the extrinsic channels in the more porous CC2. CC3, by contrast, was 

shown to crystallise in a window-to-window manner that each window in the cage molecule 

was directly facing a neighbouring cage window, which resulted in an extended 3D diamondoid 

network of voids with a BET surface area of 624 m2 g-1, and a BET surface area of 409 m2 g-1 
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in its highly crystalline form208. Two pore cavities were found in the 3D pore structure of CC3, 

which include a cage cavity inside the cage molecule itself (shown in dark purple in Figure 

1.20(g)) and a window cavity between the adjacent cage windows (light purple)209. 

 

Figure 1.20 (a)-(c) Schematic representation of cage-cage packing in the crystal structures of 

CC1 – CC3 resulting from a change in the vertex functionality. Reprinted from reference203 

with permission. (d) Reaction scheme for the synthesis of CC3 by a one-pot [4 + 6] 

cycloimination reaction involving four trialdehyde and six diamine molecules, catalysed by 

trifluoroacetic acid (TFA).  (e) The largest inclusion sphere inside the cage (dark purple) is 

the perfect size to accommodate a single xenon atom (cyan sphere, f). (g) Two pore cavities 

exist in the 3D pore structure: a cage cavity inside the molecule itself (dark purple) and a 

window cavity between adjacent cage windows (light purple). Reprinted from reference210 with 

permission. 

Since then, a variety of porous organic cages have been synthesised because of their permanent 

porosity and crystal assembling. The use of different diamine precursors in conjunction with 

TFB has led to a collection of POCs from the Cooper group with distinct structures and 

properties. Figure 1.21(a) shows the structures of CC1-CC10 reported by the Cooper group. 

For example, CC4211 has a complex pore structure with a close intermolecular interaction, 

CC5212 exhibits a larger pore volume (SABET of 1333 m2 g-1), and CC6213 possess a [2+3] 

topology with a narrow 1D channel showing little cage void.  
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Figure 1.21 (a) The cage structures synthesized in the Cooper group obtained from single 

crystal X-ray diffraction. Molecules not all shown on the same scale. Figure taken from the 

University of Liverpool PhD thesis repository213. (b) The 33 cages that formed cleanly in the 

Cooper group via high-throughput discovery of POCs using computational screening fused 

with robotic synthesis. Reprinted from reference214 with permission. 
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More recently, the Cooper group214 have reported a new series of shape-persistent organic cage 

molecules (Figure 1.21(b)), which were discovered using a high-throughput synthesis 

workflow fusing computation with robotic synthesis. A total of 78 precursor combinations were 

investigated by computation screening and experiment, leading to 33 cages that were formed 

cleanly in one-pot syntheses. Moreover, a new cage topology—doubly bridged, triply 

interlocked cage catenanes, have been discovered via this workflow. Such high-throughput 

studies covering a broad range of conditions, and the discovery of these POCs is beneficial to 

the current library of new porous materials. 

Various organic cages have also been reported by other research groups. Warmuth et al.215,216 

have developed a number of molecular nanocages by condensation reactions between 

tetraformylcavitand and a series of diamines. However, none of these cage molecules were 

found to be porous, neither nor crystal structures. Mastalerz et al.217 presented examples of 

porous imine cages synthesized from 1,3,5- triaminobenzene and 1,3,5-triformylbenzene 

derivatives, and the resulting [4+4] truncated tetrahedral cage showed a shape-persistent 

structure. The same research group also reported a salicylbisimine cage molecule with a large 

internal pore volume, and they exhibited an interconnected 3D pore network which is dictated 

by π-π stacking interactions218. So far, as a new class of porous materials, POCs have drawn 

more interests in advanced materials design.  

 

1.4.3 Synthesis and Topology of Porous Organic Cages 

POCs are synthesised using irreversible bond formation or dynamic covalent reactions. 

Molecules synthesised with irreversible reactions usually exhibit higher chemical stability but 

are rarely isolated in high yields because of the kinetic nature of the reactions involved219. 

Therefore, not many examples of irreversible reactions are presented, of which reactions such 

as amide bond formation and nucleophilic aromatic substitution reaction220 have been adopted 

for the synthesis of small capsule-like cage molecules, but larger templates are required to form 

larger cages. 

Cages formed via reversible bond formation are more thermodynamically controlled, and this 

leads to their most thermodynamically stable products, with higher yields in a single step197. A 

more frequently used approach to the formation of organic cages is based on the dynamic 

covalent chemistry via the reversible formation of imine bonds. Dynamic covalent chemistry 

allows self-correction to form discrete cage species. Thus, this is a powerful strategy for 
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generating molecular cage structures by allowing equilibration to the thermodynamic product, 

facilitating “one-pot” multicomponent syntheses in high yields. As is shown in Figure 1.22, 

imine and boronate ester chemistry have been used to produce cage molecules of varied 

topology and cavity size. For example, an imine-bonded cage (CC1) with a tetrahedral 

geometry203, an imine-bonded cage with an adamantoid geometry221, a cage constructed from 

CC bonds with an elongated-dipyramidal geometry222, and a boronate-ester based cage with 

an cuboctahedral geometry223. 

 

Figure 1.22 Examples of POC structures with their respective sizes indicated to the right. From 

left to right: an iminebased cage of tetrahedral geometry203, an imine-based cage of 

adamantoid geometry221, a cage constructed from CC bonds with an elongated-dipyramidal 

geometry222, and a boronate-ester based cage of cuboctahedral geometry223. (white: hydrogen, 

grey: carbon, blue: nitrogen, red: oxygen, green: boron). Reprinted from reference224 with 

permission. Copyright 2015, the Chemical Society of Japan. 

Varying the functionality on the cage periphery enables the tailoring of a POC’s overall 

properties for a specific function. In many cases, small changes can result in large effects on 

both the size and geometry of the resulting cage molecule, and thus the selection of precursors 

is important. Apart from the imine condensation203,211,212, which is the most prevalent reversible 

route, other approaches, including ester condensation223,225,226, boroxine formation227,228, and 

dynamic alkyne metathesis229–231 have also been utilized for the formation of cage products 

(Figure 1.23). Employing more synthetically challenging building blocks, the Mastalerz group 

has reported a variety of porous imine-based cages of varied topology and cavity size221,232,233. 

Afterwards, this group also synthesised a shape-persistent, mesoporous cuboctahedral cage by 

a one-step 48-fold boron ester condensation reaction223. These boronate-based cages are 
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composed of 24 boronate ester bonds and possess a large average internal cavity size of 2.8 nm 

with BET surface areas approaching 4000 m2 g-1.  

 

Figure 1.23 (a) Imine condensation203. (b) Boronic ester condensation223. (c) Alkyne 

metathesis229. In all three cases, chemical reversibility allows the thermodynamic cage product 

to form. Reprinted from reference234 with permission. 

Based on the synthesis routes, POCs with various topologies can be designed and discovered. 

‘Topology’ is an intrinsic component of every cage and is independent of the geometrical shape 

the molecule adopts. This is because, mathematically, the topology is the region of space that 

is preserved upon deformation235. The topology plays an important role in how these molecules 

can be used since the cavities of different shapes and sizes can be designed for specific 

applications. Since 2009, a variation on the cage topology has been discovered every couple of 

years (Figure 1.24(a)), including [2+3] cages236, [8+12] cages237, [4+4] cages238 and [3+6] 

tubular covalent cages239. Other possible cage topologies have been studied by computation 

modelling and a high-throughput screening process214,  formed by the reaction of a triamine 

precursor (2,4,6-trimethylbenzene-1,3,5-triyl)trimethanamine, with three representative 

aldehyde types: meta and paradialdehydes, and trigonal trialdehydes. Since the cages were 

formed by reversible imine chemistry, the topologies of thermodynamic products with the 
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lowest relative internal energy were expected to be formed.  As a result, seven topologies 

produced by tritopic + ditopic reactions or tritopic + tritopic reactions have been discovered. 

The variety of topologies contributed to a larger POC database that we could refer to for the 

desired material design. Their solubility and the precise control of functionality are important 

advantages of POC chemistry that enable these novel materials to be used in different fields. 

For example, where solution processing is required or preferable to other fabrication methods, 

such as molecular separations210 and sensing240.  

 

Figure 1.24 (a) Timeline showing variation in cage topologies. (b) Scheme showing possible 

cage topologies; (top) candidate topologies for tritopic + ditopic reactions (TrixDiy) and 

(bottom) for tritopic + tritopic reactions (TrixTriy).(c)Reaction schemes and computational 

modelling for three model covalent organic cages. Reprinted from reference214 with permission. 
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1.4.4 Porous Organic Cage Membranes  

Porous organic molecules that combine microporosity and solution processability are highly 

desirable to fabricate the next generation porous membranes. POCs, as opposed to extended 

crystalline solids, are soluble, and they can be processed into different forms, such as mixed 

matrix membranes196. Therefore, POCs could ameliorate these transport issues by integrating 

intimately with the polymer matrix. These discrete molecular building blocks can assemble 

into crystals with both intrinsic cavities and extrinsic voids, thus providing the material with 

well-defined pore structures and adjustable pore sizes. As a novel class of porous materials 

with ultrahigh surface areas210,223 that can exceed 3000 m2 g-1, these POCs exhibit good 

compatibility with the polymer matrix. They can be easily solution-processed, proving a 

promising strategy to enhance the stability and simultaneously improve the selectivity and 

permeation of the membranes. Compared with extended porous materials such as zeolites and 

MOFs, one remarkable feature of POCs is that they are dissolvable in common organic solvents; 

consequently, POCs are easily processable and can be spin-coated onto porous substrates to 

form membranes.  

Some POC based composite membranes have been fabricated for gas separation applications241. 

POC/PIM-1 composite membranes were demonstrated by Budd et al.242 to enhance the 

permeabilities of both CO2 and N2, while retaining good CO2/N2 selectivity; in addition, the 

resistance toward physical ageing was improved. Thin membranes of five POCs were 

fabricated on various substrates and found to exhibit molecular sieving capability; specifically, 

high H2 permeability and good H2/N2, H2/CO2 and H2/CH4 selectivities were observed243. But 

none of the POC membranes were reported for the water purification. In this case, another 

outstanding feature of POCs is water stability, which is essential for use in a water environment. 

As a prototype POC, the CC3 crystal was found to remain stable in boiling water for at least 4 

h244. Thus their chemical stability and structure persistence make them promising for water 

applications. Moreover, the POCs could be pre- or post-functionalized, rendering the 

possibility for versatile water treatment with improved performance. 

Based on the above discussed salient features (e.g. well-defined pore structures and adjustable 

pore sizes, easy fabrication into membranes and water stability), it is envisioned that POCs 

might be intriguing membrane materials for liquid phase separations as well. Consequently, 

separation properties through 2D membranes using these molecular sieving materials will 

ultimately depend on which cage is used and how the cage packs in the membrane210,212,245. 
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Figure 1.25 (a) Scheme showing cage molecules in the solution. (b) Spin-coating method for 

preparing POC coatings. Reprinted from reference243 with permission. (c) Nanozied crystal 

seeding method for preparing POC coatings. (d) Solution-casting for preparing POC coatings. 

To prepare a proper selective coating using these solution-processable POCs, particularly, 

several fabrication methods, including spin-coating243, nanosized crystal seeding246, and 

solution-casting247 might be possible, as is shown in Figure 1.25. Still, some issues have 

remained, such as discontinuous surface, physical ageing of the membranes, and a lack of 

tunable and ordered pore structures as they are commonly fabricated using amorphous 

polymers. In this case, the development of a simple and scalable fabrication method to organise 

individual cages into a continuous thin film with the maintained pore structures could be a 

unique solution to realize the full potential of these materials in advanced technologies like 

membrane separation. Therefore, to achieve the full merit of the ordered and nanosized pore 

structures, a technique for the preparation of self-standing thin films, which are exclusively 

derived from POCs, is highly desirable. Nevertheless, bringing such crystalline materials into 

a self-standing, defect-free, microporous, and continuous thin film is a monumental challenge, 

which if accomplished, will create a breakthrough in many niche separation processes of 

industrial and environmental significance. 
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1.5 Membrane Fabrication Technology  

1.5.1 Membrane Types 

Divided by the membrane materials, there are mainly three types of membranes: polymeric 

membranes, inorganic membranes and hybrid polymer/inorganic membranes18,248. These 

membranes have been applied to various areas due to their different physical and chemical 

properties. 

Polymeric membranes are favoured for separation processes including NF and RO because they 

are cheap, robust, and can be manufactured on a large scale249. Polymer membranes generally fall 

into three categories: dense membranes, integrally skinned asymmetric (ISA) membranes, and thin 

film composite (TFC) membranes.  

Dense membranes contain non-porous films in which molecular transport is governed by solution 

diffusion250. These membranes are commonly formed via evaporative phase inversion processes 

(e.g., casting a dope solution), leading to the formation thick dense homogenous membranes250. 

Thus they are usually used for gas separation processes251,252. 

ISA polymer membranes (Figure 1.26), containing a thin dense selective separation layer on top 

of a more open support layer of the same material16, show advantages include their durability and 

low manufacturing costs. They have been designed to be flexible so they can be used within 

membrane modules253. The most common preparation methodology for ISA polymer membranes 

is phase inversion via immersion precipitation253. 

 

Figure 1.26  Schematic representation of (a) an integrally skinned asymmetric (ISA) 

membrane and (b) a thin film composite (TFC) membrane. The main features of these two types 
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of membranes and the common polymers and synthesis procedures used to make them are 

described in this section. Reprinted from reference254 with permission. 

TFC membranes consist of a separate thin selective layer on top of a porous support layer made 

from a different material23, as shown in Figure 1.27. They exhibit higher fluxes than ISA due to 

their ultrathin selective layers and the highly porous support layers, while the top layer offers a 

favourable guest selectivity. Therefore, TFC membranes are used extensively in desalination255,256 

and OSN257–259 because of their high permeance values and solute retentions. TFC membranes have 

also been fabricated for OSN applications. Several methods, such as floatation deposition260, dip 

coating and spin-coating, can be used for the preparation of TFC membranes, yet the most 

commonly-used approach is interfacial synthesis, which will be discussed in the next section. 

 

Figure 1.27 The flowchart of ZIF-8/PEI hybrid membrane preparation process. Reprinted 

from reference84 with permission.  

Inorganic membranes, such as ceramic membranes or zeolite membranes, have shown permeances 

up to ten times higher than polymeric membranes246. One reason is that the porous structure of 

some inorganic/crystalline materials can be controlled to produce membranes with regular, 

repeatable porous structures with a defined pore size, such as those found in MOFs.  

Hybrid membranes combine the selective nature of inorganic materials with the flexibility and 

durability of organic membranes. Among hybrid membranes, most of them fall into a category 

known as mixed matrix membranes (MMMs). Typically MMMs have a continuous polymer phase 

in which discrete inorganic materials are dispersed261,262. These membranes are designed to 

improve the selectivity and permeability simultaneously by utilising the best separation properties 

of both polymer and inorganic materials as a methodology to overcome the Robeson upper bound 

for gas separations. 
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1.5.2 Preparation of membranes 

Industrial membrane technology applies coating-chemical crosslinking method263, layer-by-

layer (LBL) self-assembly method264, graft modification method265 or interfacial 

polymerization (IP) method266 to fabricate target membrane products.  

 

Figure 1.28 Scheme of industrial membrane technologies including coating-chemical 

crosslinking method, layer-by-layer (LBL) self-assembly method, graft modification method 

and interfacial polymerization (IP) method. 

The coating-chemical crosslinking method (Figure 1.28(a)) usually use polyelectrolytes or 

charged biological molecules as the polymer, which will be cross-linked with the chemical 

linker such as glutaraldehyde. This approach is easy and cheap, however lacks controllability. 

The skin layers are usually very thick and defected, thus lead to low permeability. 
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The LBL self-assembly (Figure 1.28(b)) depends on the drive forces such as electrostatic 

interaction and covalent bond rather than hydrogen bond. The assembly operation includes 

alternating deposition assembly, pressure driven assembly, and electric field assembly. The 

membranes fabricated with this method exhibit high selectivity, with adjustable thickness and 

charge controlled by the layers. However limited substrates with specific chemical properties 

can be used, and the process is complex and time-consuming.  

The grafting technology ((Figure 1.28(c)) applies UV irradiation or plasma to treat the target 

membrane substrate, so that free radicals are available on the surface. Monomers, including 

cations, anions, and zwitterions, will be then grafted on the surface, which produces a selective 

layer on top of the membrane. The process is usually a rapid reaction, and the resulting 

membranes are usually hydrophilic and antifouling. But this method would damage the 

substance, also limit the membrane preparation in a large-scale. 

 

1.5.3 Interfacial Synthesis of Membranes 

Interfacial synthesis139,267–269 is a well-adapted method for the synthesis of polymer thin films 

like polyamides and polyesters in the bulk scale191,270, where two precursors are dissolved in 

two immiscible solvents (or air) and react at the two-phase interface. As the chlorides are not 

stable in water, the aqueous phase usually contains amine or ester monomers with active 

hydrogen atoms (-OH, -NH, -SH), including m-phenylenediamine (MPD), piperazine, 

polyethylenimine (-NH), and bisphenol-A, polyvinyl alcohol (-OH) (Figure 1.28(d)). Acyl 

chloride such as trimesoyl chloride (TMC) are usually used in the organic phase to react with 

the monomers in the other phase.   

 

Figure 1.29 Schematic representation of a typical interfacial polymerization process for 

making TFC membranes. The reaction between m-phenylenediamine (MPD) and trimesoyl 

chloride (TMC) occurs at the surface of a microporous polysulfone support to form a thin 



44 

 

polyamide layer, whose chemical formula is illustrated. Reprinted from reference271 with 

permission from the Royal Society of Chemistry. 

A representative procedure for interfacial polymerization (IP) is shown in Figure 1.29, A 

microporous polysulfone membrane support is first immersed in an aqueous diamine solution, 

with MPD, which allows diamine penetration into the support. After removing the excess 

diamine on the surface, the impregnated support is brought into contact with an organic phase 

of TMC. As MPD monomers diffuse to the interface between water-organic phases, they are 

allowed to react with the TMC, and a thin polyamide layer thus formed on top of the membrane 

support.271 

The IP method is a rapid process for the fabrication of TFC membranes. Once the solutions 

come into contact, polymerization occurs at the interface immediately. At this moment, the 

polymerization is controlled by chemical kinetics where the monomers contact directly. The 

rapid polymerization leads to the formation of a thin polymer film as a result of the low 

solubility. The monomers in the two solutions are gradually separated by the film, and the 

polymerization becomes slower which is controlled by monomer diffusion through the film. 

As the thickness of the polymer film further increases in a longer time, the reaction eventually 

stops due to the diffusion barrier, i.e., the film at the interface272. As a result, free-standing thin 

film is formed at the interface due to its self-restraint.  

 

Figure 1.30 Comparison of MOF layer synthesised from two different approaches. (a) 

Deposition of a MOF layer on support (brown) in a homogeneous synthesis mixture. Undesired 

nucleation in solution or growth on top of previously formed crystals can occur. (b) Interfacial 

preparation of a MOF layer using a biphasic synthesis mixture consisting of an aqueous metal-

ion-containing solution (blue) and an organic ligand solution (purple). Reprinted from 

reference269 with permission. 
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The interfacial approaches exhibits a strong advantage for the controllable fabrication of thin 

films, nanofibers, and/or functional materials for use as separation membranes. For example, 

thin MOF layers have been fabricated using this approach269, as is shown in Figure 1.30. The 

difference in solubility characteristics of the organic and inorganic precursors enabled the self-

completing interfacial formation of a MOF layer in a biphasic synthesis mixture, as the two 

precursors encounter each other from opposite sides of the liquid–liquid interface. As layer 

growth, in this case, does not depend on any specific surface functionalization of support, the 

approach can be adapted to a wide range of porous support materials. 

This method is also promising for soluble POCs. Based on different solubility in the organic 

and aqueous phases, herein in this work, new types of POCs based membranes via interfacial 

approaches have been established for versatile molecule separation with improved performance. 

Furthermore, in-situ crystalline growth and film-formation at the interface has been 

intelligently designed by a simple interfacial synthesis method under ambient conditions.  

 

1.6 Project Overview and Aims 

1.6.1 Chapter Summary  

The project overall studied membranes that have been fabricated using POCs via different methods, 

and investigated their structures and applications in molecular separations in liquid phase.  

 

Figure 1.31 Illustration of interfacial synthesis method to fabricate cage films and the 

octahedron structure of a CC3 cage molecule. 

In Chapter 3, the fabrication of pure POC based films via an interfacial reaction and 

crystallisation method is discussed. The interfacial method was found to allow the two cage 

precursors to react at the interface of two immiscible solvents. As shown in Figure 1.31,   

triformylbenzene (TFB) and 1,2-cyclohexane diamine (CHDA),  as the reagents for the POCs 
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via [4+6] cycloimination reactions, were added separately into organic solution 

(dichloromethane) and aqueous solution. The interface was formed, and the two reagents 

reacted to form the POC when they diffused to the interface. This method was found to provide 

a direct synthetic route to close-packed defect-free 2D films. The connected porous networks 

are retained explicitly at the liquid-liquid interface. The resulting POC thin films could be 

easily transferable onto various substrates, including glass surfaces, silicon wafers, metallic 

wires, and polymeric membrane supports while retaining their physical cage-shape and 

crystalline structures. 

In Chapter 4, it is shown that the crystal packing of the POC in the composite membrane 

presented in Chapter 3 can be switched using chemical stimuli. As is shown in Figure 1.32, 

the crystalline POC film is dynamic, and its pore aperture can be switched by exposing the 

membranes to methanol. This switching process generates larger pores that provide increased 

methanol permeance and higher molecular weight cut-offs (1400 g∙mol-1). By varying the 

water/methanol ratio, the film can be switched between two phases with different selectivities, 

such that a single, ‘smart’ crystalline membrane can perform graded molecular sieving. We 

exemplify this by separating three organic dyes in a single-stage, single-membrane process. 

 

Figure 1.32 a, Interfacial synthesis method used to fabricate CC3 films associated with its two 

polymorphic structures in water and methanol. b, Structure of the film in its polymorph CC3α 

with a 3D pore network. c, Structure of CC3 film in its polymorph CC3-γ' with a 2D honeycomb 

pore network. d, Graded sieving of dyes. DR, Direct Red 80; BB, Brilliant Blue; NP, 4-

Nitrophenol, 20 ppm.   

At the same time, inspired by the pre- or post-functionalisation properties of POCs, a series of 

aminic cages, formed by reducing their parent imine cages, were utilised as reactive monomers 

for cross-linking polymerisation reactions via IP. Figure 1.33 demonstrates that amines or 

hydroxyls are possible functional groups in POCs that react with acid chlorides or aldehydes 
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to form cross-linked, insoluble polymers.  Trimesoyl chloride (TMC), as a typical cross-linker 

in the organic phase for IP reaction with high reactivity, is supposed to enhance the reaction 

rate and maintain the pore structures of functionalised POCs.  

 

Figure 1.33 Schematic demonstration of active functional groups in cages and in cross linkers, 

and possible structure of the cross-linked polymer by interfacial polymerization. 

Reduced 1,2-cyclohexane diamine cage (RCC3), 1,2-propylenediamine (RCC2) and 

ethylenediamine cage (RCC1) have a  desirable cage shape in solution and 12 amine groups in 

each monomer. Since these molecules are easily soluble in water, firstly, the IP process by 

adding TMC in the organic phase (hexane) and RCC molecules in the aqueous phase was 

investigated. The associated results are discussed in Chapter 5 (Figure 1.34), which have 

proved the fabrication possibility with good membrane performance. The continuous thin films 

formed at the interface in a short time (seconds to minutes) and were continuous, robust with 

an ultrathin thickness. Supported by a cross linker, the reduced cages are supposed not to 

collapse in solid state and exhibit excellent pore channels for separation. Containing monomers 

with different functional groups in each nanofilm, the prepared membranes are expected to 

show different pore structures, and therefore exhibit a tuneable selectivity for molecules. In 

addition, it was possible to use RCC3 nanofilm for post-functionalisation where the unreacted 

amines can be tied up by small molecules, such as formaldehyde. The cavity size in the 

nanofilm was reduced after the tie-up procedure, and thus endowing the membrane with 

retention of smaller molecules.  

Applying the POCs as membrane materials could substantially enhance the membrane 

properties, including good selectivity for molecular separation, and better resistance towards 

physical ageing of the membranes. With well-defined pore structure and channels of specific 

molecules, these POC based membranes have exhibited narrow size distribution, leading to a 

sharp molecular weight cut-off (MWCO) with good solvent permeance. By a solvent stimuli, 
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or pre-/post-synthetic functionalisation procedure, tuneable separation properties have been 

achieved on these membranes, thus making them attractive candidates in liquid separation for 

NF and RO applications. 

 

Figure 1.34 Fabrication of ultrathin polyamide nanofilms incorporating POCs. a, Schematic 

demonstrating the molecular structure of various reduced crystalline cages (RCC) comprising 

flexible amine bonds and tuneable alkane linkages. b, Fabrication of ultrathin polyamide 

nanofilm at a free interface between a water/methanol solution containing RCC molecules and 

a hexane solution containing trimesoyl chloride (TMC). c, Formation of formaldehyde tied 

RCC3 (FT-RCC3) nanofilm by soaking RCC3 nanofilm in formaldehyde solution overnight, 

wherein adjacent unreacted amines of RCC3 nanofilms were tied up to reduce the cavity size. 

d, Proposed DFT pore size distribution simulated from molecular dynamics for FT-RCC3 

nanofilm and RCC3 nanofilm solvated in methanol. 
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1.6.2 Overall Aims  

The core aim of this project was to utilise new-generation POCs into membrane materials for 

water purification for versatile molecule separations. There were five primary objectives: 

 To fabricate free-standing, continuous films with high retention activities and stabilities 

using POCs via two different interfacial synthesis strategies.  

 Investigate the growth of POCs at the liquid-liquid interface, and study the effects of 

POC structure on membrane structure, properties, and stability through the related 

characterisation.  

 Utilise POC based membranes for practical wastewater treatment applications such as 

dye removal, and evaluate the membrane performance. 

 Study the unique properties of POCs in composite membranes, such as precisely 

controlling the POC membranes' performance with tuneable pore sizes and channels, 

and explore their potential in new applications. 

 Narrow the domestic and international development disparities in advanced materials 

and membrane technology for various practical fields. 
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2.1 Membrane Separation Principles  

Membranes occupy an important place in the separation field. The basic working principle for 

a membrane is to form a barrier between two phases (e.g., saltwater vs freshwater), which could 

restrict the movement of some solute molecules while allowing the rest to get through1. The 

separation is generally driven by a difference in concentration or pressure (or both) across the 

membrane, while pressurisation is the primary energy provider.  

 

Figure 2.1 Chemical separation with dense and porous membranes. Reprinted from 

reference2 with permission.  

Membranes can be densely packed or contain large internal meso- or macro-sized pores, 

affecting how the molecules move across the barrier1. In a dense membrane, molecules usually 

dissolve into the membrane material and slowly diffuse through it. As is shown in Figure 2.1, 

these orange and green molecules move through the membrane at different rates because their 

permeabilities—the combination of a molecule's solubility and diffusivity—are different2. As 

a result, most green molecules with a more negligible permeability stayed on the membrane 

side. The Robeson plot demonstrates that a dense membrane separates molecules mainly 

depending on their different diffusivity rather than solubilities, and performance is limited by 

an “upper bound” (known as Robeson upper bound)3. That is, a membrane that exhibits a higher 
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flux and is considered more permeable usually contains more open pore structures, resulting in 

a lower selectivity of molecules.  

On the other hand, porous membranes possess nanopores that are ideally similar to a single 

molecule, and the molecular separations are based on size differences. During the separation, 

the nanopores act as a screen or a sieve1. The examples shown in Figure 2.1 are the nanoporous 

membranes with interconnected 3D networks. For a continuous membrane with uniform 

nanopores, it can be found that the separation for molecules with different sizes is much more 

accurate, where the smaller molecules could permeate the membrane whilst most of the larger 

ones are completely blocked in the membrane side. The sizes of molecules that get through or 

are rejected by the membrane can be in a short range. Thus, a more complete and effective 

molecular separation has been achieved. By contrast, both larger and smaller molecules could 

pass through the membrane for the nonuniform nanoporous membranes, showing an S shape 

line rather than a sharp drop for the uniform nanopores. In this case, where a pore size 

distribution can be found in the membrane, the largest membrane pores would act as the “gate” 

allowing most of the molecules to pass through and thus dictate the guest selectivity2. As a 

result, the selectivity is not satisfying, and the separated products are not pure in each species.  

Based on these principles, novel membranes with better performance can be obtained by 

affording the membrane materials with uniform molecular-size pores. Furthermore, it would 

also be possible to overcome the membrane upper bound using advanced membrane materials 

with attractive physical and chemical properties. Therefore, the separation properties (e.g. 

selectively and permeance) and operational parameters (e.g., stability and longevity) can be 

finely tuned for the desired applications. Moreover, functional additives such as molecular 

sieving materials (discussed in Chapter 1) can be incorporated into these new classes of 

membrane materials, providing practical potentials to improve separation performance. 

 

2.2 Membrane Performance Evaluation 

2.2.1 Membrane Flux and Solvent Permeance 

Membrane flux and solvent permeance are key operating parameters of a membrane4, and are 

affected by a number of different parameters such as the membrane material, hydrophilicity, 

pore size, and solvent properties5. 
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The flux of a membrane describes the quantity of the permeate passing through the membrane 

during the separation process, which is defined as the amount of permeate produced per unit of 

time and per unit area of membrane surface6. The flux is measured in volume per square meters 

per hour. 

The solvent permeance is a characteristic of a membrane expressing the ability of a solvent to 

penetrate and permeate a membrane of a specific thickness. It is an overall coefficient to 

evaluate the flux of any species (solvents) permeating the membrane as well membrane 

selectivity. The driving force at the basis of mass transport through the membrane, in most 

membrane operations such as RO, NF, ultrafiltration, microfiltration, gas separation, 

membrane distillation, etc., is a difference of feed permeate pressures7.  

To increase membrane flux and permeance, Mohammad et al.8 showed that the characteristics 

of a membrane play an important role in the process. For example, a significant improvement 

in flux could be observed using a looser NF membrane with a higher effective charge density 

compared to the tightly-packed membranes with a typical charge density. 

Studies by Mi et al.9 concluded that permeate flux increases proportionally with an increase in 

the transmembrane pressure drop and an increase in the operating temperature due to the 

decrease in solvent (e.g., water) viscosity. Practically, the viscosity decreases significantly with 

a higher temperature whereas increases with the increasing pressure. The influence of feed 

pressure on viscosity, generally, is considered insignificant at a pressure less than 4 MPa (~40  

bar)10. However, it has a great influence on permeate flux.  Mendoza-Roca et al.11 have 

investigated the relationship between the flux and feed pressure of NF-90 and DK-5 

membranes, and it was found that the permeate flux changed significantly by increasing the 

feed pressure from 10 bar to 20 bar. 

The detailed experiments for solvent permeance and flux will be presented in the following 

section.   

 

2.2.2 Molecular Weight Cut Off (MWCO) 

To describe a membranes pore size distribution and its selectivity for certain molecules (Figure 

2.1), molecular weight cut off (MWCO) curves were introduced in the membrane field and are 

commonly used. This benefits the research in membrane science and industrial manufacturers 
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since MWCO helps specify membrane performance and thus to select the favourable 

membranes from the suppliers for certain applications. 

MWCO represents the minimum molecular weight of a solute that is 90 % retained by the 

membrane12. As discussed before, a membrane with more uniform nanopores exhibits a more 

sharp selectivity cut off, meaning the MWCO curve will be sharper, and the membrane may 

have better practical applications13. The MWCO of a membrane is usually obtained by 

evaluating the retention for the components of different molecular weights14 as plotted in 

Figure 2.2.  

 

Figure 2.2 The definition of MWCO and the relationship between retention and molecular 

weight cutoff of ideal and real membrane. Cited from reference14.  

However, this method was not ideal for describing the MWCO using different solutes, and 

inconsistencies could occur between different labs or companies for functionally identical 

membranes. In 2001, the Livingston group15 reported that the traditional MWCO values, using 

positively charged, negatively charged and neutral dyes, seemed to only be valid for aqueous 

systems instead of the organic solvent-based systems. The role of membrane charge on 

nanofiltration performance was then investigated, and it was found that separation in 

nanofiltration membranes primarily occurs due to steric hindrance and membrane solute 

interactions16. As demonstrated by the Livingston group17 in 2007, the relationship between 

solute molecular weight and rejection for an OSN membrane has been determined by MWCO 

curve, using a homologous series of non-charged styrene oligomers spanning the nanofiltration 
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range (200–1000 g mol−1) for the first time. Thus, creating an academia and industry-standard 

parameter to define the performance of a membrane.  

 

2.3 Morphology Study on Membranes 

Scanning electron microscopy (SEM) is widely used to observe membrane materials and thin 

films at a nanometer scale (resolution from 1-20 nm)18. The surface of SEM samples needs to 

be electrically conductive, so non-conductive samples are usually coated with gold, carbon, or 

chromium etc. Then the sample is mounted on a specimen stage in a high vacuum. An electron 

beam is generated by an electron gun, then passes through a series of electromagnetic lenses, 

including one or two condenser lens and an objective lens. The lenses focus the electron beam 

to 0.4-5 nm in diameter. The beam is deflected by a pair of scanning coils in the x and y axes. 

Thus, the sample surface can be scanned in a raster pattern19. A schematic of an SEM image is 

shown in Figure 2.3. 

 

Figure 2.3 Physical Principles of Electron Microscopy19. 

When the electron beam hits the sample surface, different kinds of electrons or photons are 

generated during the interaction, including backscattered electrons (BSE) by elastic scattering, 

secondary electrons (SE) by inelastic scattering, and electromagnetic radiation such as X-ray. 

Each of these signals can be detected by certain detectors. Because SEs come from the surface 

of the sample, while BSEs emerge from deeper regions, SE imaging can show higher resolution 

than BSE imaging and thus becomes a powerful strategy for surface morphology study of the 

membrane materials. 
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In this project, SEM will be used to study the surface morphology of the POC membranes.  

 

2.4 Crystal Structure Study  

X-ray diffraction (XRD) is a commonly used technique to study the crystalline structure of 

materials. In this thesis, XRD has been employed to investigate the surface structures of POC 

thin films.  

 

2.4.1 Powder X-ray Diffraction (PXRD) 

Unlike single-crystal X-ray diffraction, powder X-ray diffraction (PXRD) obtains diffraction 

patterns from the powder state of the material20. The diffraction pattern can be compared to a 

reference database to identify any published compounds. Thus PXRD can be used to identify 

crystal structures easily and more rapidly. 

The diffraction pattern from PXRD is decided by the structure of the crystal. Crystals are 

formed of repeated lattices. The space between adjacent lattice points is called a unit cell, which 

can be described by a set of vectors21 with distances between lattice points a, b, c and the 

associated angles α, β, ɣ. 

In three dimension space, based on the relationship of the vectors, there are seven possible 

lattice systems. According to the locations of the lattice points in the unit cell, there are four 

centring types: 

• Primitive (P): lattice points on the cell corners only, 

• Base-centred (S: A, B, or C): a pair of points at the centre of parallel faces, 

• Body-centred (I): one point at the centre of the cell, 

• Face-centred (F): one point at the centre of each of the faces. 

Combining the lattice systems and the centring types, fourteen standard Bravais lattices are 

available , which are summarised in Table 2.1. 

 

 



79 

 

Table 2.1 Parameters of the seven crystal systems and fourteen Bravais lattices. Cited from 

reference21. 

Crystal system Vector relationship Centring 

types 

Cubic a=b=c, α=β=γ=90° P, I, F 

Tetragonal a=b≠c, α=β=γ=90° P, I 

Hexagonal a=b≠c, α=β=90° γ=120° P, R 

Rhombohedral a=b=c, α=β=γ≠90° R 

Orthorhombic a≠b≠c, α=β=γ=90° P, C, I, F 

Monoclinic a≠b≠c, α=γ=90 β≠90° P, C 

Triclinic a≠b≠c, α≠β≠γ≠90° P 

 

The pattern of X-ray diffracted by a crystal obeys Braggs law. When the X-rays are incident 

onto a crystal surface, a part of the X-rays are scattered by the surface of the crystal, and another 

part passes through the surface, then scattered by the next layer of atoms (Figure 2.4). If the 

spacing between atom layers d is an integer multiple of the wavelength λ, then the X-ray can 

interfere constructively in a certain incident angle θ. The amplified X-ray peaks will be detected. 

Otherwise, the destructive interference of X-ray will occur.  

 

Figure 2.4 Bragg’s law described the relationship of the distance between atom layers n, the 

wavelength λ, and the incident angle. Cited from reference22.  
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Braggs law described the relationship of the distance between atom layers n, the wavelength λ, 

and the incident angle θ, shown in the following equation: 

                                                                nλ = 2dsinθ                                           (Eq.2.1) 

In a powder X-ray diffractometer, as is shown in Figure 2.5, the X-ray can focus on the sample 

at a range of incident angle θ, which the detector receives the X-ray at the opposite site, 2θ 

away from the incident path22. The intensity of diffraction is plotted against 2θ, forming a 

PXRD pattern. By comparing the PXRD pattern with the reference database or by indexing the 

patterns, the structure of the synthesised POC film can be identified. 

 

Figure 2.5 A powder X-ray diffractometer consists of an X-ray source (usually an X-ray tube), 

a sample stage, a detector and a way to vary angle θ. The X-ray is focused on the sample at 

some angle θ, while the detector opposite the source reads the intensity of the X-ray it receives 

at 2θ away from the source path. The incident angle is than increased over time while the 

detector angle always remains 2θ above the source path. Cited from reference22. 

 

2.4.2 Grazing Incidence X-ray Diffraction (GIXRD) 

For materials within thin film morphologies, XRD from the material surface often suffers from 

low peak intensity and poor peak to background ratio for symmetrical XRD measurements 

such as PXRD techniques. The low diffraction intensity from a thin top layer in a PXRD scan 

is mainly related to the fact that the path length of the X-rays in the thin film is short. Therefore, 

most of the radiation instead interacts within the underlying substrate. In addition to lower peak 

intensity, the thin film reflections may also be superimposed and challenging to distinguish 

from substrate reflections, which complicate the evaluation of the XRD data23.  
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The POC films discussed in this thesis are only composed of light organic atoms (heaviest atom 

O), are typically 20 - 200 nm thick, and have low skeleton densities. Therefore, to improve the 

diffraction intensity for these weakly diffracting thin films (usually 1-1000 nm), low-angle 

XRD techniques such as grazing incidence X-ray diffraction (GIXRD) have been developed23.    

GIXRD is a surface-sensitive diffraction technique that utilises a small incident angle X-ray 

beam to limit penetration into the bulk material and optimise the intensity24. One of the ways 

to avoid intense signals from the substrate and obtain a stronger signal from the film is to 

perform a 2θ scan with a fixed grazing angle of incidence. The fixed angle is generally chosen 

to be slightly above the critical angle for total reflection of the film material.25 In a symmetric 

θ/2θ measurement, the scattering vector is perpendicular to the sample surface, and only lattice 

planes in parallel to the substrate surface contribute to the diffractograms. Furthermore, the 

angle of the incoming X-rays to the sample surface is changed during the measurement always 

to be equal to θ, that is, half of the scattering angle 2θ. Thus GIXRD is an asymmetric XRD 

scan where the path length of the X-rays in a thin film is increased by using a fixed angle of 

incidence, α, for the incoming X-rays (Figure 2.6). 

 

Figure 2.6 Principle geometry of a GIXRD experiment: α – incident angle, θ – Bragg angle. 

Cited from reference18. 

By indexing the obtained diffraction patterns, the crystalline structures of the thin film and the 

material can be determined. In this way, GIXRD is considered a powerful tool to study the 

phases and crystallographic changes at the surface of the sample, improve the diffraction signal 

from thin films, and avoid overlapping peaks from different depths of samples.  
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2.5 Experiments and Methods  

2.5.1 Materials. 

1,3,5-Triformylbenzene (TFB) was purchased from Manchester Organics, UK. (1R,2R)-1,2-

diaminocyclohexane (CHDA), reactive red 120 (RR, 1470 g∙mol-1), direct red 80 (DR, 1373 

g∙mol-1), rose bengal (RB, 1018 g∙mol-1), brilliant blue (BB, 826 g∙mol-1), Congo red (CR, 697 

g∙mol-1), protoporphyrin IX disodium (PPIX, 607 g∙mol-1), acid fuchsin (ACF, 585 g∙mol-1), 

sunset yellow (SY, 452 g∙mol-1), methyl orange (MO, 327 g∙mol-1), neutral red (NR, 289 g∙mol-

1), 4-nitrophenol (NP, 139 g∙mol-1), and all solvents (HPLC grade) were purchased from Sigma-

Aldrich. The commercially available membranes, SolSep-NF030306, SolSep-169, and SolSep-

NF010206 were supplied by SolSep, Netherland; MPF-50 were supplied by Koch Membrane 

Systems, US; HITK-T1 was manufactured by Hermsdorfer Institut für Technische Keramik, 

Germany; and FSTi-128 was manufactured by Flemish Institute for Technological Research, 

Belgium. All materials were used as received.  

 

2.5.2 Synthesis. 

A series of porous organic cages (POCs) were prepared via [4+6] cycloimination reactions 

shown in Figure 2.7. Various types of cages can be produced by reactions between 1,3,5-

triformyl benzene (TFB) and/or other aldehydes with vicinal diamines. All the cages described 

in this thesis, which are (1S,2S)-1,2-cyclohexane diamine cage (CC3), ethylenediamine cage 

(CC1), amorphous scrambled porous organic cages (ASPOC), reduced amine cage (RCC1, 

RCC2, RCC3), and a “tied” cage (FT-RCC3) were synthesised using methods reported 

previously by the Cooper Group26–28. CC3 was synthesised using TFB and (1S,2S)-1,2-

cyclohexanediamine (CHDA) in dichloromethane at room temperature. The crystals were 

recovered by filtration and washed with 95% ethanol/ 5% dichloromethane, and finally dried 

under vacuum. RCC3 was synthesised by reducing CC3 with NaBH4 in a mixture of 

chloroform and methanol. FT-RCC3 was prepared by reacting the RCC3 cages with 

paraformaldehyde in methanol at 70 °C. The reaction was cooled to room temperature and the 

FT-RCC3 was obtained after filtration and washing with methanol and further dried under 

vacuum.  

CC1 and CC2 were syntheses by the same reaction. For CC1, typically, a solution of TFB 

(3.75 g, 23.13 mmol) in dichloromethane (1.15 L) was added dropwise over 48 h (ca. 0.3 
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mL=min) via a pressure-equalising dropping funnel to a solution of ethylenediamine (2.08 g, 

34.69 mmol) in dichloromethane (0.85 L) in a 2-L, three-necked, round-bottomed flask cooled 

in an ice bath. The stirring rate used was 260 rpm (0.7 L and 1.05 L reactions) or 400 rpm (2 L 

reactions). After complete addition, the reaction was allowed to stir for another 24 h at room 

temperature. The solution was then filtered through filter paper (the loss of solid to filter paper 

was 0.030 g). The solvent was removed from the filtrate via rotary evaporation (temperature of 

the water bath maintained below 20 °C), the crude product was redissolved in chloroform (100 

mL), and the solution was refiltered. The residue in the filter paper was washed with chloroform 

(50 mL). The two fractions of the organic filtrate were combined, and the solvent was removed 

under vacuum on a rotary evaporator (temperature of the water bath was maintained below 

20 °C) to afford the product as a beige powder. After this time, sodium borohydride was added, 

and the reaction stirred for a further 12 hours. Water (5 mL) was then added, and the reaction 

stirred for a further 12 hours. The solvent was then removed under vacuum. The resulting white 

solid was extracted with chloroform (2 × 100 mL) and the remaining white solid was removed 

by filtration. The solvent was then removed with a rotary evaporator (water bath at 30 °C), and 

crude RCC1 was obtained as white solid. 

 

Figure 2.7 Synthetic pathways and chemical structures of POCs (CC3 and CC13)26. 

 

2.5.3 Membrane fabrication 

Fabrication of polyacrylonitrile (PAN) supports via phase inversion. Polyacrylonitrile 

(PAN) support membranes were cast using a continuous casting machine (Sepratek, South 

Korea). The dope solution comprised 11 wt.% polyacrylonitrile powder dissolved in a mixture 

of 44.5 wt.% dimethyl sulfoxide (DMSO) and 44.5 wt.% 1,3-dioxolane and allowed stirring 

overnight at 75 °C. After cooling down to room temperature and degassing, the PAN membrane 

was then cast onto a polyethylene terephthalate (PET) non-woven fabric (Hirose RO grade). 

The casting speed was controlled by the winder tension at 4 rpm with a knife gap 120 µm. 
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After casting, the support was immediately immersed into a water bath at 60 °C for 3 hours, 

followed by drying at room temperature.  

Fabrication of crystalline CC3 film. Continuous crystalline cage films of CC3 were produced 

using an interfacial reaction and crystallisation process that occurred at the interface between 

an immiscible aqueous phase and an organic phase. 

An aqueous solution of CHDA (0.26 g, 2.24 mmol, 0.8 wt.%) in water (32 mL) was carefully 

layered on top of a dichloromethane solution (30 mL) that contained TFB (0.24 g, 1.48 mmol, 

0.8 wt.%) and was stored in a glass dish with an inner diameter of 7.4 cm. The interfacial 

reaction was covered and kept at room temperature (~19-21 °C) for between 4–96 hours 

(typically, 24 hours).  

The continuous crystalline CC3 film that grew at the dichloromethane-water interface was then 

isolated as a free-standing film that could then be adhered directly onto different substrates, 

including glass, carbon tape, steel mesh, silicon wafer, and anodic aluminum oxide for further 

analysis and to determine crystallinity and surface morphology (Figure 2.8).  

 

Figure 2.8 Photographs of as synthesised CC3α-PAN-24hr-0.8% film. (a) Free-standing CC3 

film grown in a glass dish at the liquid-liquid interface between water and dichloromethane. 

(b, c, d, e, f, g) CC3 films transferred onto different substrates for further analysis: (b) PAN 

sheet fixed on an aluminum wafer; (c) PAN membrane; (d) stainless mesh; (e) carbon tape 

used for scanning electron microscopy; (f) silicon wafer; (g) glass slide. 

To perform liquid permeation studies, the CC3 film was transferred onto PAN support to form 

composite CC3-PAN membranes, which were then soaked in pure water for 1 day. The 
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following procedure was used to produce the continuous crystalline composite CC3-PAN 

membranes for the liquid permeation studies:   

A PAN sheet covered a sintered disc at the bottom of an AdvanTec® glass filtration funnel with 

an effective diameter of 7.4 cm. The interfacial reaction was carried out as previously described 

in the Methods section. After 24 hours, the solvent was removed by filtration (Figure 2.9), 

which enabled the CC3 film to be transferred directly onto the PAN support. For the membrane 

thickness analysis measurements performed using AFM, we placed a silicon wafer disc on top 

of the PAN support and used the same reaction procedure. After removing the solvent by 

filtration, the CC3 film was transferred onto a silicon wafer. Note, the diameter of the silicon 

wafer was <5.0 cm so that the solvent could be removed by filtration. 

 

Figure 2.9 Reactions set-up for the fabrication of CC3 films. (a) Schematic diagram of 

filtration funnel system connected to vacuum; (b) Photograph of the AdvanTec® glass filtration 

funnel with a diameter of 7.4 cm. Copyright © 2022, Springer Nature and Ai He, etc. 

Preparation of cage nanofilm composite membranes. Reduced POC nanofilm membranes 

were hand-cast on cross-linked polyacrylonitrile (PAN) supports through interfacial 

polymerisation. First, an aqueous solution of 0.1% (w/v) RCC1 and a solution of 0.1% (w/v) 

trimesoyl chloride (TMC, 98%, Sigma-Aldrich) in hexane (HPLC grade, VWR International) 

were prepared. The support was cut into disks of 60.8 cm2 and placed in a glass filtration holder 

for the interfacial polymerisation reaction. For this purpose, 15 mL of the aqueous solution was 

added, and after 2 min, the excess solution was removed. The resulting membrane was then 

wiped with tissue paper. Then, 15 mL of the hexane solution was poured, and after 1 min 

reaction time, the resulting membranes were withdrawn from the hexane solution and rinsed 

with water. 
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Fabrication of amorphous CC3 membrane via a spin-coating method. The amorphous 

CC3 membrane was fabricated using a WS-650Mz-23NPP spin-coater (Laurell, USA). A CC3 

chloroform solution was prepared by sonicating/stirring CC3 (50 mg) in chloroform (5 g, 3.7 

mL) for 10 minutes. The suspension was then filtered using a PTFE syringe filter (0.2 μm). 

The edges of a 6×6 cm sized PAN membrane piece was taped to a glass slide that was then 

attached to the spin-coater by suction. The saturated CC3 chloroform solution (1 mL) was 

added dropwise onto the membrane. After the addition, the slide was rotated at 500 rpm for 15 

seconds and then 1500 rpm for 45 seconds. The amorphous CC3 membrane was cut into 4.7 

cm for the filtration experiment. The membrane was subjected to analysis by PXRD.  

Fabrication of CC3 membrane by the in-situ method. A dichloromethane solution (15 mL) 

that contained TFB (0.12 g, 0.72 mmol, 0.8 wt.%) was carefully layered on top of a PAN 

membrane fixed in a glass dish with an inner diameter of 7.4 cm for 8 hours. After this time 

the dichloromethane solution was moved from the dish, and an aqueous solution of CHDA 

(0.13 g, 1.12 mmol, 0.8 wt.%) in water (16 mL) was added. The reaction was covered and kept 

at room temperature (~19-21 °C) for another 16 hours.  

 

2.5.4 Characterisation Methods 

Nuclear Magnetic Resonance (NMR). NMR spectra were recorded on a Bruker 400 NMR 

spectrometer at 400 MHz (1H) and referenced against the residual 1H signal of the solvent. 

Fourier Transform Infrared Spectroscopy (FT-IR). FT-IR spectra were recorded on a 

Bruker Tensor 27 spectrometer. Samples were cut into size and recorded in transmission mode 

using 16 scans with a resolution of 4 cm-1.  

Raman Mapping. Raman spectroscopy was performed using an inViaTM Reflex® Qontor 

Confocal Raman Microscope. Images of the CC3 films were captured using the 50x objective 

and the WiRE spectral acquisition wizard was used for data collections and spectral analysis. 

Spectral analysis was performed using the following settings: 785 nm laser (power 5%); 1200 

l/mm (633/780) grating; Renishaw Centrus 5134M5 detector; 50x L objective; 10 seconds 

exposure time with 3 accumulations; line focus mode; and spectra were recorded over the range 

102 cm⁻¹ to 3202 cm⁻¹. Cosmic ray deletion was performed using the WiRE software before 

spectra were analysed. The Raman map was performed by integrating multiple scans over the 

target, using a step size of 1×1 pixel. For the Raman maps, crystalline CC3-α26 and amorphous 

CC329 samples were used as references.  
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Scanning Electron Microscopy (SEM). High-resolution images of the CC3 films were 

recorded using a Hitachi S-4800 cold field emission scanning electron microscope (FE-SEM). 

The samples were appended to 15 mm Hitachi M4 aluminium stubs using either silver dag or 

an adhesive high purity carbon tab. The samples were then coated with a 2 nm layer of gold 

(Au) or cadmium using an Emitech K550X automated sputter coater. The FE-SEM 

measurement scale bar was calibrated using a certified SIRA calibration standard. Imaging was 

conducted at a working distance of 8 mm and a voltage of 3 kV using a mix of upper and lower 

secondary electron detectors. 

Focused Ion Beam Scanning Electron Microscopy (FIB-SEM). The cross-sectional 

structure of the CC3 films was studied using a Tescan S8000G FIB-SEM. The specimens were 

attached to aluminum (Al) stubs using carbon tabs, and silver (Ag) dag was applied to aid 

conductivity. After the dag had dried, the specimens were Au-coated using a Quorum Q150T 

ES coater (~10 nm). The specimens were studied at a working distance of 6 mm, tilted at 55 

degrees from horizontal (so normal to the ion beam), using the ion beam for trenching and 

polishing (30 kV and 1 nA for trenching, and 30 kV and 250 pA for polishing) and the electron 

beam for imaging (5 kV, 30 pA, and 10 kV, 60 pA). Surfaces to be sectioned were coated with 

a protective layer of platinum (Pt), ~18 um long by ~3 um wide by ~1 um thick, before milling 

(deposited using the ion beam at 30 kV, 150 pA). Micrographs were acquired using ultra-high-

resolution mode at various stages of the study using the ET detector (two micrographs were 

also taken using the LEBSE detector). 

Atomic Force Microscope (AFM). AFM imaging was used to characterise the morphology 

of the surface of the CC3 films with a Multimode 8 (Bruker, CA, USA) model equipped with 

E - type or J - type pizzo scanner. The samples were attached to a magnetic sample disk and 

scanned under tapping mode using PointProbe® Plus silicon-SPM probes (PPP-NCH, 

NanosensorsTM, Switzerland) with a typical tip radius of less than 7 nm and the cantilever 

resonance frequency was in the range of 204 - 497 kHz with a nominal spring constant of 42 

N∙m-1. Raster scanning was performed at a speed of 0.50 lines per second with a resolution of 

512 points per line at a speed of 0.2 – 1.0 Hz. Gwyddion 2.44 SPM data visualisation and 

analysis software was used to process the AFM images. To measure film thickness, free-

standing CC3 films were transferred to silicon wafers and dried. A scratch was made to expose 

the wafer surface and allow measurements of the height from the silicon wafer surface to the 

CC3 film surface. The thickness was estimated from the height difference between the silicon 

wafer and the CC3 film using a one-dimensional statistical function. 
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Water Contact Angle (WCA) Measurements. WCA measurements were performed using a 

DSA100 expert drop shape analyser with the following measurement conditions, drop phase: 

water; surrounding phase: air; drop type: sessile drop; drop volume: 4.15 ± 0.5 μL; fitting 

method: Young–Laplace equation. Before recording these measurements, the samples were cut 

into 1×4 cm sized pieces and appended onto glass slides using double-sided tape.   

Grazing incidence X-ray diffraction (GIXRD). GIXRD measurements were performed 

using the I07 beamline at Diamond Light Source in the UK (λ = 0.689 Å), using a vertical (2 

+ 2)-type diffractometer equipped with a Pilatus 100K area detector30. Membrane samples were 

cut into 1×2 cm2 sized pieces and stuck onto glass supports, which were then mounted on a 

hexapod (PI-Micos) to allow independent alignment with 6 degrees of freedom during the data 

collections (Figure 2.10(a)). The measurements were conducted by moving the detector while 

maintaining a fixed sample position. The grazing incidence angle is set at 2°. Data collections 

were performed at room temperature using in-plane (over the 2θ range 3-40°, 0.50° step size) 

and out-of-plane (over the 2θ range 2-40°, 0.25° step size) measurement geometries and 

GIXRD scans were processed in DAWN 231. GIXRD patterns were refined by Pawley 

refinement through TOPAS Academic32. High-resolution synchrotron powder X-ray 

diffraction (PXRD) data were collected using the I11 beamline at Diamond Light Source (λ = 

0.827 Å).  

(a)                                                                                                   (b) 

     

Figure 2.10 Image showing (a) experimental set-up at beamline I07; (b) a membrane on a 

glass substrate mounted on the hexapod sample holder and covered with a Mylar film.   
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For the in situ GIXRD measurements performed on solvated samples, pieces of Mylar film 

were used to cover the membrane surface with a thin layer of solvent (water, MeOH, acetone, 

and acetonitrile) during the GIXRD scans (Figure 2.10(b)). To investigate the reversible 

transformation between CC3α-PAN and CC3γ'-PAN, a membrane sample was removed from 

water without drying and covered with 1.0 mL of MeOH solvent layer before recording the 

GIXRD data. To more closely mimic the reversible membrane separation experiment where 

the feedstock was cycled between water and MeOH, a CC3-PAN sample was removed from 

water without drying, soaked in 100 mL MeOH for 1 minute, and covered with a thin layer of 

MeOH (1.0 mL) before the GIXRD measurement. The same process was repeated with the 

identical CC3-PAN sample using water or MeOH. For the in situ measurements performed 

using solvent vapours, nitrogen gas was bubbled through a 2L bottle that contained the organic 

solvent at a flow rate of 10 L∙min-1. The 'wet gas' generated during this process was then 

continually flowed over the membrane sample during the full measurement and Mylar film was 

used to seal the sample environment. 

Powder X-ray Diffraction (PXRD). Laboratory PXRD patterns were collected in 

transmission mode on samples held on thin Mylar film in aluminium well plates on a 

Panalytical Empyrean diffractometer, equipped with a high throughput screening XYZ stage, 

X-ray focusing mirror, and PIXcel detector, using Cu-Kα (λ = 1.541 Å) radiation. PXRD 

patterns were measured over the 2θ range 4-50° in 0.013° steps for 30 minutes. High-resolution 

synchrotron PXRD patterns were collected using the I11 beamline at Diamond Light Source 

(λ = 0.827 Å), which is equipped with a Mythen II position-sensitive detector33,34. Samples 

recorded at Diamond Light Source were loaded in borosilicate glass capillaries that were spun 

to improve powder averaging during data acquisition. PXRD patterns were refined by Pawley 

refinement in TOPAS Academic32.  

 

2.5.4 Membrane performance evaluation 

Separation Measurements. Solvent permeance and dye rejection measurements were 

performed using a Sterlitech® HP4750 dead-end membrane filtration system (Figure 2.11).  

We also used a commercial bench-scale 50 mL transparent Merck Millipore Amicon® dead-

end stirred cell which is connected to an 800 mL Merck Millipore Amicon® RC800 reservoir 

to visualise the filtration process (Figure 2.12).  
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During these measurements, the feedstocks were kept under a 10 bar nitrogen pressure (3 bar 

for Merck Millipore Amicon® cells) at room temperature, and the feedstock was continually 

stirred using a stirrer bar rotating at 400 rpm. Hansen solubility parameter () and the physical 

properties of the organic solvents were used to investigate the relationships between pure 

solvent permeances and the combined solvent properties. 

 

Flux J (L·m-2·h-1) was calculated according to the following equation: 

                                                             J = ΔV / (A × Δt)                           (Eq.2.2) 

where ∆V is the volume of permeate collected in L in a given amount of time, A is the 

membrane surface area in m2, and ∆t is the time in hours between the start and end of the 

measurement. 

 

Figure 2.11 To evaluate the separation performance of the CC3-PAN membranes, the 

permeance and selectivity measurements were carried out using a commercial bench-scale 

dead-end stirred-cell filtration unit (Sterlitech® HP4750 stirred cell) that was kept under 10 

bar upstream nitrogen pressure at room temperature. The agitation speed was kept at 400 rpm 

during the measurements. The membrane was cut into a coupon with a diameter of 4.7 cm to 

fix at the bottom of the cell. Copyright © 2022, Springer Nature and Ai He, etc. 
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Solvent permeance P (L·m-2·h-1·bar-1) was calculated according to the following equation: 

                                                         P = ΔV / (A × Δt × p)                (Eq.2.3) 

where ∆V is the volume of permeate collected in L in a given amount of time, A is the 

membrane surface area in m2, and ∆t is the time in hours between the start and end of the 

measurement, p is the transmembrane pressure. To calculate solvent permeance, typically, 0.2 

L of pure solvent or dye feedstock (20 ppm dye concentration) was added to the feedstock tank. 

The cell was then pressurised to 10 bar under nitrogen. The solvent permeate was then 

calculated based on the amount of time it took ~0.1 L of pure solvent or dye feedstock to flow 

through the membrane. The retentate was collected after each measurement. Error bars (SD) 

were calculated by the STDEV.P function using data obtained from at least three independent 

membranes.  

 

Figure 2.12 To visualise the filtration process in real-time, a commercial bench-scale 50 mL 

Merck Millipore Amicon® dead-end stirred cell which is connected to a 800 mL Merck 

Millipore Amicon® RC800 reservoir was used. (a) Photograph showing a CC3α-PAN  

membrane sample fixed on the support at the base of the cell that was sealed using an O-ring. 

The membrane was cut into a circle coupon with a diameter of 42 mm to fix at the bottom of 

the cell. Scale bar: 1cm. (b) Photograph showing the filtration set-up and connections of the 

dead-end filtration cell that was kept under a 3 bar nitrogen atmosphere. Feed solutions that 

contained 20 ppm BB in MeOH and 20 ppm BB in water were prepared and used for the 

filtration experiments. Copyright © 2022, Springer Nature and Ai He, etc. 

For the dye rejection measurements, a series of dye feedstocks solutions in different solvents 

(water, MeOH, acetone, and acetonitrile) were prepared with a dye concentration of 20 ppm 

using the following dyes: reactive red 120 (RR, 1470 g∙mol-1), direct red 80 (DR, 1373 g∙mol-

1), rose bengal (RB, 1018 g∙mol-1), brilliant blue (BB, 826 g∙mol-1), Congo red (CR, 697 g∙mol-
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1), protoporphyrin IX disodium (PPIX, 607 g∙mol-1), acid fuchsin (ACF, 585 g∙mol-1), sunset 

yellow (SY, 452 g∙mol-1), methyl orange (MO, 327 g∙mol-1), neutral red (NR, 289 g∙mol-1), and 

4-nitrophenol (NP, 139 g∙mol-1). Ultraviolet-visible (UV-vis) spectroscopy was used to 

measure the dye concentration in the permeate to calculate dye rejection performance. Dye 

rejection, R (%), of the membranes, was calculated as follows: 

                                                       R = (1 − Cp / Cf) × 100%              (Eq.2.4) 

where Cp and Cf represent the dye concentrations in the permeate (Cp) and feed (Cf), 

respectively. Dye concentrations in permeate and feed were determined using a Cary 5000 UV-

Vis-NIR spectrometer with the wavelengths specified in Chapter 3. The MWCO was 

determined by interpolating from the plot of rejection against the molecular weight of the dyes 

and corresponds to the molecular weight for which rejection is 90%. During these 

measurements, the volume and the concentration of the permeate and the retentate were 

measured, and the mass balance of the feed solution could be calculated as follows: 

                                                     Cf × Vf = Cp × Vp + Cr × Vr                                           (Eq.2.5) 

where Cf, Cp, and Cr are the dye concentrations in ppm (g∙L-1) of the feed, permeate, and 

retentate, respectively; Vf, Vp, and Vr represent the volume of the feed, permeate, and retentate 

in L, respectively. Typically, 0.2 L of the feed solution was added into the cell, then 0.1 L 

permeate was collected, and 0.1 L retentate was left in the cell.  

 

Reversible filtration test. For the reversible filtration tests, feedstocks that contained BB 

dissolved in water and MeOH at a concentration of 20 ppm were used in the six-step procedure 

decried below.  

1) A BB water solution (20 ppm, 0.2 L) was added to the filtration cell, the cell was pressurised 

to 10 bar under nitrogen, and ~0.1 L of the feedstock was permeated through the CC3-PAN 

membrane.  

2) The water permeate was collected to determine the dye concentration, and the remaining 

retentate solution was removed from the filtration cell.  

3) The filtration cell, including the CC3-PAN membrane, was washed with MeOH (0.1 L) and 

air-dried.  

4) A BB MeOH solution (20 ppm, 0.2 L) was added to the filtration cell, the cell was pressurised 

to 10 bar under nitrogen, and ~0.1 L of the feedstock was permeated through the CC3-PAN 

membrane. 
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5) The MeOH permeate was collected to determine the dye concentration, and the remaining 

retentate solution was removed from the filtration cell.  

6) The filtration cell, including the CC3-PAN membrane, was washed with MeOH (0.1 L) and 

air-dried.  

Here, we define the steps described above as "one cycle", and multiple cycles were performed 

using the same procedure.   

To visualise the filtration process in real-time, we used a commercial bench-scale 50 mL 

transparent Merck Millipore Amicon® dead-end stirred cell which is connected to an 800 mL 

Merck Millipore Amicon® RC800 reservoir with a modified procedure: As shown in Figure 

2.12, a CC3α-PAN membrane sample with a diameter of 42 mm was fixed onto the support at 

the base of the cell. The cell was then sealed using an O-ring and pressurised to 3 bar under 

nitrogen. To perform the filtration measurements, 50 mL of BB water feedstock (20 ppm dye 

concentration) was added to the feedstock tank. The solvent permeance was then calculated 

based on the amount of time it took a certain amount of dye feedstock to flow through the 

membrane, and the rejection was calculated using the dye concentration in feed and permeate. 

When the 50 mL feed permeated the membrane, another 50 mL of BB MeOH feedstock (20 

ppm dye concentration) was added into the tank without further washing of the filtration system. 

The permeate was then collected, and the permeance and rejection of the membrane were 

calculated using the same equation. Multiple cycles were performed with the same procedure. 

A continual agitation speed of 400 rpm was used during the filtration experiments.  

 

Membrane absorption test. Mass balance calculations were used to confirm that dye 

rejections were due to separation processes instead of dye adsorption by the CC3-PAN 

membrane. Membrane samples of CC3-PAN with a diameter of 4.7 cm were also immersed in 

100 mL of a 20 ppm BB dye solution for one week and the dye concentration in the solution 

was monitored by UV-vis absorption to confirm that the dyes were not absorbed by the 

membrane. 100 mg powder crystals of CC3α were also immersed into aqueous solutions 

containing 20 ppm dyes (100 mL) for one week to check whether the bulk powders absorb the 

dyes. 

 

Long-term operation. Long-term evaluation of the CC3-PAN membrane performance was 

tested in a 50 mL Merck Millipore Amicon® dead-end stirred cell which is connected to an 800 
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mL Merck Millipore Amicon® RC800 reservoir. ~1 L rose bengal aqueous solution (20 ppm) 

was added into both cells, and a CC3α-PAN membrane sample with a diameter of 42 mm was 

fixed on the support at the base of the cell, and sealed using an O-ring. To enable to operate 

the dye filtration process in a longer time (e.g., 20 hours), the feedstocks were kept under lower 

pressure (1 bar) at room temperature, and the feedstock was continually stirred using a stirrer 

bar rotating at 400 rpm.  

 

Membrane stability test. Freshly prepared water feedstock solutions that contained 20 ppm 

of BB were used to determine the membrane continuity and stability after measuring its organic 

solvent permeance. By measuring rejection performance before and after the solvent 

permeances, we could determine that the membrane remained intact during the organic solvent 

permeance measurements.   

  

Membrane rearreagment experiments. We have actived the membranes to investigate the 

rearreangement of the membranes. Firstly, the as prepared membranes were directly soaked in 

water (without drying process) at room temperature for 1 day, 3 days and 7 days, referred to 

hereafter as CC3-PAN, CC3-PAN-3, CC3-PAN-7, respectively.  

 

Water and MeOH feedstock mixture separation measurements. Separations performed 

with varying water:MeOH volumetric ratios (9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8, 1:9) that 

contained 20 ppm of BB were used to determine the dynamic behaviour of the CC3-PAN 

membrane. Separately, 0.2 L of each feedstock was charged into the dead-end stirred cell, and 

the cell was pressurised to 10 bar. 0.1 L of permeate was collected, and its UV-vis absorption 

spectrum was recorded to calculate the dye rejection % using Eq. 2.6. Between each 

measurement, the surface of the CC3-PAN membrane was washed with pure water:MeOH 

mixtures that matched the solvent ratio used during the subsequent measurement. The dye 

rejection % versus water content in MeOH is calculated. By programing in R language, the S-

shaped curve (sigmoid curve) was found to fit the logistic function: 

y =
1

1+e−k ∙ (x−x0)                                                     (Eq.2.6) 
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where k is the logistic growth rate (steepness of the curve), and x0 is the x value of the sigmoid 

midpoint. The parameters k and x0 were calculated using Nonlinear Least Squares (NLS) 

function in R languange35. 

 

Graded sieving experiments. Three-component graded sieving dye separations were carried 

out using DR, BB, and NP dyes in MeOH and the following experimental procedure: 

1) 100 mL of a MeOH feedstock that contained 20 ppm of the dyes DR, BB, and NP was added 

to the dead-end stirred cell. The cell was pressurised to 10 bar under nitrogen, and 50 mL of 

permeate was collected.  

2) DR, BB, and NP have different UV absorption wavelengths (DR: 528 nm, BB: 586 nm, NP: 

312 nm, in MeOH), enabling the rejection of each dye to be calculated using Eq. 2.4 and the 

UV-absorption spectra of the permeate. The remaining MeOH feedstock was removed for the 

dead-end stirred cell and discarded.  

3) To 10 mL of the MeOH permeate, 90 mL of water was added to generate a 10/90 vol/vol 

MeOH/water feedstock, which was subsequently was added into the dead-end stirred cell. The 

cell was pressurised to 10 bar under nitrogen, and 50 mL of permeate was collected.  

4) Due to the dilution of MeOH feedstock after adding 90% by volume of water, we concentrated 

the 50 mL of MeOH/water permeate to 5 mL before recording its UV-absorption spectra. UV-

absorption data for the as-collected dilute and concentrated permeate was recorded, and the 

rejection of each dye was then calculated using Eq. 2.4.  

 

Ternary separation experiment. Three-component dye separations were carried out using 

DR, BB, and NP dyes in water and the experimental procedure listed below. The experiment 

was performed using a commercial bench-scale 50 mL transparent Merck Millipore Amicon® 

dead-end stirred cell connected to an 800 mL Merck Millipore Amicon® RC800 reservoir. No 

intermediate handling of the membrane or feedstock was undertaken during the molecular 

separation.  

1) 100 mL of a water feedstock that contained 20 ppm of the dyes, DR, BB, and NP was added to 

the transparent dead-end stirred cell. The cell was pressurised to 3 bar under nitrogen, and 90 

mL of permeate was collected.  

2) DR, BB, and NP have different UV absorption wavelengths (DR: 528 nm, BB: 551 nm, NP: 

317 nm, in water), enabling the rejection of each dye to be calculated using Eq. 2.4 and the UV-

absorption spectra of the permeate.  
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3) 10 mL of feedstock was kept in the cell. To wash out the remaining NP from the retentate, 90 

mL of water was added into the cell, and another 90 mL of permeate was collected. Step 3 was 

repeated until the NP concentration in the retentate was < 1%, as determined by UV-vis 

absorption. 

4) 90 mL of MeOH was then added into the 10 mL of water retentate to form a new feedstock that 

contained 90 vol.% of MeOH. The cell was pressurised to 3 bar under nitrogen and 90 mL of 

the permeate was collected.  

5) The rejection of each dye was calculated using Eq. 2.4 and the UV absorption spectra of the 

permeate.  

6) 10 mL of the water/MeOH feedstock was kept in the cell. To wash out the remaining BB from 

the retentate, 90 mL of MeOH was added into the cell, and another 90 mL of permeate was 

collected. Step 3 was repeated with MeOH until the BB concentration in the retentate was < 

1%, as determined by UV-vis absorption. 
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Chapter 3  

 

 

Porous Organic Cage Membranes and Membrane 

Performance 

 

 

 

Some of the contents in this chapter are taken from the paper: 

 

“A Smart and Responsive Crystalline Porous Organic Cage Membrane with Switchable Pore 

Apertures for Graded Molecular Sieving”, Nature Materials 21, 463–470 (2022) 

Ai He, Zhiwei Jiang, Yue Wu, Hadeel Hussain, Jonathan Rawle, Michael E. Briggs, Marc A. 

Little, Andrew G. Livingston*, Andrew I. Cooper* 
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3.1 Background and Introduction 

Porous organic cages (POCs)1–4 are discrete molecules with shape persistent intrinsic cavities 

that have been utilised to create porosity in different materials, including molecular crystals1, 

amorphous solids5, and porous liquids6. As a result of their shape-persistence nature, the 

adsorption properties of POCs can sometimes be predicted in silico, up to a point, from 

knowledge of their isolated molecular structures alone7,8. The functionalities of POC based 

materials are affected by the dimensions and topology of the organic cage molecules and their 

arrangement in different material forms2,3,9. For example, POC crystals with well-defined 

internal pore structures have been shown to selectively adsorb gasses and small organic 

molecules in kinetic controlled molecular separations that are affected by the size and shape of 

the POC and their extended crystal packing2,3,9. This important combination between POC size, 

shape and the crystal packing in POC crystals is essential for applications in rare gas capture10, 

xylene separations11, and SF6 capture12, amongst others2,3,9. This combination of intrinsic and 

extrinsic porosity determines the functionality of POC-based materials in selective adsorption 

processes. Furthermore, the porosity characteristics of POC molecules can be fine-tuned. For 

example, a recent study found that the pore limiting diameter in POC crystals could be tuned 

over the size range 1.95 to 3.5 Å to optimise their separation performance in kinetically 

controlled quantum sieving applications13. Hence, POC crystals can be designed to have 

tunable porosity, leading to practical advantages in molecular separations. 

Most separation studies involving POCs have focussed on using molecular crystals2,3,9, which 

can exhibit slow adsorption kinetics that might prohibit their larger-scale utilisation. Moreover, 

many approaches that use POC crystals rely on selective adsorption governed by 

thermodynamics rather than kinetics, limiting their broader use in size and shape-selective 

membrane filters. Given their solution processability, however, there is scope to develop 

crystalline POC-based membranes that operate by selectively removing guests that are either 

too large or have the wrong shape to diffuse through the POC pore structure.  

There is growing interest in emerging membrane technologies that perform industrial and 

environmentally relevant separations, including energy-expensive distillations14–17 and 

inefficient wastewater treatments16,18,19. Membranes are of particular relevance for molecular 

separations where two or more solutes need to be separated from one another, as for distillation 

or chromatography, as opposed to separations where a whole series of solutes are concentrated, 

such as during the evaporation or seawater reverse osmosis14–16,20,21. A key objective is to make 
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molecular separations more sustainable and more efficient. A major advantage of membranes 

is that they can perform separations in the liquid phase, which is often more practical than 

vapours and eliminates the need for phase changes. However, all membranes exhibit a crucial 

trade-off between flux and selectivity, where increasing the pore aperture enhances the flux but 

leads to lower selectivity in size-based separations22. There is also a vital link between pore 

aperture and membrane thickness, which collectively regulate flux and selectivity, but it 

remains challenging to control both of these variables in practice23. Thus, the production of 

membranes with tunable porosity and optimised thicknesses are essential for new 

transformative separation technologies.  

Membranes for liquid separations are typically produced using phase inversion, which can be 

followed by coating24 or interfacial polymerization25. A limitation of these synthetic processes 

is that they produce amorphous polymer networks, limiting the degree of pore tunability in the 

membranes. Consequently, there is a strong demand to develop membranes with more tunable 

and modular pore structures. Various porous solids, including zeolites26, POCs1–4, organic 

polymers27, metal-organic frameworks (MOFs)28, covalent organic frameworks (COFs)29, and 

hydrogen-bonded organic frameworks (HOFs)30 have been explored as candidates to modify 

membrane separation behaviour. Banerjee et al. reported the interfacial synthesis of a series of 

crystalline COF films with pore sizes ranging from 1.4 to 2.6 nm that showed good 

performance in dye rejection after being deposited on polyester supports31. Dichtel et al. 

reported COF films with 3.4 nm pores and tunable thicknesses over the range of 100 μm to 

2.5 nm that rejected up to 91% of an organic dye, Rhodamine WT, from water32. The same 

group also reduced the effective pore size of their COF membrane to 3.3 and 3.2 nm using 

reticular chemistry33. In addition to COFs34,35, MOFs and their composites have been used to 

produce membranes34,36. However, the discovery of processing techniques that control porous 

structure formation and the generation of membranes with optimised thicknesses and 

crystallinity have proven difficult to discover. Consequently, polymer nanomembranes still 

dominate much of the research efforts. Despite these recent advances in porous solids, it is still 

challenging to produce continuous nanofiltration membranes with extended porous 

frameworks that perform exclusively as size-based molecular sieves rather than selective 

adsorbents37.  

POCs have two distinct advantages over the majority of other classes of porous crystalline 

solids: they are solution-processable in their as-synthesised intrinsically porous form, and their 

solid-state structures are defined by non-covalent intermolecular interactions. Consequently, 
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POC structures can be controlled using a range of post-synthesis crystal design strategies9. 

They can also be cast onto different substrates38–40 or added as 'fillers' to polymers, including 

mixed matrix membranes41 and molecularly mixed composite membranes42 to produce 

composites with enhanced porous properties. As such, POCs are intriguing but relatively 

unexplored candidates for new types of membrane materials43; indeed, many selectively porous 

POCs have been reported44–47.  

In this chapter, different approaches to fabricate the POC films are discussed, including 

interfacial synthesis, spin coating, casting, and ultra-sonic methods. These resulting POC films 

were then coated on polyacrylonitrile (PAN) supports and the resulting composites were 

utilised as continuous membranes in molecular separations. The morphology, crystallinity, 

solvent permeance and dye rejection have been studied, and the formation mechanism was 

further investigated. We have compared the membrane performance (i.e., permeance and 

rejection) on the CC3 membranes made by different methods and how crystallinity affects their 

performance.  

 

3.2 Membrane Fabrication 

Cage membranes have been fabricated by different methods, including interfacial 

crystallisation, spin-coating, casting, in-situ synthesis, sonochemistry, etc. (see Chapter 2 for 

full experiment details). The advantages and disadvantages of these methods are discussed later 

by comparing the surface morphology and membrane performance.  

Among these approaches, 2D crystalline porous organic cage films were produced using a 

combined interfacial condensation reaction and crystallisation process at a water-organic 

interface. This interfacial technology simultaneously allows the self-assembly of CC3, which 

was synthesised via a [4+6] cycloimination reaction using 1,3,5-triformylbenzene (TFB) and 

(1R,2R)-1,2-diaminecyclohexane (CHDA), while directing the formation of crystalline 2D 

films of the CC3 product at the liquid-liquid interface. As schematically depicted in Figure 

3.1, two layers of immiscible solvents were employed in a glass filtration funnel dish with an 

inner diameter of 7.4 cm (see Chapter 2 for experimental details). Typically, a bottom layer 

(0.8 wt.%) was prepared by adding solid TFB (0.24 g, 1.48 mmol, 0.8 wt.%) into 

dichloromethane (30 mL) until it dissolved, followed by a 32 mL aqueous solution (0.8 wt.%) 

of CHDA (0.26 g, 2.24 mmol) that was layered slowly on top of the aldehyde solution. The 
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reaction was kept at room temperature in undisturbed conditions for a period of time (4-96 hr, 

although a reaction time of 24 hr was typically used). 

 

Figure 3.1 Illustration of interfacial synthesis method used to fabricate cage films and the 

octahedron structure of a CC3 cage molecule. 

From the reactions, free-standing and continuous films with highly crystalline domains of CC3 

were formed at the liquid−liquid interface. The porous networks were specifically retained at 

the interface. The CC3 films were obtained by removing the solvents with water and methanol 

washing procedure and could easily be transferred from the liquid-liquid interface onto various 

substrates (e.g., glass, steel mesh, carbon tape, and silicon wafers, as shown in Figure 3.2) for 

further analysis of the crystallinity and surface morphology.  

 

Figure 3.2 Photographs of as synthesised CC3-PAN-24H-0.8% film. (a) Free-standing CC3 

film grown in a glass dish at the liquid-liquid interface between water and dichloromethane. 

(b, c, d, e, f, g) CC3 films transferred onto different substrates for further analysis: (b) PAN 

sheet fixed on an aluminum wafer; (c) PAN membrane; (d) stainless mesh; (e) carbon tape 

used for scanning electron microscopy; (f) silicon wafer; (g) glass slide. 
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To perform permeance and dye rejection studies, the CC3 film was coated onto a 

polyacrylonitrile (PAN) membrane support by filtration to form the composite membrane, 

which could easily be manipulated and cut to size. As shown in Figure 3.3, the resulting 

membrane, referred to hereafter as CC3-PAN, was free of macroscopic defects up to at least 

7.4 cm in diameter using this preparation process (Figure 3.3, see Chapter 2 for experimental 

details), with no evidence of delamination after cutting the membrane into smaller pieces. 

 

Figure 3.3 Photograph of a composite membrane CC3-PAN with a diameter of 7.4 cm, which 

could be cut into specific sizes for membrane filtration tests in a dead-end filtration cell. 

 

3.3 Membrane Characterisation for Interfacial Crystallization Membranes 

The CC3 film was characterised by Fourier transform infrared (FT-IR), Raman spectroscopy, 

nuclear magnetic resonance (NMR) spectroscopy, scanning electron microscopy (SEM), 

focused ion beam SEM (FIB-SEM), X-ray diffraction, and atomic force microscopy (AFM). 

For spectroscopic measurements, a crystalline CC3α sample was used as a reference1. CC3α 

has a 3D diamondoid pore structure, and it is the thermodynamically most stable polymorph 

CC31. 

3.3.1 Chemistry Characterisation 

The chemical functional groups for cage films have been detected by Fourier transform infrared 

(FT-IR). As shown in Figure 3.4, the thin film shows characteristic stretching bands at 2924 

cm-1 (aliphatic C−H), 2852 cm-1 (aldehydic C−H), 1640 cm-1 (−C=N),1604−1623 cm-1 (−C=O), 
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1565−1576 cm-1 (−C=C), and 1267−1298 cm-1 (−C−N), matching well with the crystalline 

CC3 reference.1 This indicates the absence of the cage reactants or small oligomers in the 

formed films.  

4000 3500 3000 2500 2000 1500 1000 500

 CC3α reference

T
ra

n
s

m
it

ta
n

c
e
 (

%
)

Wavenumber (cm
-1
)

3200-3500

   (water)

1298

1092

1156

1640

1640

2852
2924

 CC3-PAN

1442

 

Figure 3.4 FT-IR spectra of CC3-PAN-24H-0.8% and crystalline CC3α1 reference. The signal 

of blank PAN support was subtracted during the background measurement. Main peaks are 

labelled with the wavenumber values. Film synthesis conditions, reagent concentration: TFB 

0.8 wt.% in DCM (30 mL), CHDA 0.8 wt.% in water (32 mL); reaction conditions: 24 hours at 

room temperature; dish diameter: 7.4 cm. Copyright © 2022, Springer Nature and Ai He, etc. 

1H spectroscopy was carried out in deuterated chloroform (CDCl3) to further investigate the 

chemical composition of the cage films. These NMR samples were measured within 5 min of 

collecting the membrane materials to avoid self-sorting of misaligned cage fragments in the 

NMR solvent – as reported before, cages could be easily formed in the same solvent.1 It should 

be noted that all of the CC3 film on the glass substrate dissolved fully in the CDCl3 solvent, 

indicating no insoluble polymers had formed in the film. This confirmed the formation of CC3, 

where the NMR spectra (Figure 3.5) exhibits the same chemical shift as CC3 solid powder 

sample (δ 8.15 (s, CH=N, 12H), 7.89 (s, ArH, 12H), 3.33 (m, CHN, 12H), 1.9 – 1.4 (m, CH2, 

48H) ppm), with a small amount (<2%) of unreacted aldehydes at 10 ppm.  
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Figure 3.5 1H NMR (400 MHz, CDCl3) spectrum for a solid sample of CC3 film that had been 

deposited on glass and scraped off before being fully dissolved in CDCl3: δ = 8.15 (s, CH=N, 

12H), 7.89 (s, ArH, 12H), 3.33 (m, CHN, 12H), 1.9 – 1.4 (m, cyclohexyl CH and CH2, 48H). 

Although the 1H NMR spectrum was measured within 5 mins of dissolving the CC3 film in 

CDCl3, self-sorting of misaligned cage fragments can still occur on this timescale and can, 

therefore, not be ruled out. Film synthesis conditions, reagent concentration: TFB 0.8 wt.% in 

DCM (30 mL), CHDA 0.8 wt.% in water (32 mL); reaction conditions: 24 hours at room 

temperature; dish diameter: 7.4 cm. Copyright © 2022, Springer Nature and Ai He, etc. 

 

3.3.2 Morphology Characterisation 

Magnified optical images of the CC3 film on a glass substrate (50x magnification objective) 

suggested that the film was homogenous and continuous with a glossy surface (Figure 3.6). 

Surface morphology in higher resolution of the CC3 film was visually investigated by scanning 

electron microscope (SEM) and focused ion beam scanning electron microscopy (FIB-SEM). 
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Figure 3.6 Microscopic images of CC3 film deposited on a glass slide (50x objective), which 

indicate a homogenous surface morphology. Film synthesis conditions, reagent concentration: 

TFB 0.8 wt.% in DCM (30 mL), CHDA 0.8 wt.% in water (32 mL); reaction conditions: 24 

hours at room temperature; dish diameter: 7.4 cm. 

SEM images showed a continuous, integrated and defect-free film in the CC3-PAN composite 

(Figure 3.7 (a)), with a scale of a few micrometres. As is shown in Figure 3.7 (b), the thickness 

of the CC3-PAN is ~80 nm measured on a free-standing film, where the film was deliberately 

buckled to show its thickness.  

 

Figure 3.7 SEM images of (a) CC3-PAN CC3 film on PAN support showing its surface 

morphology of the CC3 film (CC3-PAN-24H); (b) a free-standing CC3 film, where the film 

was deliberately buckled to show its thickness. 
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Notably, it was observed, for the first time, from SEM images for CC3 film deposited on silicon 

wafers in Figure 3.8 that the continuous thin film contained embedded, octahedral CC3 

crystals. These triangles, hexagons or octahedrons vary in sizes from around 50 nm to 600 nm, 

with an average crystal size of 200 nm.  

 

Figure 3.8 SEM images of continuous CC3 film deposited on silicon wafers recorded at 

different resolutions. Octahedron-shaped crystals in the CC3 film share the same crystal habit 

as the parent cage in its thermodynamically most stable crystalline form, CC3α48. Film 

synthesis conditions, reagent concentration: TFB 0.8 wt.% in DCM (30 mL), CHDA 0.8 wt.% 

in water (32 mL); reaction conditions: 24 hours at room temperature; dish diameter: 7.4 cm. 

Cross-sectional SEM images were obtained by being cut in a liquid nitrogen cold trap or after 

step-by-step FIB trenching and polishing of both CC3-PAN and a CC3 film coated on a silicon 

wafer. As shown in Figure 3.9, the CC3 film can be seen on top of the supporting substrates, 

and they showed a similar thickness (~85 nm and ~ 94 nm).  



109 

 

 

Figure 3.9 SEM images of continuous CC3 film deposited on (a) PAN support (CC3-PAN-24H) 

and (b) silicon wafer (CC3-Si-24H). The thicknesses of the CC3 films have been included in 

the images. Copyright © 2022, Springer Nature and Ai He, etc. 

The FIB-SEM images show there is a clear boundary between the CC3 film that is layered on 

top of the porous PAN support (Figure 3.10) and a silicon wafer (Figure 3.11), where small 

octahedral crystals can be observed embedded in the CC3 film layer.  The thickness data was 

measured in multiple positions on the cross-sections, which exhibited a constant value (70~90 

nm) over a 10 μm distance on the film. A few polishing steps were applied to the membrane 

samples to investigate the continuity in the film, which are shown in Figure 3.11.  

Figure 3.10 FIB-SEM images for CC3-PAN-24H showing its cross-sectional structures at 

different resolutions (a) 42.5 k and (b) 85.0 k, and the thickness data measured at different 

positions. Film synthesis conditions, reagent concentration: TFB 0.8 wt.% in DCM (30 mL), 

CHDA 0.8 wt.% in water (32 mL); reaction conditions: 24 hours at room temperature; dish 

diameter: 7.4 cm. Copyright © 2022, Springer Nature and Ai He, etc. 
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Figure 3.11 FIB-SEM images for CC3-Si-24H showing its cross-sectional structures: (a) a 

FIB trench; (b) after 2 polishing steps; (c) after 3 polishing steps at different resolutions, and 

the thickness data measured at different positions. The ion beam was used for trenching and 

polishing (30kV and 1nA for trenching, and 30kV and 250pA for polishing), and the electron 

beam was used for imaging (5kV, 30pA, and 10kV, 60pA). Film synthesis conditions, reagent 

concentration: TFB 0.8 wt.% in DCM (30 mL), CHDA 0.8 wt.% in water (32 mL); reaction 

conditions: 24 hours at room temperature. Copyright © 2022, Springer Nature and Ai He, etc. 

To further investigate the film thickness in a more accurate way, we performed AFM 

measurements after transferring the as-synthesised CC3 film onto a silicon wafer and collected 

AFM height image and its height profile data, as is shown in Figure 3.12. Again, this 
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measurement confirmed that the CC3 film was continuous with a constant thickness of ~80 

nm. 

 

Figure 3.12 AFM height image (left) and the height profile (right) of CC3 film transferred onto 

a silicon (Si) wafer (CC3-Si-24H). Copyright © 2022, Springer Nature and Ai He, etc. 

 

3.3.3 Crystallography Characterisation 

One distinct property of the membrane fabrication process is that the crystals of the CC3 

product can be grown and kept at the interface. Therefore, it is of importance to characterise 

the crystallography properties of the obtained CC3 films.  

A distinct environment of the functional groups in different polymorphs, according to X-ray 

analysis, can also be detected by Raman spectroscopy.49,50 The sensitivity of Raman 

spectroscopy to crystal symmetry can be applied to the problem of destabilization and 

heterogeneous surfaces.51 Therefore, Raman spectroscopy was used to map the solid-state 

structure of this CC3 thin film using a 785 nm laser. For the Raman map, we used crystalline 

CC3α1 and amorphous CC35 samples as references. In the Raman spectra of the crystalline 

CC3α reference, strong and sharp characteristic signals at 1600 and 1646 cm-1 were assigned 

to imine bonds of CC3 (Figure 3.13).  

The Raman map was performed on 80 ×80 μm grid sized CC3 film deposited on glass, which 

is shown in Figure 3.14, and this Raman map indicated that the CC3 thin film comprised 

crystalline domains and that the crystalline regions had the same solid-state structure as the 

CC3α polymorph. 
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Figure 3.13 Raman spectra of CC3 film deposited on glass, crystalline CC3α reference, and 

amorphous CC35. Spectral analysis settings: 785 nm laser (power 5%); 1200 l/mm (633/780) 

grating; Renishaw Centrus 5134M5 detector; 50x L objective; 10 seconds exposure time with 

3 accumulations; line focus mode; and spectra were recorded over the range 102 cm⁻¹ to 3202 

cm⁻¹.Copyright © 2022, Springer Nature and Ai He, etc. 

 

 

Figure 3.14 (a) Raman microscope image and (b) Raman map of a of a (100×100) μm2 area 

on the cage film. CC3 film on a glass support, where we purposefully scratched the film before 

the measurement to expose the glass support (black stripe in (b)). The red regions on a CC3 

film had comparable Raman spectra to a powdered crystalline CC3α reference1. 
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To further confirm the crystalline structure of the CC3 thin film, we performed a series of 

powder X-ray diffraction (PXRD) and grazing incidence X-ray diffraction (GIXRD) 

measurements on bulk samples or that were deposited on PAN and measured in their as-

prepared forms. These thin-film materials were weakly diffracting due to their light atom 

composition and low skeleton densities. Therefore, PXRD data was initially obtained by 

collecting the free-standing films. As is shown in Figure 3.15, sharp peaks of the CC3 films 

could be observed in the PXRD pattern, indicating that the CC3 thin film was crystalline and 

that it had the same polymorphic structure as CC3α.   

  

Figure 3.15 PXRD pattern of blank PAN membrane (black), CC3-PAN-24H-0.8% (red), flakes 

collected from a free-standing CC3 film that had been deposited on a glass substrate (blue), 

and crystalline CC3α reference (green). PXRD patterns were collected in transmission mode 

with Cu-Kα radiation over the 2θ range of 5-40° using a step size of 0.013°. Data collection 

times, crystalline CC3α reference: 15 minutes; flakes from CC3 film deposited on glass: 60 

minutes; blank PAN and CC3-PAN-24H-0.8%: 300 minutes. 

GIXRD measurements were performed for the CC3-PAN using both out-of-plane and in-plane 

measurement geometries, as is shown in Figure 3.16. With a background signal from the PAN 

substrate corresponding to the polyacrylonitrile material, distinct reflection positions were 

obtained in line with the simulated CC3α sample. In both in-plane and out-of-plane diffraction 

exhibited the same reflection positions, and these spectra revealed that the CC3 crystals were 

randomly orientated in CC3-PAN membrane.  
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Figure 3.16 In-plane and out-of-plane GIXRD patterns of CC3-PAN-24H-0.8% membrane are 

shown below the simulated PXRD pattern for CC3α (left). A larger insert over the 2𝜃 range 2 

– 7° is shown in the right figure. Copyright © 2022, Springer Nature and Ai He, etc. 

 

3.3.4 Film Formation Mechanism Study 

A key advantage of the interfacial synthesis technology is that it could create continuous films 

of the product25,31. Here, this approach was used to direct the solution-processable CC3 

molecules and their crystals to assemble into continuous and densely packed films at the liquid-

liquid solvent interface. The reaction conditions were also modified to optimise the thickness, 

continuity, and crystallinity of the CC3 film. This allowed CC3 films to be createed from the 

interfacial reaction that were four times thinner than the CC3 film created by spin coating40, 

which potentially allows for faster diffusion of liquids through the membrane. 

 To further investigate the crystallisation process of CC3 films at the dichloromethane-water 

interface, we varied the reaction time from 4 to 96 hours and manipulated the reagent 

concentrations from 0.2 to 2.5 wt.%. The nomenclature CC3-PAN-Xh-Y% is used to refer to 

the membranes made with X hours of reaction time and Y weight percent of the reagents. The 

products were analysed by NMR spectroscopy, Raman microscope images and maps, SEM 
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and FIB-SEM, AFM, and X-ray diffraction so that we were able to study their chemistry, 

morphologies, structures, and find the effects of the reaction time and concentrations. 

As is shown in Figure 3.17, CC3-PAN membranes exhibit stronger CC3 NMR signals with 

the increasing reaction time, and the reaction appears to be near completion after around 16 

hours. The NMR spectra then remain very similar after longer reaction times (48 – 96 hours).  

 

Figure 3.17 1H NMR (CDCl3, 400 MHz) spectra for CC3-PAN-XH-0.8% membranes 

fabricated using reaction times that ranged between 4–96 hours. Generic film synthesis 

conditions, reagent concentration: TFB 0.8 wt.% in DCM (30 mL), CHDA 0.8 wt.% in water 

(32 mL); reaction conditions: room temperature; dish diameter: 7.4 cm. 

 

Raman microscope images and maps are shown in Figure 3.18, where the Raman spectra of 

CC3α and amorphous CC3 are used as references, and the red regions represent matches with 



116 

 

the Raman spectrum of CC3α. These data reveal a denser surface with larger crystals as the 

reaction time increased.  

 

Figure 3.18 Raman microscope images (a) and maps (b) generated using an 80×80 μm2 sized 

grid of CC3-PAN-XH-0.8% that were fabricated over different reaction times, (1) 8 hours; (2) 

16 hours; (3) 48 hours; (4) 96 hours, and deposited on glass substrates. The Raman spectra of 

CC3α and amorphous CC3 were used as references, and the red regions represent matches 

with the Raman spectrum of CC3α. Generic film synthesis conditions, reagent concentration: 

TFB 0.8 wt.% in DCM (30 mL), CHDA 0.8 wt.% in water (32 mL); reaction conditions: room 

temperature; dish diameter: 7.4 cm. Scar bar: 20 μm. The Raman maps for CC3-PAN-24H-

0.8% are shown in Figure 3.14. Copyright © 2022, Springer Nature and Ai He, etc. 

By contrast, using a reagent concentration of 0.2% resulted in poorly formed CC3 products, 

with the NMR spectra of films fabricated from different concentrations over 24 hours shown 

in Figure 3.19. The products of CC3-PAN-0.2% were impure, indicating that oligomers and 

small fragments and the reagents such as aldehyde. While the concentration increased to 0.8%, 

pure CC3 molecules were obtained in the membrane product; a small amount of aldehyde 

could be seen in the NMR spectra with the concentration higher than 1.0%, which is due to the 

higher concentration and some unreacted reagent remained in the CC3 products.  
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Figure 3.19 1H NMR (CDCl3, 400 MHz) spectra for TFB, CHDA, and CC3-PAN-24H-Y% 

membranes fabricated using reagent concentrations that ranged between 0.2 wt.% to 2.5 wt.%. 

Generic film synthesis conditions, reagent concentration: TFB 0.2 wt.% to 2.5 wt.% in DCM 

(30 mL), CHDA 0.2 wt.% to 2.5 wt.% in water (32 mL); reaction conditions: 24 hours at room 

temperature; dish diameter: 7.4 cm. Copyright © 2022, Springer Nature and Ai He, etc. 

Figure 3.20 shows the cross-sectional SEM images of the CC3 films on silicon wafers 

synthesised using different reaction times. The thickness of the CC3 films increased in line 

with longer reaction times: 39, 123, 167, 221, 332, 600 nm for 16, 32, 36, 40, 48, 60 hour 

reactions, respectively. Octahedral crystals started to grow from the film at 72 hours reaction 

time and accumulate on the substrate, with a diameter of 1.2-1.5 μm. After 96 hours, the film 

disappeared, and a large amount of CC3 crystals were discretely distributed on the silicon 

wafers, showing a larger size with a diameter of around 10-20 μm. 
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Figure 3.20 SEM images of CC3 films prepared at different reaction times (CC3-Si-0.8%-XH, 

where X = 16-96 hr) and then deposited on silicon wafers. The CC3 film thickness is shown in 

the images. Generic film synthesis conditions, reagent concentration: TFB 0.8 wt.% in DCM 

(30 mL), CHDA 0.8 wt.% in water (32 mL); reaction conditions: room temperature. Note, the 

CC3-Si-0.8%-4H was too thin to be observed under the SEM; instead, AFM was used to 

determine the film thickness. Copyright © 2022, Springer Nature and Ai He, etc. 

Since the CC3-Si-0.8%-4H was too thin to be observed under the SEM, instead, AFM height 

image was obtained to show the thickness. Moreover, AFM images and the corresponding 

height profile could demonstrate more accurate thickness data, which are shown in Figure 3.21. 



119 

 

The thickness of the CC3 film was 30 nm from the 4 hour reaction and 40 nm from the 16 hour 

reaction, which matched the SEM data for the 16 hour reaction (39 nm). The CC3-Si-0.8% 

from the 48 and 96 hours reactions were too fragile/loose for AFM measurements, and this 

conformed to the SEM images that crystal particles started to form on the surface, and the film 

became less continuous.  
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Figure 3.21 AFM height image and the height profile of CC3 films prepared under different 

conditions transferred onto a silicon (Si) wafer. CC3-Si-0.8%-XH samples were fabricated 

using reaction times: (a) 4 hours; (b) 16 hours. Generic film synthesis conditions and reagent 

concentrations were as follows: TFB 0.8 wt.% in DCM (30 mL), CHDA 0.8 wt.% in water (32 

mL); reaction conditions: room temperature. Note that the CC3-Si-0.8% after 48 hours and 96 

hours reaction were too fragile/loose for AFM measurements. Instead, cross-sectional SEM 

images were recorded to determine the CC3 film thickness. 
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Figure 3.22 AFM height image and the height profile of CC3 films prepared under different 

conditions transferred onto a silicon (Si) wafer. CC3-Si-X%-4H samples were fabricated using 

reaction concentrations: (a) 0.2 wt.%; (b) 0.8 wt.%; (c) 2.0 wt.%.  Reaction conditions: 4 hours 

at room temperature. Copyright © 2022, Springer Nature and Ai He, etc. 
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Figure 3.23 FIB-SEM images of CC3-Si-32H showing its cross-sectional structure during 

step-by-step trenching and polishing: (a) Surface marked with 0-7 polishing step tracks; (b) 

Pt-coated surface area; cross-section after FIB treatment: (c) after trenching (0 polishing step); 

(d) after 1 polishing step; (e) after 2 polishing steps; (f) after 3 polishing steps; (g) after 4 

polishing steps; (h) after 5 polishing steps; (i) after 6 polishing steps; (j) after 7 polishing steps. 

The FIB was used for trenching and polishing (30 kV and 1 nA for trenching, and 30 kV and 

250 pA for polishing), and the electron beam was used for imaging (5 kV, 30 pA, and 10 kV, 

60 pA). Film synthesis conditions, reagent concentration: TFB 0.8 wt.% in DCM (30 mL), 

CHDA 0.8 wt.% in water (32 mL); reaction conditions: 32 hours at room temperature. 
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AFM height images and the height profiles of CC3 films prepared under different conditions 

transferred onto a silicon wafer are shown in Figure 3.22. The thickness is 35 nm for 0.2% and 

80 nm for 0.8%.  Unlike those films showing a continuous single CC3 layer, multiple-layered 

films were stacked on the surface when a reagent concentration of 2.0% was used.  

FIB-SEM images of CC3-Si-32H was used to image the cross-sectional structure during step-

by-step trenching and polishing (Figure 3.23). In the FIB-SEM image, the surface is marked 

with 0-7 polishing step tracks in Figure 3.23 (a), which was then coated with platinum. The 

shape of the CC3 crystals could be seen as the polishing steps went on. These FIB-SEM images 

revealed clear triangle/octahedral shaped crystals embedded in the CC3 films. 

 

Figure 3.24 FIB-SEM images of CC3-Si-48H (a) showing its cross-sectional structure after 

FIB trenching, and (b) after polishing. The FIB was used for trenching and polishing (30 kV 

and 1 nA for trenching, and 30 kV and 250 pA for polishing), and the electron beam was used 

for imaging (5 kV, 30 pA, and 10 kV, 60 pA). Film synthesis conditions, reagent concentration: 

TFB 0.8 wt.% in DCM (30 mL), CHDA 0.8 wt.% in water (32 mL); reaction conditions: 48 

hours at room temperature. Copyright © 2022, Springer Nature and Ai He, etc. 
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Figure 3.25 FIB-SEM images of CC3-PAN-48H showing its cross-sectional structure, using 

the FIB for trenching and polishing (30 kV and 1 nA for trenching, and 30 kV and 250 pA for 

polishing) and the electron beam for imaging (5 kV, 30 pA, and 10 kV, 60 pA). Film synthesis 

conditions, reagent concentration: TFB 0.8 wt.% in DCM (30 mL), CHDA 0.8 wt.% in water 

(32 mL); reaction conditions: 48 hours at room temperature; dish diameter: 7.4 cm. 

The cross-sectional FIB-SEM images of CC3-Si-48H are shown in Figure 3.24, after FIB 

trenching and polishing. In the FIB-SEM of CC3-Si-48H, crystals in CC3 film could be 

observed clearly from the side view and are relatively larger than those made from 32 hour 

reaction.  

FIB-SEM images were also obtained for the CC3 film coated on PAN (CC3-PAN-48H) as is 

shown in Figure 3.25, which represents the real membrane during the liquid separation. The 

boundary between CC3 film, platinum coating and porous PAN support is less clear, but the 

CC3 film with the shape of crystals can be observed on top of the support. 

GIXRD measurements that were performed on CC3 films deposited on PAN of different 

reaction times along with their SEM images, as shown in Figure 3.26. Both the surface 

morphologies and the diffraction data indicated that increasing the reaction time from 4 to 48 

hours correlated with an increase in the crystalline domains in the CC3 films.  

Overall, SEM, FIB-SEM, AFM, Raman microscope images and maps, and GIXRD data 

revealed that thicker films with larger crystals were produced as the reaction time and reagent 

concentrations were increased. 
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Figure 3.26 (a) SEM images of CC3-PAN-XH-0.8% membranes formed at different reaction 

times, showing four stages of CC3 film formation. (b) Out-of-plane GIXRD patterns of CC3-

PAN-XH-0.8% membranes were fabricated using reaction times of between 4–48 hours. 

Based on these characterisations, it appears that the interfacial synthesis occurs in four stages 

(Figure 3.27): Stage 1 (0–4 hours), interfacial polymerization of a continuous oligomeric film 

at the dichloromethane-water interface with no observation of CC3α crystals; Stage 2 (4–16 

hours), self-sorting of the reactants and oligomers into the CC3α product to reach a more stable 

status with lower energy1, and the formation of a partially-reacted, semi-cage film; Stage 3 

(24–48 hours), crystallisation of CC3α and the formation of octahedral crystals in the film; 

Stage 4 (48–96 hours), formation of defects in the film which becomes more fragile, caused 

by larger octahedral crystals creating cracks and imperfections. We, therefore, focused 

attention on the properties of CC3-PAN-24H-0.8%, referred to hereafter as CC3-PAN. This 

four-stage mechanism explains the differences that we observed in the permeance and 

selectivity of CC3-PAN membranes produced using different reaction times and reagent 

concentrations, as discussed below.  
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Figure 3.27 Morphology and proposed mechanism of CC3 film formation. (a) Photography of 

a CC3 film deposited on an anodic aluminium oxide support, which was synthesised at a 

concentration of 0.2 wt.% for 24 hours at room temperature. (b, c) SEM images for this CC3 

film on an anodic aluminium oxide support showing its surface morphology and cross-

sectional view. (d) SEM images of the CC3 films that were synthesised using different reagent 

concentration and reaction times at room temperature and deposited on silicon wafers: (d-1) 

0.2 wt.%, 4 hours (shown in pink in (f)); (d-2) 0.8 wt.%, 8 hours (orange in (f)); (d-3) 1.0 wt.%, 

24 hours (green in (f)); (d-4) 2.0 wt.%, 48 hours (cyan in (f)); (d-5)  2.5 wt.%, 96 hours (blue 

in (f)). (e1-e5) Graphical representation of proposed mechanism, where green squares and 

lines represent CC3 crystals and non-crystalline components, respectively. (f) Summary of 

crystalline CC3 film formation using different reaction conditions, which is based on a 

combination of NMR, XRD, Raman, and SEM data. The pink region represents continuous 

amorphous film; the orange region represents film with low crystallinity (semi-crystalline); the 

green region represents the optimal synthesis conditions; cyan and blue regions represent 

highly crystalline and less continuous (more fragile) samples. 
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 3.4 Membrane Performance for Interfacial Crystallization Membranes 

Wastewater from the textile and dye-manufacturing industries often contains a low 

concentration (usually 10-50 mg/L as reported52,53) of carcinogenic and mutagenic organic 

pollutants54, such as the nitro-aminoazobenzenes  dyes  CI  Disperse  Blue  373,  CI  Disperse  

Violet  93,  Disperse  Orange  3755, and benzidine dyes56. Often dye molecules are difficult to 

remove from wastewater because they are resistant to heat, light, and aerobic digestion57. 

Hence, new membranes with excellent permeance and highly selective sieving potential could 

lead to new technologies in environmental wastewater treatment. To determine the permeance 

and dye rejection performance of CC3-PAN membrane, and to establish whether the crystalline 

POC, CC3α, regulates the diffusion of molecules through the membrane structure, we 

performed a series of filtration experiments in dead-end cells using solvents and dyes with 

different sizes and chemical functionalities (shown in Table 3.1): reactive red 120 (RR, 1470 

g∙mol-1), direct red 80 (DR, 1373 g∙mol-1), rose bengal (RB, 1018 g∙mol-1), brilliant blue (BB, 

826 g∙mol-1), Congo red (CR, 697 g∙mol-1), protoporphyrin IX disodium (PPIX, 607 g∙mol-1), 

acid fuchsin (ACF, 585 g∙mol-1), sunset yellow (SY, 452 g∙mol-1), methyl orange (MO, 327 

g∙mol-1), neutral red (NR, 289 g∙mol-1), and 4-nitrophenol (NP, 139 g∙mol-1), which were 

dissolved in separate water solution at a concentration of 20 ppm.  

Table 3.1 Organic dye molecules used in the membrane performance experiments. 

Organic 

Dyes 

Molecular 

Weight 

(g∙mol-1) 

 Molecular Structure 

Absorbance 

Wavelength 

(nm)[a] 

Reactive 

Red 120 

(RR) 

1470 

 

540 

Direct 

Red 80 

(DR) 

1373 

 

528 

Rose 

Bengal 

(RB) 

1018 

 

549 
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Brilliant 

Blue  

(BB) 

826 

 

551 

Congo 

Red (CR) 
697 

 

498 

Protopor-

phyrin IX 

Disodium 

(PP IX) 

607 

 

366 

Acid Fuchsin 

(ACF) 
585 

               

546 

Sunset Yellow 

(SY) 
452 

 

482 

Methyl 

Orange (MO) 
327 

 
465 

Neutral Red 

(NR) 
289 

 

520 

4-Nitrophenol 

(NP) 
139 

 

 
 

317 

 
[a]wavelength of maximum absorbance in water. 

 

The filtrations were performed using a Sterlitech® dead-end stirred cell that was kept under 10 

bar upstream pressure of nitrogen at room temperature. During the filtrations, the feedstock 
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was continually stirred using a magnetic stirrer bar oscillating at 400 rpm.  Ultraviolet (UV) 

vis spectroscopy was used throughout these studies to measure the dye concentration in the 

permeate and calculate dye rejection performance (see Chapter 2 for full experiment details). 

 

3.4.1 Solvent Permeance 

Table 3.2 Solvent permeance data for CC3-PAN. 

Solvent Time (min) 
Permeated Volume 

(mL) 

Permeance (L.m-2.h-

1.bar-1) 
Ref. Figure 

Water 

2 30.0 

43.0 ± 4.20 Figure 3.29 [2] 

6 72.5 

10 112.0 

28 281.5 

40 359.5 

Ethanol 

2 15.0 

30.1 ± 5.25 Figure 3.29 [1] 

6 43.5 

12 84.0 

25 162.5 

40 252.0 

Acetonitrile 

2 67.5 

147.5 ± 9.57 Figure 3.29 [6] 

5 158.0 

10 312.5 

15 465.0 

20 617.5 

Acetone 

1 39.5 

177.4 ± 10.23 Figure 3.29 [7] 

3 114.0 

6 226.0 

10 374.0 

15 556.9 
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Hexane 

1 32.0 

136.86 ± 10.89 Figure 3.29 [5] 

5 151.5 

10 294.0 

14 406.0 

20 573.0 

Heptane 

2 48.0 

96.02 ± 8.45 Figure 3.29 [4] 

5 107.5 

10 208.5 

18 369.0 

25 502.5 

Toluene 

3 40.5 

55.89 ± 6.03 Figure 3.29 [3] 

5 65.5 

11 137.5 

20 242.0 

30 351.0 

 

Based on measurement data in Table 3.2, CC3-PAN membrane exhibited excellent permeance 

of water (42.9 L·m-2·h-1·bar-1) and a range of polar and non-polar organic solvents, including 

ethanol (30.1 L·m-2·h-1·bar-1), acetonitrile (147.5 L·m-2·h-1·bar-1), acetone (177.4 L·m-2·h-1·bar-

1); hexane (136.9 L·m-2·h-1·bar-1), heptane (96.0 L·m-2·h-1·bar-1), and toluene (55.9 L·m-2·h-

1·bar-1).  

Water contact angle measurements that were performed on CC3-PAN are shown in Figure 

3.28 and indicate that the membrane surface is hydrophobic, with an initial water contact angle 

of 94°. The contact angle values became smaller the longer the water drop was on the 

membrane surface and permeated inside the porous structure of the membrane. By comparison, 

the blank PAN membrane has a water contact angle of 55°, showing it has a relatively more 

hydrophilic surface.  
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Figure 3.28 Water contact angles for CC3-PAN membrane. Drop phase: water; surrounding 

phase: air; drop type: sessile drop; drop volume: 4.15 ± 0.5 μL; fitting method: Young–

Laplace equation. 

The water contact angle data correlates with the general trend that non-polar solvents had better 

permeance rates, although the size and viscosity of the solvent also had an effect. Hansen 

solubility parameter () and the physical properties of the organic solvents that were used to 

determine solvent permeance for CC3-PAN are listed in Table 3.3. Pure solvent permeances 

were plotted versus their combined solvent properties (viscosity η, molar diameter dm, and 

solubility parameter d) for CC3-PAN (Figure 3.29), where R2 is the coefficient of 

determination for the function. The value is 0.9829, indicating that the pure solvent permeances 

are in line well with their combined properties.  

An important consideration, however, is that CC3 is soluble in organic solvents. Therefore, to 

confirm that the CC3-PAN remained continuous during the organic solvent permeance 

measurements, we performed a subsequent series of dye rejection studies with a 20 ppm BB in 

water feedstock. As is shown in Figure 3.30, analysis of the resulting filtrates revealed that 

CC3-PAN continued to reject BB with the same rejection performance (99.9%) after 
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measuring permeance rates for ethanol, acetonitrile, acetone, hexane, heptane, and toluene, 

proving that these solvents do not dissolve CC3, and this led to ultrafast solvent permeances. 

Table 3.3 Hansen solubility parameter () and the physical properties of the organic solvents 

that were used to determine solvent permeance for CC3-PAN. 

Solvents 

Molecular 

weight 

(g∙mol-1)* 

†Hansen solubility 

parameter (MPa1/2) 

Molar 

volume (Vm)‡ 

(cm3 mol-1 ) 

dm
§ 

(nm) 

Viscosity at 

30 °C (10-3 

Pa·S) d p h 

Water 18.02 15.5 16.0 42.3 18.0 0.39 0.80Α 

MeOH 32.04 14.7 12.3 22.3 40.7 0.51 0.49Β 

Ethanol 46.07 15.8 8.8 19.4 58.7 0.57 1.17Γ 

Acetonitrile 41.05 15.3 18.0 6.1 52.9 0.55 0.32Β 

Acetone 58.08 15.5 10.4 7.0 73.9 0.62 0.29Γ 

Hexane 86.18 14.9 0 0 131.4 0.75 0.28Δ 

Heptane 100.21 15.3 0 0 147.5 0.78 0.33Γ 

Toluene 92.13 18 1.4 2 106.9 0.70 0.52Γ 

* Molecular weight taken from CRC Handbook of Chemistry and Physics, see reference58. 

† Hansen solubility parameter, d = solubility parameter due to dispersion forces, p = solubility 

parameter due to dipole forces, and h = solubility parameter due to hydrogen bonding (or in 

general due to donor-acceptor interactions). See reference59.  

‡ See reference60,61. 

§ Molar diameter (dm) was calculated from reference62 using molar volume (Vm) of the solvent 

molecule: 𝑑𝑚 = 2 × (3𝑉𝑚/4𝜋𝑁𝐴)1/3; where NA is the Avogardo constant.  

Α See reference63. 

Β Calculated from the Lewis and Squires chart61,64.  

Γ Calculated from the experimental values given in reference61. 

Δ See reference65. 
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Figure 3.29 Plot showing pure solvent permeances versus their combined solvent properties 

(viscosity η, molar diameter dm, and solubility parameter d) for CC3-PAN, where R2 is the 

coefficient of determination for the function. Hansen solubility parameter () and the physical 

properties of each organic solvent are listed in Table 3.3. 

 

Figure 3.30 Dye rejection performance of CC3-PAN, determined after measuring the 

permeance rates of organic solvents. A 20 ppm BB water feedstock was used to check the 

membrane stability of CC3-PAN after being permeated 100 mL of different organic solvents. 

The upstream nitrogen pressure was kept at 10 bar during the measurement, and the stirrer 

agitation speed was 400 rpm. All the error bars depict the standard deviations of the data from 

at least three independent membranes. 
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3.4.2 Molecular Separation  

Table 3.4 Dye rejection measurement data for CC3-PAN determined using water feedstocks. 

Solvent Dye 
Sample 

Collected 

Volume 

(mL) 

Wavelength[a] 

(nm) 
Absorption 

Rejection 

(%) 
Ref. Figure 

Water RR 

Feed 100 536 1.00 

96.10 ± 2.80  
Figure 3.31 

(a) 
Permeate 50 538 0.05 

Retentate 50 538 1.91 

Water DR 

Feed 120 528 1.28 

98.21 ± 1.52 
Figure 3.31 

(b) 
Permeate 59 528 0.03 

Retentate 61 530 2.47 

Water RB 

Feed 100 549 1.66 

97.11 ± 0.56 
Figure 3.31 

(c) 
Permeate 54 551 0.03 

Retentate 46 550 3.53 

Water BB 

Feed 120 551 1.42 

99.89 ± 0.05 
Figure 3.31 

(d) 
Permeate 57 551 0.02 

Retentate 63 551 2.67 

Water CR 

Feed 100 498 1.24 

99.73 ± 0.12 Figure 3.38 Permeate 52 498 0.02 

Retentate 48 498 2.53 

Water PPIX 

Feed 120 366 1.13 

99.96 ± 0.03  
Figure 3.31 

(e) 
Permeate 66 366 0.01 

Retentate 54 368 2.47 

Water ACF 

Feed 100 546 1.69 

62.42 ± 3.40 
Figure 3.31 

(f) 
Permeate 54 546 0.64 

Retentate 46 548 2.68 

Water SY 

Feed 100 482 1.59 

51.14 ± 3.12 
Figure 3.31  

(g) 
Permeate 54 482 0.72 

Retentate 46 482 2.00 

Water MO Feed 100 465 2.12 33.07 ± 2.66 
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Permeate 49 464 1.56 Figure 3.31 

(h) Retentate 51 464 2.37 

Water NR 

Feed 100 520 2.11 

22.43 ± 3.82 
Figure 3.31 

(i) 
Permeate[b] 52 

520 0.63 

455 0.44 

Retentate 48 520 2.79 

Water NP 

Feed 100 317 2.07 

14.17 ± 2.05 
Figure 3.31 

(j) 
Permeate 45 318 1.70 

Retentate 55 318 2.19 

[a] Wavelength of maximum absorbance. [b] Wavelength of maximum absorbance of the peak 

at the red colour absorbance (520 nm) and orange colour absorbance (455 nm). As NR is a pH 

indicator changing from red to yellow between pH 6.8 and 8.0, the dye concentration was 

calculated using the absorbance of both yellow and red peaks. 

 

From the rejection measurements for CC3-PAN shown in Table 3.4 and Figure 3.31, we found 

that guests with larger molecular weights than protoporphyrin IX disodium (607 g/mol) were 

too large to diffuse through the membrane. The permeates are colourless, and the CC3-PAN 

membrane showed a good rejection rate for PPIX (99.96 %), CR (99.96 %), BB (99.89 %), RB 

(97.11 %), DR (98.21 %) and RR (96.10 %). The molecular weight cut-off (MWCO) curve of 

the membrane is shown in Figure 3.32 along with the data of blank PAN membrane, showing 

CC3-PAN has a MWCO of around ~600 Da. The good dye rejection of CC3-PAN composite 

membrane confirmed the cage film has been successfully fabricated on the PAN and is 

continuous and defect-free.  
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(d)                                             (e)                                             (f)                                               
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(g)                                             (h)                                             (i)                        
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Figure 3.31 UV absorption spectra of dyes in water before and after selectivity tests performed 

with CC3-PAN. Inserts show photographs of the feed and the permeate. Dye rejection was 

calculated using the intensity of the maximum absorption peak in the permeate and the feed 

and Eq. 2.4 in the Methods section of Chapter 2. Mass balance was calculated using the 

maximum absorption peaks in the values of the feed, permeate, and retentate Eq. 2.4 in the 

Methods section of Chapter 2. Note, NR is a pH indicator, changing from red to yellow between 

pH 6.8 and 8.0; as the NR permeate was orange in colour the dye concentration was calculated 

using both yellow and red peaks in the UV absorption spectrum. The absorption spectra of CR 

are presented separately in Figure 3.38 to demonstrate the mass balance calculations. 
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Figure 3.32 Dye rejection versus molecular weight cut-off curve for CC3-PAN and blank PAN 

membrane in water containing 20 ppm dye solutes. The upstream nitrogen pressure was kept 

at 10 bar during the measurement, and the stirrer agitation speed was 400 rpm. The error bars 

denote the standard deviations for measurements from at least three independent membranes. 

 

3.4.3 Effects of Crystallinity 

The crystalline CC3-PAN provides sufficient robustness to support the interconnected 

channels under high applied pressures. To further confirm the importance of crystallinity, CC3 

membranes with different crystallinity levels were fabricated at each of the four reaction stages 

simply by controlling the reaction time. As is shown in Figure 3.33, a partially crystalline 

membrane (CC3-PAN-8H-0.8%) at Stage 2 exhibited a water permeance of 3.0 L·m-2·h-1·bar-

1; that is, an order of magnitude lower than the fully crystalline Stage 3 membrane (49.5 L·m-

2·h-1·bar-1 for CC3-PAN-48H-0.8%) prepared with prolonged reaction times. This observation 

contrasts the behaviour of most nanofiltration membranes that tend to exhibit lower permeance 

as their thicknesses are increased. For CC3-PAN, the high permeance rates from the longer 

reaction times is attributed to the improved crystallinity, which creates more diffusion 

pathways for the solvents to diffuse through the membrane.  
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Figure 3.33 Water permeance for CC3-PAN-XH-0.8% membranes fabricated using reaction 

times that ranged between 4–96 hours. All error bars depict the standard deviations (SD) of 

the data points obtained from at least three independent membranes. 
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Figure 3.34 Dye rejection measurements for CC3-PAN-XH-0.8% membranes in water. All 

error bars depict the standard deviations (SD) of the data points obtained from at least three 

independent membranes. 
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Both CC3-PAN-8H-0.8% and CC3-PAN-48H-0.8% exhibited the same molecular weight cut-

off (MWCO), as determined by filtering a range of dyes through the membranes (Figure 3.34). 

By comparison, amorphous oligomeric membranes produced in Stage 1 (CC3-PAN-4H-0.8%), 

and also cracked highly crystalline membranes produced in Stage 4 (CC3-PAN-96H-0.8%), 

exhibited unexpectedly higher water permeances but failed to achieve comparable separation 

performances, indicating that they contained physical defects. 

Two limitations of membranes produced from other crystalline porous materials, such as COFs, 

are poor stability at high pressures31 and the interference of adsorption processes37. To explore 

these issues using the CC3 membrane, CC3-PAN was tested under a range of applied pressures, 

up to a maximum of 35 bar, due to instrumentation constraints. As shown in Figure 3.35, the 

pure water flux of the CC3-PAN membrane increased linearly with the increasing applied 

pressure: 106, 202, 429, 790, 1336 L·m-2·h-1 for 2, 5, 10, 20, 30 bar, respectively.  
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Figure 3.35 Water flux of a CC3-PAN membrane under a range of applied pressures. All error 

bars depict the standard deviations (SD) of the data points obtained from at least three 

independent membranes. 

The dye filtration measurements were carried out at different pressures for CC3-PAN 

membrane, and the rejection date is shown in Figure 3.36. The membrane could reject the dyes 

larger than PPIX and CR, showing a WMCO of ~600 Da in all the applied pressures. This 

indicated that the flux increased with pressure without affecting rejection performance. The 
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applied pressure of 35 bar is an order of magnitude higher than used for liquid filtration through 

COF membranes31, which suggests that these CC3-PAN membranes might be more 

competitive for separations that require higher pressures.  
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Figure 3.36 Dye rejections of a CC3-PAN membrane under a range of applied pressures. All 

error bars depict the standard deviations (SD) of the data points obtained from at least three 

independent membranes. 

 

Figure 3.37 Photographs of CC3-PAN-24H-0.8% membrane. (a) As-prepared CC3-PAN-

24H-0.8%, and (b) CC3-PAN-24H-0.8% after a series of dye filtration tests using a 

commercial bench-scale dead-end stirred-cell filtration unit (Sterlitech® HP4750 stirred cell) 

that was kept under 10 bar nitrogen atmosphere. The diameter of the filtration dish was 4.7 cm 

and a stirrer bar agitation speed of 400 rpm was used during the measurements. 
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Importantly, CC3-PAN remained colourless and relatively clean during the membrane 

measurements (photographs of the as-prepared membrane and the same one after a series of 

dye filtration experiments showing in Figure 3.37), indicating that the membrane did not 

appear to adsorb the larger dyes. 

To confirm that dye adsorption did not contribute to the selectivity performance of CC3-PAN, 

mass balance calculations were used to measure the dye concentration in the retentate during 

the separations. After permeating 48 mL of congo red (CR) feed, the absorption intensity of 

CR in the retentate increased from 1.24 to 2.53, while its absorption intensity in the permeate 

was only 0.02. In combination, these values are consistent with ~100% of the dye being rejected 

(Table 3.4 and Figure 3.38).  

 

Figure 3.38 UV-vis absorption spectra of congo red (CR) in water before (feed) and after 

(permeate and retentate) selectivity tests performed with CC3-PAN. Inserts show photographs 

of the feed, permeate, and retentate solutions, and the molecular structure of CR. Dye rejection 

was calculated using the intensity of the maximum absorption peak in the permeate and the 

feed and Eq. 3 in the Methods section. Mass balance calculations were performed using the 

maximum absorption peaks values of the feed, permeate, and retentate with Eq. 2.4 in the 

Methods section of Chapter 2. Copyright © 2022, Springer Nature and Ai He, etc. 
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For comparison, we also immersed crystals of CC3α (100 mg) and a cutout section of CC3-

PAN with a diameter of 4.7 cm directly in separate water solutions (100 mL) that contained 20 

ppm BB concentrations to determine if the dye was adsorbed by these samples over one week. 

From these adsorption experiments shown in Figure 3.39, we found that CC3α crystals and a 

CC3-PAN segment did not absorb BB from water. These results all indicate that the dyes were 

rejected by the membrane rather than being adsorbed. 
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Figure 3.39 Dye absorption test. UV absorption spectra and the concentration of BB feed 

solution and the solution with a cutout section of CC3-PAN with a diameter of 4.7 cm immersed 

for one week, measured by UV absorption data and calculated by running five samples with 

known concentration as the standard line. The dye concentration remained at ~ 20 ppm after 

the absorption test was run continually for one week, showing there was no obvious absorption 

on the membrane surface. The error bar depicts the standard deviations of the data from at 

least three independent membranes. 

 

3.4.4 Effects of Reaction Solvents  

CC3 films synthesised at the interface with different organic solvents were carried out to 

investigate how reaction solvent affected the structure and crystallinity of the CC3 films. When 

fabricated using interfacial crystallisation in other solvents, the PAN membrane was fixed and 

acted as a support for the CC3 film layers, where two cage precursors were allowed to react at 

the interface of two immiscible solvents. The amine monomer was always dissolved in the 

aqueous phase, whereas the aldehyde was dissolved in dichloromethane, mesitylene, or ethyl 

acetate solution. 
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Figure 3.40 Out-of-plane GIXRD characterisation of CC3-PAN-24H-0.8% samples that were 

synthesised using the organic solvents, dichloromethane, mesitylene, ethyl acetate to dissolve 

TFB. The amine monomer was dissolved in the water phase. Film synthesis conditions, reagent 

concentration: TFB 0.8 wt.% in DCM, mesitylene, or ethyl acetate (30 mL), CHDA 0.8 wt.% 

in water (32 mL); reaction conditions: 24 hours at room temperature; dish diameter: 7.4 cm. 

The GIXRD patterns indicate that CC3-PAN-24H-0.8% fabricated between water and ethyl 

acetate had the highest crystallinity, while the comparable reflection positions indicate that 

the CC3 films had the same CC3α structure. 

As shown in Figure 3.40, the obtained diffraction patterns indicate that the CC3 film fabricated 

from water and ethyl acetate has a higher crystallinity, while the CC3 film membrane obtained 

from mesitylene and water had the lowest crystallinity. These films do, however, have the same 

polymorphic form as CC3α, and have shown very similar MWCO during the dye rejection 

studies. 

 

3.4.5 Effects of Membrane Activation 

We believe the cage membrane could complete its crystalline rearrangement in solvent and 

form the most table state within a period of time. Therefore, we have activated these 

membranes using different treatments. The as-prepared CC3-PAN membranes were soaked in 

water (without drying) at room temperature for 1 day, 3 days, and 7 days, to generate 
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membranes referred to hereafter as CC3-PAN, CC3-PAN-3, CC3-PAN-7, respectively, while 

the as-prepared membrane is abbreviated as CC3-PAN-0. 

The native water permeance of CC3-PAN-0 was 6.1 L·m-2·h-1·bar-1, but it improved to 43.0 

L·m-2·h-1·bar-1 for CC3-PAN, 60.2 L·m-2·h-1·bar-1 for CC3-PAN-3, and 145.7 L·m-2·h-1·bar-1 

for CC3-PAN-7, as shown in Figure 3.41. Increased MeOH permeances were observed in 

methanol after soaking the membrane for longer durations in water beforehand and were 

determined to be 15.1 L·m-2·h-1·bar-1 for CC3-PAN-0, 85.1 L·m-2·h-1·bar-1 for CC3-PAN, 

159.0 L·m-2·h-1·bar-1 for CC3-PAN-3, and 324.8 L·m-2·h-1·bar-1 for CC3-PAN-7. We proposed 

that soaking in water enables cage crystals to further complete the self-correction and self-

regulation from their metastable form, which activates the membranes and thus endows higher 

guest permeance.  

Despite the significant improvements in solvent permanence after pre-treatment in water, the 

dye rejection performance CC3-PAN-0, CC3-PAN, CC3-PAN-3, CC3-PAN-7 were 

comparable. As shown in Figure 3.42, these treated membranes were found to have 

comparable MWCO of ~ 600 g∙mol-1 under the same measurement conditions. 
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Figure 3.41 Water and MeOH permeance of the as-prepared membrane (CC3-PAN-0) and the 

water treated CC3-PAN, CC3-PAN-3, and CC3-PAN-7 membranes. Error bars depict the 

standard deviations (SD) of the data from at least three independent membranes, and were 

calculated by Eq. 3 in the Methods section. 
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Figure 3.42 MWCO curves for dyes for as-synthesised CC3-PAN-0, CC3-PAN, CC3-PAN-3, 

CC3-PAN-7 in water. Error bars depict the standard deviations (SD) of the data from at least 

three independent membranes, and were calculated by Eq. 3 in the Methods section. 

 

3.4.6 Longer Duration Studies 

Longer duration studies have been carried using 20 ppm rose bengal in water feedstock after 

continuous collection of the permeate every 0.5 h for at least 20 hours. The data in Figure 3.43 

demonstrated a consistent dye rejection (99.7 % for RB) and water permeance (~43.0 L·m-2·h-

1·bar-1) over one day, showing good mechanical robustness of the CC3-PAN membrane. 

Long-term operation for solvent permeation was performed on CC3-PAN and CC3-PAN-7 

membrane using a cross-flow rig under a continual feedstock supply, with a flow rate of 25 

L.h-1, which was provided by the liquid pump. The cell input flow was introduced tangentially 

to create proper mixing close to the membrane surface to minimise concentration polarisation. 

The result is shown in Figure 3.44, and this proved that the high flux remained intact on both 

membranes after 48 hours with little attenuation over this period.  
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Figure 3.43 Membrane selectivity and stability of CC3-PAN in water. The plot shows water 

permeance and dye rejection of RB from a 20 ppm feedstock for the CC3-PAN membrane over 

~ 20 hours in a 50 mL transparent Merck Millipore Amicon® dead-end stirred cell which is 

connected to an 800 mL Merck Millipore Amicon® RC800 reservoir. The upstream nitrogen 

pressure was kept at 1 bar during the measurement, with a stirrer agitation speed of 400 rpm. 
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Figure 3.44 Methanol permeance for CC3-PAN and CC3-PAN-7 over 50 hours using a cross-

flow rig kept under a 10 bar nitrogen pressure. 
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Furthermore, as the membrane performance studies were performed while magnetically 

stirring the feedstock solutions at 400 rpm, all membranes have exhibited good tear resistance. 

These measurements indicated that the CC3-PAN has excellent solvent resistance and long-

term stability. The internal structures are stable, owing to the crystalline structures with highly 

ordered window-to-window packing and well-defined channels. 

 

3.5 Studies for Amorphous Cage Membranes  

Interestingly, these POCs have guest selective microporous structures if they can be processed 

into specific polymorphic forms. For instance, crystalline CC3 packs window-to-window and 

forms interconnected 3D diamondoid channels1, while the amorphous CC3 has a random 

packing of the cage molecules5. Therefore, we are also interested in templating the packing 

arrangements of POCs in the porous membranes to modulate selective guest permeation.  

 

Figure 3.45 PXRD pattern of blank PAN membrane (black) and amorphous CC3 membrane 

(orange). PXRD patterns were collected in transmission mode with Cu-Kα radiation over the 

2θ range of 5-40° using a step size of 0.013°. Data collection times, crystalline CC3α reference: 

amorphous CC3 membrane: 60 minutes. 

CC3 membranes with different polymorphic forms were, therefore, prepared by spin-coating 

onto the PAN support from CC3 chloroform solution (see detailed experiments in Chapter 2). 

As discussed in Section 3.3, these obtained membranes are amorphous based on the Raman 

spectra. Furthermore, they did not show any PXRD signals out of the PAN background, as is 
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shown in Figure 3.45. Since the evaporation speed of the solvent is very quick during the 

coating process, it is reasonable to obtain the amorphous CC3 coatings.  

  

Figure 3.46 SEM images with different resolutions showing the surface morphology of an 

amorphous CC3 membrane on a PAN support, made by spin-coating method.  
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Figure 3.47 Molecular weight cut-off (MWCO) curves for crystalline and amorphous cage 

films on PAN support (CC3-PAN). Six dye molecules were used in 20 ppm water solution 

during the selectivity experiments, including Rose Bengal (974 g/mol), Brilliant Blue (827 

g/mol), Congo Red (697 g/mol),  Sunset Yellow (452 g/mol),  Methyl orange (327 g/mol),  and 

4-nitrophenol (139 g/mol). The MWCO is defined by 90% rejection. 
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The surface morphology of the materials was studied by SEM. As is shown in Figure 3.46, the 

surface is not as continuous in the amorphous membrane as the crystalline CC3-PAN; instead, 

spherical nanoparticles were observed on top of the membrane support. As the spin-coated 

CC3 membranes were proved to be amorphous, no octahedral crystals can be found. The 

coatings appeared to consist of multiple layers, which was affected by the speed and time 

during the spin-coating process.  

The MWCO curves for both crystalline and amorphous cage films have been calculated using 

six dye molecules. Both films showed good rejection (~ 99%) for Rose Bengal, Brilliant Blue, 

and Congo Red, and no rejection for  4-nitrophenol (~ 15%). Interestingly, the crystalline and 

amorphous cage films exhibit an obvious shift on MWCO, which is ~ 600 g/mol for crystalline 

cage film and 400 g/mol for amorphous cage film (Figure 3.47). The CC3 molecule has a 

window size ranging from 5.6 – 6.7 Å, and when it packs window-to-window and forms its α-

phase crystalline structure, the narrowest point in the pore channels is 5.3 Å11. However, the 

rigid cage bodies are flexible during guest diffusion, which could breathe by more than 2 Å to 

a diameter of 7.4 Å11. By comparing the molecule sizes of these six dyes (Table S1) with 

flexible cage window size, it is reasonable to assume that the larger dyes like Rose Bengal 

(10.6 Å), Brilliant Blue (10.1 Å), and Congo Red (7.7 Å) couldn’t permeate the cage channels, 

while the smaller dye molecules, such as Sunset Yellow (7.0 Å), Methyl Orange (4.5 Å) and 

4-Nitrophenol (4.3 Å) were able to pass through the cage membrane. During the dye rejection 

tests with the amorphous cage film the MWCO curve shifted ~200 g/mol. The amorphous 

membrane has a random and less dense packing of the cage molecules5. We believe this random 

packing of cage molecules creates a disconnected diffusion pathway for the dyes (Figure 3.48). 

As a result, Sunset Yellow and Methyl Orange are unable to permeate through the amorphous 

cage membrane. Therefore, we have managed to modulate the membrane pore channels via 

different packing arrangements of porous organic cages, thus achieving selective guest 

permeation through the thin films. 

As discussed before, the crystalline cage membrane (CC3-PAN) showed excellent permeance 

toward non-polar solvents and protic/aprotic organic solvents thanks to the highly ordered 

channels in the film. By contrast, when these experiments were performed using the amorphous 

cage membrane, we observed very low permeance of these aforementioned solvents, which is 

0.6 L·m-2·h-1·bar-1for ethanol, 2.1 L·m-2·h-1·bar-1for water, 4.0 L·m-2·h-1·bar-1for acetonitrile, 

5.0 L·m-2·h-1·bar-1for for acetone, and no permeance for hexane, heptane and toluene was 

observed. A plot was calculated by pure solvent permeances versus their combined solvent 
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properties (viscosity η, molar diameter dm, and solubility parameter d) and is shown in Figure 

3.49, where R2 is the coefficient of determination for the function and the value is 0.9526.  

 

 

Figure 3.48 Visualization of void connectivity for the amorphous CC3 models. Interconnected 

and unconnected voids are colored yellow and orange, respectively, both for a H2 radius of 

1.42 Å (left column) and a N2 radius of 1.82 Å (center column). The color map of pore sizes in 

different structural models, ranging from diameter of 3.5 to 7.5 Å is shown on the right.  

Reprinted with permission from reference5. Copyright 2013, American Chemical Society. 
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Figure 3.49 Plots showing pure solvent permeances versus their combined solvent properties 

(viscosity, molar diameter, and solubility parameter) for amorphous CC3 membrane (AMCC3). 

The cell was kept at room temperature under 10 bar upstream pressure in a nitrogen 

atmosphere, with 400 rpm magnetic stirring. 

It is also reported that the amorphous membranes suffer from ageing during long-term use38. 

The solvent permeance dropped to zero on the amorphous CC3 membrane after 24 hours of 

continuous permeation, which is due to the ageing of the membrane, and the interconnected 

pore structure might have been destroyed during the long time and high pressure (10 bar). As 

is shown in Figure 3.50 and discussed before, by contrast, the CC3-PAN membrane during 

the long-term operation experiments over 24 hours has been proven to remain in high 

permeance values with little attenuation, indicating good solvent residence and shape-

persistence of the crystalline film.  

We attribute the low permeance and the poor performance in long-term operation and high-

pressure condition to the disordered packing in the amorphous membrane, as is shown in 

Figure 3.51(b). The CC3 molecules pack randomly rather than pack window-to-window, and 

the shape of the molecules could be flexible or even collapse, especially with the interaction of 

other solvents or external forces (e.g., pressure). This is caused by the flexible imine bonds in 

the CC3 molecules without the ordered packing, which could act as a support frame. By 

comparison, the excellent solvent permeance and long-term solvent resistance confirmed the 
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crystalline films show highly ordered window-to-window packing with well-defined and inter-

connected channels (Figure 3.51(a)), and the internal structures are chemically stable. 
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Figure 3.50 Pure solvent permeances for the crystalline and amorphous cage films on PAN 

support after 24 hours. The cell was kept at room temperature (25 °C) under 10 bar upstream 

pressure in a nitrogen atmosphere, with 400 rpm magnetic stirring. 

 

 

Figure 3.51 (a) Crystalline structure and (b) amorphous packing of cage CC3 molecules, with 

the voids shown in yellow colour probed by N2 molecules (kinetic diameter of 1.82 Å). 
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3.6 Characterisation and Performance for Other Cage Membranes 

3.6.1 Cage Membranes Made with Co-crystals 

Apart from the crystalline CC3 films fabricated by interfacial method, highly porous crystalline 

solids can be produced by mixing different organic cage modules that self-assemble by means 

of chiral recognition. For example, mixing solutions of CC3-S and CC3-R (5 mg/mL) leads to 

rapid precipitation of racemic octahedral nanocrystals. As a result, well-defined, porous (CC3-

S, CC3-R) co-crystals are formed, thereby translating intermolecular heterochiral interactions 

into nanoscale morphology control66. These porous nanocrystals would show particular 

applications, for example, in size-based molecular separations.  

 

Figure 3.52 SEM images showing spin-coated CC3R/CC3S nanoparticles on PAN support, 

with four different synthesis conditions of CC3R/CC3S nanoparticles: (a) fast addition, at room 

temperature, (b) slow addition, at room temperature, (c) fast addition, at low temperature (dry 

ice/acetone bath),(d) slow addition,  at low temperature (dry ice/acetone bath). CC3R or CC3S 

was dissolved in DCM to make it 1.5 mg/mL solution.  Fast addition: add CC3R solution into 
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CC3S solution immediately; slow addition: CC3R solution was slowly and carefully added into 

CC3S solution using a 1 mL syringe with a speed rate of 1 mL/min. 

Therefore, we have tried to spin coat CC3 film using the CC3R/CC3S self-assembled 

nanoparticles, and the influences of the synthesis conditions have been investigated. The 

CC3R/CC3S self-assembled nanoparticles have been synthesised by addition of the solution 

with dissolved CC3R or CC3S to another, via different solution addition rates and under 

different temperatures. The nanocrystals have been formed in the solution, and the dispersion 

was used for spin-coating on PAN support. SEM was applied to study the morphology of the 

obtained CC3R/S-PAN membrane, and the images are shown in Figure 3.52. Uniform 

coatings can be seen on the porous PAN support for the samples with a fast addition rate ((a) 

and (c)), and the shape of these nanoparticles are round. By contrast, clear octahedrons can be 

observed with slow addition rate ((b) and (d)), where large octahedrons with a diameter of ~1 

μm can be found on the membrane with nanoparticles made at room temperature, while the 

low temperature leads to smaller nanocrystal sizes of a diameter between 200 – 300 nm.  

As a result, it can be concluded that the addition rate of the CC3R/S solution would affect the 

shape of the nanocrystals - slow addition makes the crystals to be more octahedral, and fast 

addition would result in round particles; temperature, on the other hand, would affect the size 

of the nanocrystals formed in solution – smaller particles would be formed under low 

temperature. 

 

3.6.2 Surface Morphology Studies of Cage Coatings Made by Other Methods 

Meanwhile, CC3 membranes fabricated using other approaches have been compared here as 

well.  We have first studied the surface morphology by SEM to investigate whether the 

membrane was successfully formed and whether the surface is uniform and continuous.  

CC3 membranes have been fabricated by casting, where the CC3 molecules were fully 

dissolved in DCM (0.5 wt. %) and allowed to evaporate on top of a porous substrate such as 

PAN or AAO membrane. Different conditions of the casting process resulted in different 

morphology of the obtained membranes, as shown in Figure 3.53. When the CC3 DCM 

solution was kept in open air and allowed to slowly evaporate (with lid or without lid) for 72 

hours, large octahedral crystals were found discretely distributed on the membrane surface, 

with a diameter of 20-50 μm when evaporated without lid, i.e., quicker evaporation rate (Figure 
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3.53 (a)), and a diameter of 0.5-1 μm with the lid on (Figure 3.53 (b)). As the PAN support 

nucleated large crystal growth, these crystals were discrete and did not form a continuous 

coating on the substrate. 

 

Figure 3.53 SEM images showing the surface morphology of CC3 membranes fabricated by 

casting method. Film synthesis conditions, reagent concentration: CC3 0.5 wt.% in DCM (30 

mL), dish diameter: 7.4 cm. Detailed conditions are shown in Figure 3.54. 
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Figure 3.54 Illustration diagram of different casting conditions of 5 wt. % CC3 DCM solutions 

on porous PAN support: (a) Casting solution in the open air, 72 hours; (b) casting solution 

with a glass lid on, 72 hours; casting solution with a lid on, one piece of a glass slide on top of 

the PAN support, (c) 72 hours, (d) 24 hours; casting solution with a lid on, two pieces of a 

glass slide on top of the PAN support, (e) 72 hours, (f) 24 hours; casting solution with a lid on, 

three pieces of a glass slide on top of the PAN support, (g) 72 hours, (h) 24 hours. Reagent 

concentration: CC3 0.5 wt.% in DCM (30 mL), dish diameter: 7.4 cm. 

To make the CC3 film more continuous rather than discrete particles on top of the support, 

efforts were made to make the crystals smaller. A piece of a glass slide (or multiple pieces of 

glass slides) was put on top of the PAN membrane in order to restrict the formation of the CC3 

crystals, as is shown in Figure 3.54. When the CC3 nanocrystals started to grow, they were 

kept in a thin layer of liquid between the glass slide and porous PAN substrate. Using more 
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pieces of glass slides meant that a thinner layer of liquid solution was created at the interface. 

The SEM images of the CC3-PAN membranes obtained using these different conditions are 

shown in Figure 3.53 (c) - (h). It can be observed that octahedral crystals are packed in a denser 

manner on the surface, and the size of these crystals are smaller. The thinner the liquid layer 

between the glass slide and porous PAN substrate, the denser coatings formed. Besides, a 

shorter evaporation time resulted in a more continuous layer on the substrate.  

 

Figure 3.55 SEM images with different resolutions showing the surface morphology of CC3 

membranes synthesized in the single-phase: (a) in chloroform, (b) in dichloromethane. Film 

synthesis conditions, reagent concentration: TFB 0.8 wt.% and CHDA 0.8 wt.% in 30 mL 

chloroform or DCM; reaction conditions: 24 hours at room temperature. 

As the previous CC3-PAN was obtained at the interface of two liquid phases (water and DCM), 

we investigated the membrane synthesis in the single-phase as well. As is shown in Figure 

3.55, large spherical particles can be seen on the surface with a diameter of ~1 μm when 

synthesized by the starting reagents in chloroform. A thin skin layer can be observed on the 

surface of these particles. A mixture of hexagon crystals, octahedral crystals and spherical 

particles can be found on the membrane synthesized by in DCM. This is because a quicker 

reaction happens in the single-phase once the two reagents meet, and faster evaporation of the 

solvent leads to less continuous coatings. As chloroform evaporates faster than DCM, the 

spherical particles form while the solvent evaporates, rather than hexagon or octahedron shaped 
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crystals. As a result, no continuous CC3 coating or film formed in both conditions. This further 

proved the advantage of our novel interfacial synthesis method for a continuous, defect-free 

and crystalline film on the substrate.  

 

3.6.3 Surface Morphology and Dye Rejection of Cage Membranes Made by Other 

Methods 

We have fabricated the CC3 membranes using an interfacial method under 10 bar pressure in 

a dead-end cell. The set-up and conditions were the same as the interfacial method mentioned 

before, but 10 bar pressure was applied during the reaction. The SEM images of the obtained 

CC3 membranes are listed in Figure 3.56. The surface morphology is very different from 

CC3-PAN, where the continuous film with some wrinkles can be observed on the surface. 

These wrinkles might be caused by the pressure while the reaction goes on.  

 

Figure 3.56 SEM images with different resolutions showing the surface morphology of CC3 

membranes made by high pressure method (CC3-PAN-HP). 

Unlike the MWCO of ~ 600 g∙mol-1 for CC3-PAN, it was found that CC3-PAN-HP has a 

smaller MWCO (~ 250 g∙mol-1) (Figure 3.58), indicating a more rigid and ordered packing of 

the CC3. For CC3 crystals, the diffusion diameter (Df) exists in the lattices, and the cage cavity 

diameter (Di) itself can be the separation envelope (Figure 3.57) if there are crystal defects/ 

dislocations etc. The cage membrane consists of small cage crystals, however the membrane 

itself is not a single crystal. We believe the grain boundaries inside the cage membrane create 

a larger diffusion pathways (Di) for the guests rather than the extrinsic voids of a cage crystal 

(Df). The treatment with high pressure may have caused the pore structure change of the CC3 

lattices and resulted in narrower pores. Also, there is a possibility that the grain boundaries 

were reduced with the effects of high-pressure treatment, which may cause a shift of MWCO. 
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Figure 3.57 Illustration of the diffusion diameter (Df) and cage cavity diameter (Di) in the cage 

membrane: (a) the possible permeance pathways in the membrane; (b) the schematic diagram 

for the cage pores; (c) the schematic diagram of a membrane consists of two different 

diameters. 
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Figure 3.58 Molecular weight cut-off curve of different dyes in water for cage membranes 

synthesized under high pressure (CC3-PAN-HP) compared with CC3-PAN. RR, Reactive Red 

120; DR, Direct Red 80; RB, Rose Bengal; CR, Congo Red; PD, Protoporphyrin IX disodium; 

ACF, Acid Fuchsin; SY, Sunset Yellow; MO, Methyl Orange; NR, Neutral Red; NP, 4-

Nitrophenol, 20 ppm.   

To broaden the solvent that can be used for the CC3 membrane synthesis, sonochemistry was 

utilised instead. Instead of using DCM or chloroform, the PAN membrane was placed in water 

with TFB and CHDA under ultra-sonic (550W Branson Sonifier SFX550 cell disrupter with 

O.D. 3 mm microtip) for 30 minutes. The SEM images of the resulting membrane are shown 
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in Figure 3.59, which is very different from the cage membranes we made previously. It 

exhibits a continuous, homogeneous surface with a very dense coating, and multiple layers can 

be seen on the surface.  

The dye rejection experiments of the sonochemistry CC3 membranes have exhibited a similar 

MWCO of ~ 600 g∙mol-1 (Figure 3.60), indicating the obtained membranes may have a similar 

pore size with CC3-PAN. In this case, we have successfully broadened the synthesis solvent 

from DCM and chloroform to water, a cheaper, safer and more common solvent in our daily 

life and industry. Moreover, the 24 hours reaction time can be dramatically reduced to 0.5 hours 

due to the high efficiency of the ultra-sonic acceleration. 

 

Figure 3.59 SEM images with different resolutions showing the surface morphology of CC3 

membranes synthesized by sonochemistry.  
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Figure 3.60 Molecular weight cut-off curve of different dyes in water for CC3 membranes 

synthesized via sonochemistry. 
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3.6.4 Discussions on Scalability 

Scalability is another concern that may restrict the potential application of these cage 

membranes. Although porous organic cages are a relatively new class of material, they are 

synthesisable at scale for real-life application. For example, a spin-out company at Liverpool 

(CageCapture Ltd, https://cagecapture.com) commercialises CC3 and analogues for air 

purification applications on the kilogram scale. Porous organic cages are also solution-

processable and may be more compatible with specific manufacturing processes than insoluble 

porous solids. We have established a flow synthesis technology to produce crystalline CC3 

continuous in a flow in our lab67, and it is possible if we apply a hollow fiber in the system and 

we may get the crystalline CC3 coated hollow fibre with a quite large scale. 

The amorphous cage membranes made by spin-coating can be made faster, but they offer very 

low permeance. While crystalline membranes could have better properties, we know that 

scalability is a broad challenge in this area. However, the solubility of porous organic cages 

means they might be processed using electrospray coating or continuous dip coating / casting68, 

or possibly even new techniques such as 3D printing69. Hence, there is broad scope for 

crystalline porous organic cages membrane to be scalable. This is not a trivial challenge—at 

this point, this performance results from interfacial crystallisation, which might be hard to 

scale—but we are optimistic that a solution to this might be found in practical.  

 

Figure 3.61 SEM images with different resolutions showing the surface morphology of CC3 

membranes made by in-situ method.   

Moreover, we have studied cage membrane fabrication by the in-situ method (see section 2.5.3 

in Chapter 2), which has been used on a large scale in industry70. The surface morphology 

(Figure 3.61) shows a very thin layer that is continuous and uniform. No large particles can be 

seen on the surface. The dye rejection data shown in Figure 3.62 confirmed that the obtained 
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CC3 membrane is continuous and defect-free, acting well as a separation membrane for dyes. 

This means the CC3 membranes could be fabricated in-situ on a large scale, and they have 

potential applications in many fields.  
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Figure 3.62 Molecular weight cut-off curve of different dyes in water for CC3 membranes 

synthesized via in-situ method.   

 

3.7 Conclusions 

POC membranes have been fabricated via several methods to overcome the challenges of the 

processability of POC crystallites as thin films. Importantly, a novel synthetic strategy to 

fabricate crystalline POC membranes has been developed using a simple aqueous–organic 

interfacial technique. The interfacial approach enables the directly in-situ formation of thin 

films consisting of CC3 molecules under mild conditions. The resulting POC membrane is 

continuous, defect-free, and has high solvent permeances for a range of organic solvents while 

also showing excellent dye rejection performances. To the best of our knowledge, this is the 

first time an interfacial reaction process has been used to prepare continuous crystalline POC 

membranes that have been used in molecular separations, bringing a breakthrough in discrete 

porous materials applications. 

We attribute the high solvent permeance of CC3-PAN to highly ordered pore channels in POC 

crystals positioned throughout the membrane structure. The mechanism of the CC3 film 
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formation has been studied and can be described in four stages during the process. Effects of 

crystallinity, reaction solvents, membrane activation, pressure and long duration have been 

investigated. Notably, it has been observed that there is a shift of the MWCO for these porous 

organic membranes if processed into different structures (crystalline and random packing). For 

example, amorphous CC3 membranes fabricated via spin-coating have shown a MWCO of 

~400 g·mol-1, which indicates we have successfully modulated the pore structures of these 

membrane materials.  

Moreover, cage membranes made with CC3 molecules or co-crystals, using different methods 

including casting, in-situ synthesis, sonochemistry, have been studied. These approaches 

enable a faster synthesis process (e.g., 30 min) with more mild conditions (e.g., in water), which 

might make these membranes more scalable in the future. The scalability of the CC3 

membranes can be achieved practically due to their solution processable properties (i.e., the 

solubility of POCs). Therefore, it is anticipated that the synthesis technique and unique 

templating method demonstrated herein for the fabrication of defect-free, free-standing POC 

membranes would broaden the realm of the practical application of these macrocyclic materials. 
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4.1 Background and Introduction 

Many practically important molecular separations involve ternary systems or more complex 

mixtures—in general, the separation of multiple hydrocarbon fractions from crude oil by 

distillation1, pervaporation or organic solvent reverse osmosis2,3 , sieving out by-products from 

reactions or the removal of numerous impurities from a pharmaceutical product by 

chromatography using solvent gradients4,  for example in the liquid phase peptide synthesis of 

pharmaceuticals5. One of the practical examples is the purification of fatty acids6,7, such as the 

recovery of omega-3 polyunsaturated fatty acids from fish oil by nanofiltration8. 

To achieve equivalent separations from complex mixtures using membranes, cascades of 

membranes with graded molecular weight cut-offs have been developed1, using phase 

inversion (polymeric membranes)9 or sol-gel processing (ceramic membranes)10 by 

manipulating the receipt of dope solution or fabrication conditions to produce multiple 

membranes with a variety of pore sizes. This places membranes at a disadvantage for ternary 

and higher separations—whereas a single distillation or chromatography column can produce 

multiple fractions with differing compositions. Separating more than binary solute systems 

using a membrane cascade requires multiple pumped recycle streams and complex fluid 

controls11. While solvent gradients are used with significant effect in chromatography to 

modulate solid-liquid interactions, there are as yet no reports of membranes that respond to 

solvent gradients by changing their solute selectivity. 

The guest selectively can be controlled and altered if the membrane material itself has 

switchable porosity. Herein porous organic cages (POCs) exhibit two advantages: they are 

solution-processable, and their solid-state structures are defined by non-covalent 

intermolecular interactions. Consequently, POC structures can be controlled using a range of 

post-synthesis crystal design strategies12. Thus they can novelly offer the possibility of 

introducing tunable porosity or even smart, switchable porosity. 

A unique property of POCs is that their bulk materials properties can be altered by directing 

the discrete, solution-processable components to pack in different polymorphic forms13. 

Furthermore, because POC crystals are modular, structure transformations have been used to 

switch their crystal packings and alter their solid state functions14,15. For example, the non-

covalent solid-state structures of POCs crystal can be switched using chemical stimuli to alter 

their bulk porosity14,15.  



171 

 

 

Figure 4.1 Example of CC1 switching its packing in DCM and o-xylene, which changes its 

sorption properties. (a) Scheme of solid-state “on–off” porosity switching. (b) Powder XRD 

patterns and gas sorption for the bulk materials after guest removal. Reprinted from Angew. 

Chemie Int. Ed. 2011, 50, 749–75315. Copyright 2011, with permission from Angewandte 

Chemie International Edition.  
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Figure 4.2 Polymorph transformation of CC1, CC2, CC13 examples (a)-(d), and T2 example 

(e)-(h). (a)-(d) Schematic low-energy crystal packings for CC1, CC2, and CC13, and 

crystallisation in the presence of 1,4-dioxane causes 3-dimensional diamondoid pore structure 

of CC3. Reprinted from J. Am. Chem. Soc. 2014, 136, 1438–144816. Copyright 2014, with 

permission from the American Chemical Society. (e)-(h) Overlays of predicted (red) and 

experimental (blue) structures for T2-γ, T2-α, T2-β and T2-δ, their gas adsorption isotherms 

and pressure-dependent selectivity. Reprinted from Nature 2017, 543, 657–66417. Copyright 

2017, with permission from Springer Nature. 

 

Meanwhile, the [4+6] imine POC, CC1, was crystallised from ethyl acetate and found to switch 

its packing in dichloromethane (DCM) and ortho-xylene, which then changed its sorption 
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properties15. As exposure of its nonporous phase, CC1α′, to different trigger molecules directs 

the structure into one of two porous forms, CC1β′ and CC1γ′, this was used to on-off cycle its 

porosity to H2 (Figure 4.1). A followed-up study showed that tetrahedral CC1, CC2 and CC13 

molecules show 2-dimensional layered pore structure with formally disconnected voids, and 

could transfer to 3-dimensional interpenetrating pore network in the presence of 1,4-dioxane16. 

In this case, a large increase in porosity has been achieved by a simply solvent-directed control 

over crystal packing rather than by increasing the size of the cage modules themselves (Figure 

4.2).  

 

Figure 4.3 Representation of the reversible conversion and morphological diversity in the 

TpOMe-CDA polymorphs. (a) Morphological conversion is represented in a reversible cyclic 

manner. (b) The PXRD profiles and (c) FESEM images of TpOMe-CDA polymorphs. 

Reprinted from Angew. Chemie Int. Ed. 2019, 58, 4243–424714. Copyright 2019, with 

permission from Angewandte Chemie International Edition.  
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Benzimidazolone T2 has been reported to keep its hexagonal T2-γ phase while crystallised 

from dimethyl sulfoxide/acetone, and this polymorph transforms back to a solvate of T2-β 

upon exposure to xylene, propane or propene, and thus presents a different porosity to N2 and 

CH4 (Figure 4.2)17. Another [4+6] imine-linked cage (TpOMe-CDA, synthesised by 2,4,6-

trimethoxy-1,3,5-triformyl benzene (TpOMe) and 1,2-diaminocyclohexane (CDA)) retains its 

structure to the thermodynamically stable polymorph, TpOMe-CDA (α) phase, in many 

organic solvents (acetone, methanol, tetrahydrofuran, 1,4-dioxane, and ethyl acetate), but 

exhibits reversible porosity on-off for N2 uptake with the polymorphic conversion to TpOMe-

CDA (β) phase by N,N-dimethylformamide and TpOMe-CDA (γ) phase by chloroform 

(Figure 4.3)14.  

 

Figure 4.4 (a) Synthesis of organic cage molecules CC3 and CC4. Scheme showing 

interchangeable crystal packings for cages CC3 and CC4; (b) 3-D diamondoid pore channels; 

and (c) 2-D layered pore structure with formally disconnected voids. Orange = disconnected 

voids; yellow = interconnected pores. Reprinted from Chem. Commun., 2014, 50, 9465-946818. 

Copyright 2014, with permission from the Royal Society of Chemistry. 

As such, POCs are intriguing and relatively unexplored candidates for producing new types of 

membrane material with tunable porosity, or even new types of membranes with switchable, 

‘on/off’ porosity. However, for polymorphic switching of POCs to be associated with changes 

in bulk sorption properties, access to highly crystalline forms with defined pore structures have 

been required. 



175 

 

Previous studies have shown that certain POCs can be switched between more than one 

polymorph to modify the porosity in the materials14,15. The solid-state structure of CC3 has 

been directed into different polymorphs by crystallisation from specific solvents18. For example, 

as is shown in Figure 4.4, CC3 prefers to pack in a window-to-window arrangement in most 

solvents, which generates an interconnected diamondoid pore network. This thermodynamic 

polymorph, CC3α, has an apparent Brunauer-Emmett-Teller (BET) surface area (SABET) of 

∼410 m2∙g−1 in the crystalline state. These CC3α crystal packing modes can be interchanged 

by using specific co-solvents, such as diethyl ether, to direct the crystal packing. In this CC3β 

phase, the cage windows pack in a relatively inefficient manner, forming extrinsic cavities into 

which the methyl termini of the diethyl ether solvent molecules are directed, where these 

extrinsic lattice sites can accommodate additional gas molecules. Therefore, with apparent 

SABET of 555 m2∙g−1, the gas uptake (N2, H2, CO2) and porosity for CC3β is higher than 

for CC3α due to its lower density (0.922 g∙cm−3 for CC3β vs. 0.973 g∙cm−3 for CC3α). But 

until now, the solid-state transformation of CC3 crystals was not explored.  

In this chapter, highly crystalline, close-packed and defect-free films of a robust imine POC, 

CC3, have been studied on their tunable porosity / switchable porosity. We were motivated to 

investigate whether a solvent stimulus could be used to switch the solid-state structure of the 

CC3α membrane, thus changing the pore aperture and affecting its separation behaviour.  

The results presented in this Chapter demonstrate that exposure of the non-covalent crystal 

packing of CC3 in methanol (MeOH) induces a rapid phase transformation from CC3α to a 

different crystalline phase, CC3γ', which consists of less densely packed POCs. This 

transformation systematically increases the effective pore aperture of the resulting membrane, 

CC3γ'-PAN, which allows the permeation of larger organic dyes that were found to have been 

rejected in water. The difference in selectivity is not a simple swelling effect, but rather a phase 

transition that can be understood at the atomistic level. Furthermore, this switchable porosity 

is reversible, and, surprisingly, it does not compromise the continuity of the membrane. 

Importantly, understanding the dynamic transformation between two solvents enables the 

manipulation of the pore aperture in a single CC3-PAN membrane. Such technology allows us 

to separate three organic dyes with different sizes continuously from a ternary system via a 

graded molecular sieving experiment using one single, ‘smart’ membrane.  

 

 



176 

 

4.2 Solid-state Structural Transformation Study on Cage Membranes 

           (a)                                                                               

 

          (b) 

 

Figure 4.5 PXRD patterns recorded on (a) bulk grown powders of as-synthesised CC3α 

crystals loaded into glass capillaries and then suspended in organic solvents; (b) CC3α film 

that was scraped of a glass substrate loaded in glass capillaries and then dispersed in organic 

solvents. TFB 0.8 wt.% in DCM (30 mL), CHDA 0.8 wt.% in water (32 mL); reaction conditions: 

24 hours at room temperature; dish diameter: 7.4 cm. Wavelength: λ = 0.827 Å. 
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To determine if the solvents could direct CC3 to pack in different ways in the cage membrane, 

we have screened the polymorphic forms of CC3 in other solvents. We started with air-dried 

CC3 (i.e., desolvated), and a series of GIXRD patterns were then recorded after submerging 

the material in various organic solvents, including acetonitrile, acetone, and methanol.  

As shown in Figure 4.5, both bulk grown powders of as-synthesised CC3α crystals and CC3α 

film that was scraped of a glass substrate have been measured. These experiments revealed that 

CC3 submerged in water, acetone, and acetonitrile had the same structure as the air-dried 

material. Interestingly, we found that CC3 transformed into a new structure when submerged 

in methanol, confirmed by its different GIXRD pattern. 

To investigate whether this phase transformation occurred to the pre-fabricated membrane, we 

set up a series of in-situ GIXRD measurements by covering the membrane surface with a thin 

layer of solvent (water, methanol, acetone, and acetonitrile) during the GIXRD scans (see 

Chapter 2 for experimental details). In the GIXRD patterns shown in Figure 4.6, we observed 

that solvating the composite CC3-PAN membrane in water, acetone, and acetonitrile caused 

small shifts of the diffraction peak positions to lower angle positions due to solvent swelling, 

without significant structural changes to the CC3α phase. However, the CC3-PAN membrane 

exhibited a different structure in methanol, and the structural transformation is consistent with 

that of the bulk material phase transformation in methanol.  

By indexing the GIXRD pattern shown in Figure 4.7, we confirmed this was a MeOH-solvated 

CC3 phase, referred to hereafter as CC3γ', that was isolated previously by crystallising CC3 

from dichloromethane and MeOH19.  

The CC3γ' structure has monoclinic C2 crystal symmetry and its crystal packing is markedly 

different from CC3α. In its thermodynamically most stable polymorph, CC3α20, the cage packs 

in a window-to-window arrangement to generate an interconnected diamondoid pore network 

(Figure 4.8 h and i). By contrast, in the CC3γ' phase, hexagonally arranged CC3 molecules 

extend this window-to-window pairing, thus generating a 2D honeycomb, solvent-filled virtual 

pore network running through the intrinsic cage voids (Figure 4.8 a-c).  
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Figure 4.6 Out-of-plane GIXRD diffraction patterns (λ = 0.689 Å) that were recorded after 

coating the surface of CC3α-PAN-24H-0.8% with different organic solvents. The solvent layer 

was covered with Mylar film during the measurements.  

 

 

 

 

 

 



179 

 

 (a) 

                 

    (b) 

 

Figure 4.7 Pawley refinements for out-of-plane GIXRD patterns (λ = 0.689 Å) of (a) CC3α-

PAN-24H-0.8% in water (Rp = 0.73%, Rwp = 1.09%, F4132, a = 25.285 Å, V = 16166.4 Å3), 

and (b) CC3γ'-PAN-24H-0.8% in MeOH (Rp = 0.47%, Rwp = 0.92%, C2, a = 27.377 Å, b = 

20.096 Å, c = 21.936 Å, β = 123.1°, V = 10108.4 Å3). Red circles: experimental PXRD pattern, 

black line: fitting pattern, blue curve: difference between experimental and refinement, black 

bars: reflection positions. Copyright © 2022, Springer Nature and Ai He, etc. 
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Figure 4.8 A metastable solvate phase of a porous cage, phase 1 (CC3γ'), has virtual 2D pores 

but this transforms over time to a denser phase, CC3α, with 3D pores. a, Representation of the 

single-crystal structure for CC3·(MeOH)12.5·(H2O)3 (phase 1) showing a window-to-window 

cage pairing arrangement. b,c, Hexagonally arranged CC3 molecules generate a 2D 

honeycomb, solvent-filled virtual pore network (yellow), shown in here in the perspective views 

[101] (b) and [010] (c). d,e, Single-crystal structure after heating to remove the solvent to 

generate (CC3)2 (phase 2) showing cage-window pairings from crystallographically 

independent pore networks. f,g, 2D honeycomb pore network in the perspective views [001] (f) 

and [010] (g). h,i, Phase 2 is metastable and transforms easily to the thermodynamic solvent-

free polymorph CC3α, with a 3D pore network. Reprinted from Nat. Chem. 2015, 7, 153–159. 

Copyright 2015, with permission from Springer Nature. 
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Figure 4.9 Crystallographic characterisation of cage membranes. The diffraction data 

collected from beamline I07: (a) out-of-plane and in-plane diffraction data of the blank 

polymer background and the CC3 membrane in water; (b) out-of-plane diffraction data of the 

blank polymer background and the CC3 membrane in methanol. Film synthesis condition: 

concentration: triformylbenzene (TFB) 0.8 wt. %, (1R,2R)-1,2-cyclohexanediamine (CHDA) 

0.8 wt. %; reaction time: 24 h; at room temperature. 
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Both in-plane and out-of-plane diffractions were recorded during the GIXRD measurements. 

With a relatively strong background signal from the polyacrylonitrile substrate (peaks 

correspond to the polyacrylonitrile material21), extra peaks were observed and correspond to 

the crystalline CC3 membranes. As is shown in Figure 4.9, the reflection positions are the 

same in both in-plane and out-of-plane diffraction while the membrane is immersed in water, 

indicating that the CC3 molecules packing in CC3α phase have no preferred orientation; the 

diffraction patterns for membrane in methanol exhibits reflections for CC3γ' phase only in the 

out-of-plane data, showing no extra peaks from in-plane data.  
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Figure 4.10 X-ray diffraction characterisation of CC3-PAN membranes. GIXRD patterns 

confirm the structure of CC3α-PAN in air and water, and CC3γ'-PAN in MeOH. Experimental 

PXRD patterns of CC3α and CC3γ' powders are included as references. 

We have further compared the solid-state switching of the CC3-PAN membrane in water and 

in methanol. As is shown in Figure 4.10, we found that both air-dried and water-solvated 

membranes exhibited the same diffraction patterns as the reference peaks of CC3α powders 

measured by PXRD, which is referred to hereafter as CC3α-PAN. By contrast, the crystalline 

CC3α film on the substrate transformed into CC3γ' phase when submerged in MeOH, and this 

is referred to hereafter as CC3γ'-PAN, respectively.  
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Figure 4.11 GIXRD characterisation of CC3-PAN, CC3α-PAN coated in a layer of water 

(black), CC3γ'-PAN coated in a layer of MeOH (green), CC3α-PAN that was immersed in 

water and then also covered in a MeOH solvent layer (cyan) with the diffraction peaks assigned 

to CC3α-PAN and CC3γ'-PAN included in the resulting GIXRD pattern. 

To investigate the structural transformation between CC3α-PAN and CC3γ'-PAN, we 

performed a series of in-situ GIXRD measurements while dosing the membrane surface with 

solvent vapour and after coating the membrane surface in a thin solvent layer (see Chapter 2 

for full experimental details). As is shown in Figure 4.11, CC3γ'-PAN formed when immersed 

in MeOH and then transformed back into CC3α-PAN after being submerged in water, with 

clear evidence of both phases found (marked for each diffraction peak) when the membrane 

was immersed in a mixture of water and MeOH, or if a small amount of MeOH remained in 

the sample. Figure 4.12 indicates that CC3γ'-PAN formed in MeOH gradually transformed 
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back into CC3α-PAN while the MeOH vapour evaporated from the membrane at room 

temperature. By slowly removing the methanol from the environment, the phase transition has 

been completed, which has been shown as the desolvated CC3α phase. 
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Figure 4.12 GIXRD characterisation of CC3 membranes, CC3γ'-PAN coated in layer of MeOH 

solvent (dark green), after exposing CC3α-PAN to MeOH vapour for 30 minutes, after drying 

CC3γ'-PAN in air for 30 minutes (orange). 
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This has been further confirmed by desolvating the CC3 crystals using variable temperature 

high-resolution PXRD measurement, where a bulk powdered sample of the CC3γ' suspended 

in MeOH in a capillary was gradationally heated (Figure 4.13) and powders that were isolated 

by scraping the CC3 film from a CC3-PAN membrane (Figure 4.14). After heating the 

powdered MeOH solvated CC3γ' sample to 85–95 °C, it cleanly transformed into CC3α, 

replicating the transformation we observed between CC3γ'-PAN and CC3α-PAN that we 

attributed to desolvation. 
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Figure 4.13 Crystallographic characterisation of bulk crystalline CC3 solid reference at 

various temperatures. The diffraction data collected from beamline I11. 
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Figure 4.14 Crystallographic characterisation of cage membranes at various temperatures. 

The diffraction data collected from beamline I11 on the powders collected from CC3 

membranes. Film synthesis condition: concentration: triformylbenzene (TFB) 0.8 wt. %, 

(1R,2R)-1,2-cyclohexanediamine (CHDA) 0.8 wt. %; reaction time: 24 h; at room temperature. 

It is essential to prove the structural transformation is reversible for the membrane with 

methanol and with water, and this enables us to study further whether the pore apertures and 

separation behaviour of the membrane has been affected.  
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4.3 Switchable Pore Aperture with Dye Rejection Study  

Continuous crystalline CC3 films were produced at a water-dichloromethane interface via 

interfacial condensation reaction and crystallisation process, and the CC3 composite 

membrane is designed to exhibit switchable structures in water and in MeOH, based on the 

evidence of its structural transformation between CC3α and CC3γ', as is shown in Figure 4.15. 

In the CC3α phase in water, the cage packs in a window-to-window arrangement to generate 

an interconnected diamondoid pore network (yellow channels in Figure 4.15 b). By contrast, 

in the CC3γ' phase, while in MeOH, the CC3 molecules are packed in a less dense arrangement, 

thus providing large extrinsic pores between hexagonally arranged CC3 molecules (orange 

channels in Figure 4.15 c).  

 

Figure 4.15 Synthesis of a crystalline CC3 film and its crystal structures. (a), Scheme showing 

the interfacial synthesis method used to fabricate crystalline CC3 films, which were 

subsequently adhered to polyacrylonitrile (PAN) support. These crystalline cage films can 

cycle between two different forms, CC3α-PAN and CC3γ'-PAN, by cycling the solvent between 

water and MeOH. CHDA = 1R,2R-cyclohexanediamine; TFB = 1,3,5-triformylbenzene; 

CH2Cl2 = dichloromethane. (b), CC3α structure with its 3D pore network shown in yellow. (c), 

The CC3γ' structure, formed by soaking in MeOH, has additional extrinsic solvent-filled 

channels, shown here in orange, that opens up additional porosity in the membrane in response 

to the MeOH solvent. 
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Therefore, the reversible transition between CC3α-PAN and CC3γ'-PAN is believed to create 

different diffusion pathways through the membrane structure. To investigate the effect of this 

structural transformation on permeance and dye rejection, we prepared CC3-PAN samples and 

tested the membrane performance. 
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(d)                                             (e)                                             (f)                        
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(g)                                             (h)                                             (i)                        
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Figure 4.16 UV absorption spectra of dyes in methanol before and after selectivity tests 

performed with CC3γ'-PAN. Inserts show photographs of the feed and the permeate. Note, NR 

is a pH indicator, changing from red to yellow between pH 6.8 and 8.0; as the NR permeate 

was orange in colour the dye concentration was calculated using both yellow and red peaks in 

the UV absorption spectrum. Copyright © 2022, Springer Nature and Ai He, etc. 

 

Table 4.1 Dye rejection measurement data for CC3-PAN determined using MeOH feedstocks. 

Solvent Dye 
Sample 

Collected 

Volume 

(mL) 

Wavelength[a] 

(nm) 
Absorption 

Rejection 

(%) 
Ref. Figure 

MeOH RR 

Feed 100 540 1.11 

92.78 ± 3.10 
Figure 4.16 

(a) 
Permeate 52 538 0.07 

Retentate 48 538 2.41 

MeOH DR 

Feed 100 526 1.36 

93.02 ± 2.54 
Figure 4.16 

(b) 
Permeate 52 528 0.07 

Retentate 48 528 2.42 

MeOH RB 

Feed 100 558 2.21 

2.52 ± 2.05 
Figure 4.16 

(c) 
Permeate 57 558 2.08 

Retentate 43 558 2.50 

MeOH BB 

Feed 100 588 1.98 

0.76 ± 0.26 
Figure 4.16 

(d) 
Permeate 51 588 1.96 

Retentate 49 587 2.03 

MeOH CR Feed 100 502 1.46 
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Permeate 46 502 1.38 
3.70 ± 2.47 

Figure 4.16 

(e) Retentate 54 504 1.52 

MeOH PPIX 

Feed 120 394 3.51 

5.96 ± 3.41 
Figure 4.16 

(f) 
Permeate 55 394 3.33 

Retentate 65 394 3.60 

MeOH ACF 

Feed 100 552 2.57 

5.21 ± 3.02 
Figure 4.16 

(g) 
Permeate 58 552 2.37 

Retentate 42 553 2.73 

MeOH SY 

Feed 100 481 1.79 

3.24 ± 2.63 
Figure 4.16 

(h) 
Permeate 59 480 1.63 

Retentate 41 480 1.87 

MeOH MO 

Feed 100 422 2.76 

4.05 ± 2.95 
Figure 4.16 

(i) 
Permeate 52 422 2.64 

Retentate 48 424 2.85 

MeOH NR 

Feed 100 534 3.51 

4.82 ± 3.28 
Figure 4.16 

(j) 
Permeate[b] 46 

536 1.69 

466 1.18 

Retentate 54 536 4.56 

MeOH NP 

Feed 100 311 2.14 

2.77 ± 2.05 
Figure 4.16 

(k) 
Permeate 55 312 2.13 

Retentate 45 310 2.14 

[a] Wavelength of maximum absorbance. [b] Wavelength of maximum absorbance of the peak 

at the red colour absorbance (520 nm) and orange colour absorbance (455 nm). As NR is a pH 

indicator changing from red to yellow between pH 6.8 and 8.0, the dye concentration was 

calculated using the absorbance of both yellow and red peaks. 
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Figure 4.17 MWCO curve for CC3α-PAN in water and CC3γ'-PAN in MeOH containing 20 

ppm dye solutes. The MWCO was determined by interpolating from the plot of rejection against 

the molecular weight of the dyes and corresponds to the molecular weight for which rejection 

reaches 90%. All error bars depict the SD of the data points obtained from at least three 

independent membranes. Copyright © 2022, Springer Nature and Ai He, etc. 

 

Instead of water, which has been studied for the cage membrane performance exhaustively in 

Chapter 3, we herein used MeOH to dissolve the dyes and filtered these solutions through the 

CC3-PAN membrane under the same conditions. The outcome of the dye rejection experiments 

is shown in detail in Figure 4.16 and Table 4.1, where we can see that only the two larger dyes 

RR (92.8%) and DR (93.0%) were rejected from the MeOH feedstocks, while the other dyes 

we tested could pass through the CC3γ'-PAN membrane. 

Interestingly, the MWCO shifted from 600 g∙mol-1 in water to 1400 g∙mol-1 in MeOH for the 

same membrane (Figure 4.17). We attribute this dramatic change in MWCO to the phase 

transformation to CC3γ'-PAN in MeOH, which exhibited a less dense packing form with large 

extrinsic pores between hexagonally arranged CC3 molecules (Figure 4.15). 
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Figure 4.18 (a) Reversible dye rejection of brilliant blue (BB) and solvent permeance of the 

CC3-PAN membrane observed upon switching the feedstock solvent between water and MeOH. 

All error bars denote the standard deviations (SD) for measurements from at least three 

independent membranes. (b) Photographs of a CC3-PAN in a filtration dead-end cell captured 

from a continuous real-time video at different filtration times; BB is rejected in water by CC3α-

PAN while CC3γ'-PAN does not reject BB in MeOH. 
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Table 4.2 Reversible dye rejection data for CC3-PAN, recorded while switching the feedstock 

between 20 ppm BB dissolved in water and MeOH feedstocks. 

Cycle Solvent Dye Sample Collected 
Volume 

(mL) 

Wavelength 

(nm) 
Absorption 

Rejection 

(%) 

1 Water BB 

Feed 110 552 1.3823  

Permeate 1 11 551 0.0018 99.87 

Permeate 2 13 551 0.0006 99.96 

Permeate 3 14 551 0.0018 99.87 

Permeate 4 12 551 0.0021 99.85 

Permeate 5 9 551 0.0028 99.80 

Retentate 51 551 2.2893  

1 MeOH BB 

Feed 110 587 1.6239  

Permeate 1 9 587 1.6090 0.92 

Permeate 2 15 587 1.6041 1.22 

Permeate 3 10 587 1.595 1.78 

Permeate 4 11 587 1.5935 1.87 

Permeate 5 10 587 1.6077 1.00 

Retentate 55 587 1.7284  

2 Water BB 

Feed 100 551 1.2468  

Permeate 1 6 551 0.0023 99.83 

Permeate 2 11 551 0.0025 99.82 

Permeate 3 8 551 0.0023 99.83 

Permeate 4 10 551 0.0017 99.88 

Permeate 5 12 551 0.0023 99.83 

Retentate 53 552 2.7621  

2 MeOH BB 

Feed 100 587 1.6959  

Permeate 1 12 587 1.6811 0.87 

Permeate 2 10 587 1.6922 0.22 

Permeate 3 18 587 1.6827 0.78 

Permeate 4 6 586 1.6723 1.39 
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Permeate 5 7 586 1.6906 0.31 

Retentate 47 587 1.7140  

3 Water BB 

Feed 100 552 1.3208  

Permeate 1 17 552 0.0018 99.86 

Permeate 2 15 552 0.0020 99.85 

Permeate 3 11 551 0.0037 99.72 

Permeate 4 7 551 0.0021 99.84 

Permeate 5 8 551 0.0025 99.81 

Retentate 42 551 3.1182  

3 MeOH BB 

Feed 100 587 1.6648  

Permeate 1 12 587 1.6410 1.43 

Permeate 2 21 586 1.6134 3.09 

Permeate 3 9 587 1.6263 2.31 

Permeate 4 11 587 1.6275 2.24 

Permeate 5 6 587 1.6475 1.04 

Retentate 41 587 1.6976  

4 Water BB 

Feed 100 552 1.3546  

Permeate 1 10 551 0.0023 99.83 

Permeate 2 8 551 0.0018 99.87 

Permeate 3 7 551 0.0018 99.87 

Permeate 4 8 551 0.0024 99.82 

Permeate 5 11 551 0.0020 99.85 

Retentate 56 552 2.4845  

4 MeOH BB 

Feed 100 587 1.6761  

Permeate 1 15 586 1.6555 1.23 

Permeate 2 17 587 1.6587 1.04 

Permeate 3 10 587 1.6416 2.06 

Permeate 4 8 587 1.6733 0.17 

Permeate 5 6 587 1.6598 0.97 
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Retentate 44 587 1.6664  

5 Water BB 

Feed 100 550 1.3024  

Permeate 1 10 551 0.0001 99.99 

Permeate 2 15 551 0.0001 99.99 

Permeate 3 14 551 0.0035 99.73 

Permeate 4 7 551 0.0051 99.61 

Permeate 5 11 551 0.0014 99.89 

Retentate 43 551 2.8876  

5 MeOH BB 

Feed 100 587 1.6548  

Permeate 1 21 586 1.6753 3.20 

Permeate 2 7 586 1.6584 2.00 

Permeate 3 6 587 1.6885 2.99 

Permeate 4 10 587 1.6823 1.23 

Permeate 5 11 587 1.6548 1.59 

Retentate 45 587 1.7529  

6 Water BB 

Feed 100 552 1.3620  

Permeate 1 12 551 0.0022 99.84 

Permeate 2 13 552 0.0019 99.86 

Permeate 3 11 551 0.0020 99.85 

Permeate 4 8 551 0.0044 99.68 

Permeate 5 9 551 0.0034 99.75 

Retentate 47 551 2.5413  
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Table 4.3 Reversible dye rejection data for three CC3-PAN samples, recorded while switching 

the feedstock between 20 ppm BB dissolved in water and MeOH feedstocks. The details of 

membrane sample I are shown in Table 4.2. 

  Rejection for BB (%) 
Average Value 

 (%) 

Standard Deviation 

(%) 

Cycle Solvent Sample I Sample II Sample III   

1 

Water 

99.87 98.61 100.00 99.49 0.50 

99.96 98.99 99.35 99.43 0.40 

99.87 99.99 99.99 99.95 0.06 

99.85 99.99 99.98 99.94 0.07 

99.80 99.73 99.61 99.71 0.08 

MeOH 

0.92 0.39 0.01 0.44 0.37 

1.22 0.02 0.41 0.55 0.50 

1.78 0.31 0.00 0.70 0.77 

1.87 0.54 0.68 1.03 0.60 

0.99 0.17 0.84 0.67 0.36 

2 

Water 

99.83 99.35 99.99 99.72 0.27 

99.82 99.49 99.77 99.69 0.15 

99.83 99.77 99.99 99.86 0.09 

99.88 99.32 99.99 99.73 0.29 

99.83 99.12 99.71 99.55 0.31 

MeOH 

0.87 0.32 0.71 0.63 0.23 

0.22 0.24 0.56 0.34 0.16 

0.78 0.87 0.01 0.55 0.39 

1.39 0.08 0.08 0.51 0.62 

0.31 0.85 1.25 0.80 0.38 

3 Water 

99.86 99.36 99.99 99.74 0.27 

99.85 99.50 99.92 99.76 0.18 

99.72 99.97 99.99 99.89 0.12 
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99.84 99.99 99.96 99.93 0.07 

99.81 99.77 99.97 99.85 0.08 

MeOH 

1.43 2.99 0.64 1.69 0.98 

3.09 2.33 1.20 2.21 0.77 

2.31 0.38 2.83 1.84 1.05 

2.24 0.01 2.97 1.74 1.26 

1.04 0.64 2.58 1.42 0.84 

4 

Water 

99.83 99.32 99.08 99.41 0.31 

99.87 98.97 99.28 99.37 0.38 

99.87 99.99 99.98 99.95 0.05 

99.82 99.91 99.99 99.91 0.07 

99.85 99.90 99.16 99.64 0.34 

MeOH 

1.23 0.02 0.58 0.61 0.49 

1.04 0.01 0.53 0.53 0.42 

2.06 0.02 1.18 1.08 0.84 

0.17 0.01 1.20 0.46 0.53 

0.97 0.01 2.83 1.27 1.17 

5 

Water 

99.99 99.84 99.91 99.91 0.06 

99.99 99.86 99.99 99.95 0.06 

99.73 99.85 99.83 99.80 0.05 

99.61 99.99 99.68 99.76 0.16 

99.89 99.75 99.45 99.70 0.18 

MeOH 

3.20 0.05 0.98 1.41 1.32 

2.00 0.35 1.32 1.22 0.68 

2.99 0.01 0.69 1.23 1.28 

1.23 0.01 1.34 0.86 0.60 

1.59 0.96 2.37 1.64 0.58 
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Table 4.4 Solvent permeance data for three CC3-PAN samples, recorded while switching the 

feedstock between 20 ppm BB dissolved in water and MeOH feedstocks. 

  Permeance (L.m-2.h-1.bar-1) 
Average Value 

 (L.m-2.h-1.bar-1) 

Standard Deviation 

(L.m-2.h-1.bar-1) 

Cycle Solvent Sample I Sample II Sample III   

1 

Water 

49.36 50.16 57.32 52.28 3.58 

45.60 52.55 54.94 51.03 3.96 

47.77 51.35 54.14 51.09 2.61 

42.87 50.16 52.55 48.53 4.12 

43.50 45.38 52.55 47.14 3.90 

MeOH 

100.19 110.87 97.55 102.87 5.76 

106.62 100.89 94.16 100.56 5.09 

102.74 106.67 98.96 102.79 3.15 

102.63 109.23 98.27 103.38 4.51 

107.70 100.63 97.77 102.03 4.17 

2 

Water 

55.32 48.88 45.51 49.90 4.07 

50.16 50.64 45.88 48.89 2.14 

47.38 52.32 48.77 49.49 2.08 

43.50 49.91 45.60 46.34 2.67 

42.99 51.74 45.79 46.84 3.65 

MeOH 

95.54 93.15 107.48 98.72 6.27 

95.54 103.56 101.91 100.34 3.46 

98.72 104.97 95.54 99.74 3.92 

101.51 109.43 97.93 102.95 4.80 

100.70 104.20 98.31 101.07 2.42 

3 Water 

51.94 47.32 42.99 47.42 3.65 

51.14 43.95 43.44 46.18 3.52 

50.74 42.04 43.69 45.49 3.77 

50.95 43.22 44.99 46.39 3.31 
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47.77 40.62 46.38 44.93 3.09 

MeOH 

95.54 106.45 95.21 99.07 5.22 

95.54 105.09 98.82 99.82 3.96 

93.95 102.71 96.43 97.69 3.69 

97.76 100.16 92.61 96.84 3.15 

99.50 98.57 92.85 96.97 2.94 

4 

Water 

45.38 42.35 48.60 45.44 2.55 

43.22 47.43 42.44 44.36 2.19 

39.44 43.72 45.03 42.73 2.39 

41.22 41.44 47.83 43.50 3.07 

38.83 45.43 43.44 42.57 2.77 

MeOH 

95.54 90.32 100.32 95.39 4.08 

92.36 95.54 100.76 96.22 3.46 

88.85 95.99 97.77 94.20 3.85 

91.23 90.03 100.32 93.86 4.59 

90.63 92.05 97.93 93.54 3.16 

5 

Water 

43.60 47.77 48.57 46.65 2.18 

40.83 41.40 47.77 43.33 3.15 

40.03 45.38 48.38 44.60 3.45 

38.44 42.99 47.80 43.08 3.82 

38.22 41.80 46.99 42.34 3.60 

MeOH 

90.00 88.99 101.02 93.34 5.45 

98.60 88.60 100.76 95.99 5.30 

95.99 89.57 95.99 93.85 3.03 

97.18 92.76 93.12 94.35 2.00 

98.94 90.99 95.26 95.06 3.25 

 

To perform switchable molecular separations while cycling between CC3α-PAN and CC3γ'-

PAN, a single membrane was used interchangeably with water and MeOH feedstocks 

containing the BB dye for five consecutive cycles (Table 4.3, Table 4.4, and Table 4.5). As is 
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shown in Figure 4.18, we found that both water and MeOH permeances remained high after 

cycling between CC3α-PAN and CC3γ'-PAN (~45 L·m-2·h-1·bar-1 for water and ~100 L·m-2·h-

1·bar-1 for MeOH). More importantly, the rejection of BB switches between ~100% in water to 

~0% in MeOH in each cycle; that is, the membrane can be switched 'on' and 'off' using a solvent. 

This switchable membrane performance results from the reversible transition between CC3α-

PAN and CC3γ'-PAN, which appears to be complete within the one minute that it takes to 

switch the feedstock (Figure 4.19), and creates alternative diffusion pathways through the 

membrane structure.  

 

Figure 4.19 Set-up for the reversible day rejection experiments and photographs of a CC3-

PAN in a filtration dead-end cell captured from a continuous real-time video at different 

filtration times, clearly showing the switching occurred instantly between the two solvents.  
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Crucially, to confirm that CC3 could be cycled between CC3α-PAN and CC3γ'-PAN, we 

performed a series of in situ GIXRD measurements on solvated CC3 films while performing 

two consecutive cycles. We found that the composite membrane transformed cleanly between 

CC3α-PAN and CC3γ'-PAN when the solvent was switched between water and MeOH and 

back again (Figure 4.20). It is essential to prove the structural transformation is reversible 

between methanol and water, where the structural transformation behaviour corresponds to the 

reversible dye rejection experiments. We attributed this switching phenomenon solely to the 

phase transformation of CC3 films with the in situ GIXRD evidence rather than swelling of 

the membranes, which is discussed further in the next section.  
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Figure 4.20 In situ GIXRD patterns showing the reversible phase transition of the cage 

membranes between CC3α-PAN and CC3γ'-PAN, switched by cycling 100 mL solvent between 

water and MeOH. Copyright © 2022, Springer Nature and Ai He, etc. 

 

4.4 Investigations on Effects of Crystallinity and Solvation 

We further investigated how crystallinity influences the switchable pore aperture by measuring 

dye rejection of CC3-PAN membranes that had lower crystallinity, i.e., CC3 films fabricated 

using lower concentrations or shorter reaction times on the PAN support.  
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Figure 4.21 Dye rejection versus molecular weight cut-off curve for CC3γ'-PAN and blank 

PAN membrane in MeOH containing 20 ppm dye solutes. The upstream nitrogen pressure was 

kept at 10 bar during the measurement and the stirrer agitation speed was 400 rpm. The error 

bars denote the standard deviations for measurements from at least three independent 

membranes. 
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Figure 4.22 Water and MeOH permeance of a blank PAN membrane and the CC3-PAN 

membranes. The permeance values were measured under the same conditions with the 

upstream nitrogen pressure kept at 10 bar during the measurement, and the stirrer agitation 

speed was set at 400 rpm. The error bars denote the standard deviations for measurements 

from at least three independent membranes. 
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                          (a) 

                           

                        (b)                                                         

                          

Figure 4.23 Dye rejection measurements for CC3-PAN-4H-Y% membranes fabricated using 

different reagent concentrations: 0.2, 0.8, and 2.0 wt.%. The dead-end cell was kept under a 

10 bar nitrogen atmosphere, and the stirrer bar agitation speed was 400 rpm. Generic CC3 

film synthesis conditions, reagent concentration: TFB 0.2, 0.8, or 2.0 wt.% in DCM (30 mL), 

CHDA 0.2, 0.8, or 2.0 wt.% in water (32 mL); reaction conditions: 4 hours at room 

temperature; dish diameter: 7.4 cm. Dye concentration: 20 ppm. 
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Firstly, we conducted the dye rejection measurements on the blank PAN as blank control data, 

shown in Figure 4.21, comparing with CC3γ'-PAN. Unlike the CC3γ'-PAN showing a MWCO 

of 1400 g∙mol-1, none of these dyes in MeOH was rejected on a black PAN sample. Water and 

MeOH permeances of a blank PAN membrane and the CC3-PAN membrane are shown in 

Figure 4.22. The blank PAN exhibited similar permeance of water and MeOH, while the CC3-

PAN had a 2.5 times higher permeance value of MeOH than that of water.  

For these samples fabricated with different reagent concentrations, as is shown in Figure 4.23, 

CC3-PAN-4hr-0.8% rejected 78.2% of brilliant blue (BB) from water compared to 52.7% from 

MeOH. In contrast, the less crystalline CC3-PAN-4hr-0.2% had a less distinct BB rejection 

performance of 68.6% from water and 52.8% from MeOH.  
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Figure 4.24 Water and MeOH permeance rates for CC3-PAN-4H-Y% membranes fabricated 

using different reagent concentrations: 0.2, 0.8, and 2.0 wt.%. The dead-end cell was kept 

under a 10 bar nitrogen atmosphere and the stirrer bar agitation speed was 400 rpm. Generic 

film synthesis conditions, reagent concentration: TFB 0.2, 0.8, or 2.0 wt.% in DCM (30 mL), 

CHDA 0.2, 0.8, or 2.0 wt.% in water (32 mL); reaction conditions: 4 hours at room 

temperature; dish diameter: 7.4 cm. 

As for the permeance for water and MeOH (Figure 4.24), the CC3-PAN-4H-2.0% had 20 

times higher MeOH permeance (238.9 L·m-2·h-1·bar-1) compared to water permeance (9.6 L·m-

2·h-1·bar-1). The lower water permeance value compared to CC3-PAN-4H-0.8% and CC3-

PAN-4H-0.2% is attributed to its higher dye rejection performance, but the MeOH permeance 

was higher than CC3-PAN-4H-0.8% (114.6 L·m-2·h-1·bar-1), indicating that the higher 
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crystallinity created a more ordered pore structure in the membranes. By contrast, CC3-PAN-

4H-0.2% with a lower crystallinity exhibited a MeOH permeance (293.0 L·m-2·h-1·bar-1) that 

was twice the water permeance (152.9 L·m-2·h-1·bar-1), which we attribute to the combined 

solvent properties (viscosity η, molar diameter dm, and solubility parameter d) rather than the 

structural transformation in the two solvents. These rejection and permeance data reveals that 

the high crystallinity in the CC3 membrane is essential for regulating its separation 

performance after switching its pore aperture using a solvent stimulus. 
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Figure 4.25 Dye rejection measurements for CC3α-PAN-Xhr-0.8% membranes fabricated 

using reaction times that ranged between 4–96 hours in MeOH. Reaction times of 4 hours were 

not long enough to form a defect-free CC3 film and its dye rejection performance was poor. 

While cracks appeared in the membrane fabricated after 96 hours that contributed to its lower 

rejection performance. The dead-end cell was kept under a 10 bar nitrogen atmosphere and 

the stirrer bar agitation speed was 400 rpm. Dye concentration: 20 ppm. 

We also studied the membrane performance using the CC3-PAN membranes fabricated at 

different times, which are defined to be at different formation stages based on the discussion 

in Chapter 3. As is shown in Figure 4.25, the amorphous oligomeric membranes produced in 

Stage 1 (CC3-PAN-4H-0.8%) exhibited a similar rejection of DR (52.7%) and BB (37.8%) in 

MeOH, which indicated CC3-PAN-4H-0.8% failed to form a defect-free membrane for 

separation. All of the rest CC3-PAN-0.8% samples showed no rejection for BB (~0.5%), but 

the rejection for the larger dye, DR, increased along with the reaction time – 14.5%, 91.6%, 

and 93.0% for CC3-PAN-8H-0.8%, CC3-PAN-16H-0.8%, and CC3-PAN-24H-0.8% in Stage 
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2 and Stage 3, respectively. As the crystallinity of the membranes increased, the more 

completed phase transition occurred in the solvent. Afterwards, while the highly crystalline 

membranes formed with prolonged reaction time in Stage 4, the physical defects and cracks 

on the membrane surface reduced the rejection of DR to76.7 % (CC3-PAN-48H-0.8%) and 

43.5% (CC3-PAN-96H-0.8%). 
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Figure 4.26 MeOH permeance rates for CC3α-PAN-XH-0.8% membranes fabricated using 

reaction times that ranged between 4–96 hours. The dead-end stirred cell was kept under a 10 

bar nitrogen atmosphere and the stirrer bar agitation speed was 400 rpm. Generic film 

synthesis conditions, reagent concentration: TFB 0.8 wt.% in DCM (30 mL), CHDA 0.8 wt.% 

in water (32 mL); reaction conditions: room temperature; dish diameter: 7.4 cm. 

 

The MeOH permeance increased proportionally in line with the increased reaction time, as is 

shown in Figure 4.26, which is 57.3, 102.9, and 210.2 L·m-2·h-1·bar-1 for 16, 24, and 48 hours. 

The permeance value for the highly crystalline CC3-PAN-4H-0.8% was the highest one (286.6 

L·m-2·h-1·bar-1), however, it failed to achieve comparable separation performances. The 

amorphous oligomeric CC3-PAN-4H-0.8% showed a relatively higher rejection for DR and 

BB than CC3-PAN-8H-0.8%, so it is reasonable that CC3-PAN-4H-0.8% exhibited lower 

solvent permeance than the latter.  
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Figure 4.27 MWCO curve and water permeance for the reference Synder® NDX nanofiltration 

membrane that exhibits a MWCO cut-off between 500 and 700 g∙mol-1. 

Moreover, we used an amorphous polymer membrane, commercial Synder® NDX 

nanofiltration membrane as a reference to determine the effects of solvation on the effective 

size of the dyes, and to confirm the importance of the crystallinity on the structural 

transformation. As is shown in Figure 4.27, the Synder® NDX nanofiltration membrane 

exhibited a comparable MWCO (500–700 g∙mol-1) to our CC3-PAN (~600 g∙mol-1) in water, 

with a low water permeance (5.5 L·m-2·h-1·bar-1), which is attributed to the amorphous 

polymeric structure in the membrane.  

Unlike the CC3-PAN with a dramatic MWCO shift from 1400 g∙mol-1 to 600 g∙mol-1, Synder® 

NDX exhibited similar rejection behaviour in both water (99.9%), MeOH (97.0%) and 

acetonitrile (99.9%), as is shown in Figure 4.28. Note, the Synder® NDX nanofiltration 

membrane was not resistant to acetone, and the membrane fragmented in acetone, causing it to 

fail to reject BB in acetone. CC3-PAN membrane, by contrast, exhibited good rejection in 

water (99.8%), acetonitrile (98.0%) and acetone (95.2%), and no rejection in methanol, because 

the same phase, CC3α, was present in these solvents (Figure 4.5 and Figure 4.6), this 

confirmed the phase transition occurs in these unique crystalline membranes.  
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(a) 

 

                     (b) 

 

Figure 4.28 Dye rejection of BB dye in different solvents using, (a) CC3α-PAN; (b) the Synder® 

NDX membrane as the reference. Note, the low dye rejection of BB in acetone using Synder® 

NDX indicates that this membrane is not resistant to degradation in acetone. All the error bars 

depict the standard deviations of the data from at least three independent membranes. 

0

20

40

60

80

100

R
e

je
c

ti
o

n
 (

%
)

Water          Methanol      Acetonitrile    Acetone

Feedstock Solvent

0

20

40

60

80

100

R
e

je
c

ti
o

n
 (

%
)

Water          Methanol      Acetonitrile    Acetone

Feedstock Solvents



209 

 

To further validate that the switching phenomenon is solely linked to the phase transformation 

of the CC3 films, rather than swelling of the membranes, we carried out the nanofiltration 

experiments using CC3-PAN membranes soaked in acetone. As is shown in Figure 4.29, the 

CC3-PAN membrane was found to exhibit a very comparable MWCO in acetone to that 

observed in water. This indicated that the separation is a size-based effect rather than 

differences between dye ionisation. Hence, the permeance and selectivity of the CC3 

membrane is switched by transforming the modular and non-covalent packing of CC3 between 

CC3α-PAN and CC3γ'-PAN using a solvent stimulus. 
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Figure 4.29 Molecular weight cut-off (MWCO) curve for CC3α-PAN determined using organic 

dyes dissolved in water or acetone. MWCO cut-off curves were obtained plotting dye rejection 

versus the molecular weight of the dyes. The molecular weight corresponding to a rejection of 

90% is the MWCO. Dye feedstock concentration: 20 ppm. Note, DR and RR are insoluble in 

acetone and their dye rejection performance could not be measured. SY and CR have a 

maximum solubility of 5 ppm in acetone, thus 5 ppm CR in acetone dye solution was used 

instead of 20 ppm solution. All the error bars depict the standard deviations of the data from 

at least three independent membranes. Copyright © 2022, Springer Nature and Ai He, etc. 



210 

 

Remarkably, the acetone permeance of CC3α-PAN reached 177 L·m-2·h-1·bar-1 with a MWCO 

of ~600 g∙mol-1, which is well above the upper bound performance (that describes the 

competitive trade-off between permeance and MWCO) for nanofiltration membranes reported 

in the literature (Figure 4.30), including metal-organic framework (MOF), macrocycle (MC), 

nanoparticles (NPs), graphene oxide (GO), polymer membranes, and commercially available 

membranes. Figure 4.31 shows acetone permeance versus MWCO values for other 

nanofiltration membranes in comparison to CC3α-PAN, with a higher resolution showing the 

citation number of each point; detailed information for the membranes reported in the literature 

or are commercially available, and citations for the relevant studies are shown in Table 4.5. 
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Figure 4.30 Acetone permeance versus MWCO of generally solutes in acetone for 

nanofiltration membranes reported in the literature and CC3α-PAN. MOF, metal-organic 

framework; MC, macrocycle; NPs, nanoparticles; GO, graphene oxide; PTMSP, poly[1-

(trimethylsilyl)-1-propyne]; PA, polyamide; PEI, polyethyleneimine; PANI, polyaniline;  PI, 

polyimide; PE, polyethylene; PEEK, Poly(ether ether ketone); PEO, poly(ethylene oxide); PIM, 

polymers of intrinsic microporosity; PIP, piperazine; PAR, polyacrylate (see Table 4.5 for 

further details). Copyright © 2022, Springer Nature and Ai He, etc. 
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Figure 4.31 (a) Acetone permeance versus MWCO values for nanofiltration membranes 

reported in the literature in comparison to CC3α-PAN. The upper bound has been added to 

highlight the trade-off between permeance and rejection, where rejection performance 

negatively correlates with molecular weight cut-off. The area with dash square is shown in 

higher resolution in (b). Further information about the membranes shown in the plot is 

included in Table 4.5. Copyright © 2022, Springer Nature and Ai He, etc. 
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Table 4.5 Detailed information about the acetone permeance and MWCO values in acetone 

for the membranes reported in the literature or are commercially available. The permeance 

values with different units have been transferred to (L·m-2·h-1·bar-1) for comparison. All the 

membranes cited here were tested in acetone. POC, porous organic cage; MOF, metal-organic 

framework; MC, macrocycle; NPs, nanoparticles; GO, graphene oxide; PTMSP, poly[1-

(trimethylsilyl)-1-propyne]; PA, polyamide; PEI, polyethyleneimine; PANI, polyaniline;  PI, 

polyimide; PE, polyethylene; PEEK, Poly(ether ether ketone); PEO, poly(ethylene oxide); PIM, 

polymers of intrinsic microporosity; PIP, piperazine; PAR, polyacrylate. 

No. 

MW

CO 

(g· 

mol-

1) 

P 

(L·m-

2·h-

1·bar-

1) 

Solve

nt 
Solute 

Process 

configur

ation 

Memb

rane 

type 

Membrane 

Material 
Year 

Refe

renc

e 

This 

wor

k 

607 177.5 
Aceto

ne 

Protopo

rphyrin 

IX 

disodiu

m 

Dead-

end cell 
POC 

cages on 

polyacrylonitri

le 

ultrafiltration 

membrane 

2020 - 

2 1800 16.0 
Aceto

ne 

Polysty

rene 

Cross-

flow 
MOF 

HKUST-1 / 

P84 
2014 22 

3 748 2.7 
Aceto

ne 

Clarithr

omycin 

Cross-

flow 
MC 

β-cyclodextrin 

film composite 

(TFC) 

2019 23 

4 236 1.3 
Aceto

ne 

Methyl

styrene 

dimer 

Cross-

flow 
NPs 

P[N-

isopropylacryl

amide- 2-

(hydroxy) 

ethyl 

methacrylate] 

nanoparticles 

/crosslinked 

P84 

2013 24 

5 580 10.0 
Aceto

ne 

Styrene 

oligom

ers 

Cross-

flow 
NPs 

Grignard 

grafted TiO2/ 

alumina 

2014 25 

6 140 16.0 
Aceto

ne 

Oligost

yrene 

Cross-

flow 
GO  

Covalently 

cross-linked 

polybenzimida

zole/graphene 

2018 26 
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oxide  

membranes 

7 295 45.2 
Aceto

ne 

Oligost

yrene 

Cross-

flow 
GO 

Non-

crosslinked 

polybenzimida

zole/graphene 

oxide 

membranes 

2018 26 

 

8 
269 7.5 

Aceto

ne 

Methyl 

red 

Dead-

end cell 
GO 

Graphene 

oxide hollow 

fibre 

membranes 

with  a porous 

poly(methyl 

methacrylate) 

sacrificial layer 

2015 27 

9 249 13.0 
Aceto

ne 

Chrysoi

dine G 

Dead-

end cell 
GO 

Highly 

laminated 

graphene oxide  

membranes 

2017 28 

10 200 1.6 
Aceto

ne 

Polyeth

ylene 

glycol 

Dead-

end cell 
GO 

Polyethylenei

mine-graphene 

oxide layer on 

dopamine 

coadedpolyacr

ylonitrile 

ultrafiltration 

membrane 

2015 29 

11 973 4.0 
Aceto

ne 

Rose 

bengal 

Dead-

end cell 
GO 

Graphene 

oxide-layered 

hollow fibers 

2020 30 

12 627 17.3 
Aceto

ne 

Remaz

ol 

brilliant 

blue R 

Cross-

flow 

PTMS

P 

Poly[1-

(trimethylsilyl)

-1-propyne] 

(PTMSP) /  

poly(acrylonitr

ile) (PAN) 

2009 31 

13 1000 4.0 
Aceto

ne 

Soybea

n oil 

Dead-

end cell 

Com

merci

al 

SolSep-

NF030306 
2011 32 

14 880 40.3 
Aceto

ne 

Erythro

sine B 

Cross-

flow 

Com

merci

al 

SolSep-169 2006 33 
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15 700 2.2 
Aceto

ne 

Bromot

hymol 

blue 

Cross-

flow 

Com

merci

al 

MPF-50 2006 33 

16 208 0.4 
Aceto

ne 
Eusolex 

Cross-

flow 

Com

merci

al 

HITK-T1 2006 33 

17 624 3.0 
Aceto

ne 

Bromot

hymol 

blue 

Cross-

flow 

Com

merci

al 

FSTi-128 2006 33 

18 885 58.7 
Aceto

ne 

Triglyc

erides 

Dead-

end cell 

Com

merci

al 

SolSep-

NF010206 
2018 34 

19 885 14.0 
Aceto

ne 

Triglyc

erides 

Dead-

end cell 

and 

cross-

flow  

PA 

[Poly(amide-b-

ether) 

copolymer] top 

layer 

membrane 

1999 35 

20 282 6.0 
Aceto

ne 

Oleic 

acid 

Cross-

flow 
PA 

Polyamide  

(PA)/PAN 
2002 36 

21 327 21.4 
Aceto

ne 

Methyl 

orange 

Dead-

end cell 
PA 

m-

Xylylenediami

ne (m-XDA) - 

trimesoyl 

chloride 

(TMC) 

membranes 

2020 37 

22 235 13.7 
Aceto

ne 

Styrene 

dimer 

Cross-

flow 
PA 

Plant-based 

monomer TFC 

membranes 

2021 38 

23 1500 2.7 
Aceto

ne 

Polyeth

ylene 

glycol 

Dead-

end cell 
PEI 

Polyethylenei

mine 
2015 29 

24 1111 96.3 
Aceto

ne 

Acid 

yellow 

79 

Dead-

end cell 
PEI 

Polydopamine-

polyethylenei

mine on 

polyacrylonitri

le 

ultrafiltration 

membrane 

2018 39 

25 380 1.5 
Aceto

ne 

Oligost

yrene 
Hollow 

fibre 
PANI 

Polyaniline 

hollow fibres 
2008 40 
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testing 

module 

26 250 0.5 
Aceto

ne 

Oligost

yrene 

Spiral-

wound 

module 

PANI 

Polyaniline 

spiral-wound 

module 

2010 41 

27 236 1.1 
Aceto

ne 

Oligost

yrene 

Dead-

end cell 

and 

cross-

flow  

PANI 

Cross-linked 

Polyaniline 

(PANI) 

2009 42 

28 300 0.46 
Aceto

ne 

Poly(pr

opylene

) 

glycols 

Dead-

end cell 

and 

cross-

flow  

PANI 

PANI-poly(2-

acrylamido-2-

methyl-1-

propanesulfoni

c acid) 

(PAMPSA) 

membranes 

2019 43 

29 520 6.5 
Aceto

ne 

Oligost

yrene 

Cross-

flow 
PI P84   (PI) 2014 44 

30 260 1.8 
Aceto

ne 

Oligost

yrene 

Cross-

flow 
PI 

Crosslinked 

polyamide–

imide 

(Torlon®) 

2013 45 

31 236 2.4 
Aceto

ne 

Methyl

styrene 

dimer 

Dead-

end cell 
PI 

Polyamide 

(PA)/crosslink

ed P84 

PI 

2012 46 

32 150 1.4 
Aceto

ne 

Triethyl

ene 

glycol 

Dead-

end cell 
PE 

Teflon 

AF2400/polyet

hylene (PE) 

membranes 

2020 47 

33 1017 0.18 
Aceto

ne 

Rose 

bengal 

Dead-

end cell 
PEEK 

Poly(ether 

ether ketone) 

(PEEK) 

membranes 

crosslinked 

with diamines 

2013 48 

34 370 0.04 
Aceto

ne 

Ethylen

e glycol 

oligom

ers 

Dead-

end cell 
PEO 

[polystyrene-

block-

poly(ethylene 

oxide)/ 

homopolymer] 

/alumina 

2010 49 
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35 535 5.0 
Aceto

ne 

Hexaph

enylben

zene 

Dead-

end cell 
PIM 

[polymers of 

intrinsic 

microporosity 

(PIM-1)/ 

polyethylenei

mine(PEI)]/PA

N 

2012 50 

36 521 46.7 
Aceto

ne 

Momet

asone 

furoate 

Molecula

r 

simulatio

n 

PIM 

Functional 

PIM-1 

membranes 

2019 51 

37 585 11.6 
Aceto

ne 

Acid 

fuchsin 

Cross-

flow 
PIP 

Polyamide-

based 

polyamide/pip

erazine 

(PEI/PIP)  

polyimide 

hollow fibre 

membranes 

2020 52 

38 236 8.4 
Aceto

ne 

Methyl 

styrene 

dimer 

Dead-

end cell 

and 

cross-

flow  

PAR 

Polyarylate 

(PAR) /PI 

nanofilm 

2016 53 

  

 

4.5 Grade Sieving and Other Applications  

A series of BB feedstocks in water and MeOH solvent mixtures were used to determine the 

dynamic transformation between CC3α-PAN and CC3γ'-PAN and its effect on the selective 

permeance of BB.  

Interestingly, the BB rejection rate verse water content can be formulated by fitting a logical 

curve, which reveals that critical transition between CC3α-PAN and CC3γ'-PAN occurs at a 

water concentration of around 61.7% (Figure 4.32), after which a good rejection of BB was 

achieved. The critical transition point is found very close to the rate golden ratio (61.8%).  The 

fitting curve has been concluded to Eq.4.1, with the following parameters: k = -16.117 ± 0.9688, 

p = 4.58e-08; a = 0.617 ± 0.004, p = 2e-16; residual standard error: 0.0219. Conversely, the 

percentage of water or methanol content (x) can be detected by testing the rejection of BB (y) 

in the mixture by using this equation. Understanding this dynamic transformation enables the 

manipulation of the pore aperture in a single CC3-PAN membrane by simply adjusting the 
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water concentration in a water-MeOH mixture, without any activation processes54 or the use of 

multiple membranes55.  

                                         𝑦 =
1

1+e−16.1168∗(x−0.6174)
                                       (Eq.4.1) 

 

Figure 4.32 BB rejection in mixtures of water and MeOH (vol/vol) for CC3-PAN. All error 

bars depict the SD of the data points obtained from at least three independent membranes. The 

red dash line was fitted as the logistic function (y = 1/(1 + exp( - 16.1 * (x - 0.617))), see 

Chapter 2 for fitting method). Below is the photograph of each permeate of BB in water and 

MeOH mixture with the water content ranging from 0–100 vol.%. 

To demonstrate the potential advantage of this technology, we performed a graded sieving 

experiment to separate molecules from a ternary mixture using a single membrane. As is shown 

in Figure 4.33, as the cage membrane switches to a different structure in two solvents, the 

smallest molecule (yellow) could permeate the membrane pores in both water and methanol, 

while the largest molecule (red) cannot get through in either solvent. Initially, we started with 

a MeOH feedstock (100 mL) that contained 20 ppm of the three dyes, 4-nitrophenol (NP) 

(yellow, 139 g∙mol-1), BB (blue, 826 g∙mol-1), and direct red 80 (DR) (red, 1373 g∙mol-1), 

starting with the membrane CC3γ'-PAN. After flowing the MeOH feedstock through CC3γ'-

PAN, DP was rejected, while NP and BB were found in the permeate. After rinsing the 

membrane with water, we then undertook the separation of NP and BB in the MeOH filtrate. 
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This was achieved by adding water (90% vol/vol, 90 mL) to 10 mL of the MeOH filtrate (10 

mL) and repeating the separation processes, whereupon the membrane switches to CC3α'-PAN. 

Analysis of the permeate revealed that BB was rejected (98.2%) by CC3α'-PAN, leaving only 

NP in the permeate (Table 4.6). Hence, the three dye molecules with different molecular 

weights have been separated using a single membrane by this graded sieving approach.  

 

Figure 4.33 Graded sieving using a single switchable membrane. Scheme showing the different 

pore apertures in the CC3-PAN membrane when in MeOH (green) and in water (blue); the 

photographs show feed and permeate dye solutions, along with the relevant UV absorption 

spectra. The CC3γ'-PAN removes DR selectively from the NP/BP/DR mixture; after that, 

switching to the CC3α-PAN phase by contact with water allows BB to be separated from NP, 

all using a single membrane. Note that NP is colourless in MeOH but yellow-coloured in water; 

for better visual presentation, the feed and permeate (in water) were first concentrated by a 

factor of 10 for these photographs and UV spectra were recorded. 

 

Table 4.6 Dye rejection measurement data for CC3-PAN in water and methanol mixture of as-

collected solution and concentrated solution. Hypothetically, assuming the dye rejection was 

0%, the dye concentration would be 2 ppm in the as-collected permeate and 20 ppm in the 

concentrated permeate. 

Solvent 
Sample 

Collected 

Volume 

(mL) 
Dye 

Wavelength 

(nm) 
Absorption Rejection (%) 
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Water/MeOH 

(90/10 vol/vol) 

 

As-collected 

Feed  

 

100 

NP 310 0.064 

N.A.  
BB 548 0.055 

Permeate  

 
50 

NP 314 0.060  6.25 ± 3.50 

BB 548 0.001 98.18 ± 0.52 

Retentate 

 
50 

NP 312 0.066 
N.A. 

BB 550 0.098 

Water/MeOH 

(90/10 vol/vol) 

Concentrated 

Feed  

 

100 

NP 314 0.575 

N.A. 
BB 554 0.592 

Permeate 

 
50 

NP 314 0.486 15.40 ± 1.84 

BB 552 0.033 98.20 ± 0.75 

Retentate 

 
50 

NP 312 0.588 

N.A. 
BB 554 0.965 

 

Continuous ternary molecular separation has been investigated in this three-molecule system 

as well. Alternatively, a water feedstock containing a mixture of the three dyes (NP, BB, DR) 

was filtered through the CC3-PAN membrane (Figure 4.34). Since CC3-PAN adopts its 

CC3α-PAN structure in water, the narrower pore aperture only allowed the smallest molecule, 

NP, to diffuse through the membrane, while the larger molecules, BB and DR were rejected 

and retained in the cell. Excess water was added into the cell to flush the residual NP from the 

retentate, and this process was repeated until the NP concentration in the permeate was below 

1%. Subsequently, 90 vol.% of MeOH was added into the water retentate to generate a 

feedstock that transformed the membrane structure to CC3γ'-PAN with the larger pore aperture. 

BB could then diffuse through the membrane alone, while DR was retained in the cell. Finally, 

excess MeOH was used for flushing any residue BB from the cell to leave only DR in the 

retentate, where it could be collected in pure form (see Chapter 2 for full experimental details). 

As a result, by introducing a solvent gradient, a single membrane with a switchable pore 

aperture enables a ternary separation in a continuous process. 
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Figure 4.34 Continuous ternary molecular separation using a single switchable membrane. (a) 

Scheme showing ternary molecular separation of three dyes direct red 80 (DR), BB, and 4-

nitrophenol (NP) using one single membrane (CC3-PAN), and photographs showing the 

separation experiment in a filtration dead-end cell, the nascent mixture feedstock, the permeate 

(P) collected in the first and second step, and the retentate (R) collected in the second step. (b), 

Scheme showing ternary molecular separation process of three dyes using one single 

membrane in a continuous process: Step 1, CC3α-PAN in water only allows permeation of NP, 

leaving BB and DR in the retentate. Step 2, 90 vol.% MeOH was added into the retentate to 

transform the membrane structure to CC3γ'-PAN that only allows permeation of BB, leaving 

DR in the retentate. Liquid flushing was carried out between the steps to enrich the dyes in the 

retentate. (c), UV-vis absorption spectra of the mixture containing three molecules in water, 

permeate from water, mixture and permeate from 90 vol.% of MeOH in water, and the 

remaining retentate. Note, the maximum absorbance wavelength for BB is 551 nm in water and 

587 nm in MeOH; BB also shows absorbance at 305 nm in MeOH while NP shows its maximum 

absorbance at 312 nm in the same solvent.  
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Table 4.7 Continuous dye rejection measurement data for CC3-PAN in water and 

methanol/water mixture (90/10 vol/vol) while methanol was added to the retentate solution in 

Step 2 of ternary molecular separation process.  

Solvent 
Sample 

Collected 

Volume 

(mL) 
Dye 

Wavelength 

(nm) 
Absorption 

 Concentration 

(%) 
Outcome 

Water 

Feed 

 
100 

NP 310 3.414 33.333 

 BB 551 1.428 33.333 

DR 540 1.638 33.333 

Permeate 

 
50 

NP 310 3.278 98.083 ± 1.272 

NP 

collected 
BB 551 0.010 0.794 ± 0.215 

DR 540 0.018 1.122 ± 0.324 

MeOH/ 

Water 

(90/10 

vol/vol) 

Feed  

(Retentate) 
100 

NP 313 0.284 0.982 ± 0.086 

 BB 588 0.733 50.587 ± 1.357 

DR 535 0.824 49.576 ± 1.024 

Permeate 

 
50 

NP 313 0.208 0.001 ± 0.001 

BB 

collected 
BB 

305 0.249 

99.560 ± 0.282 535 0.424 

588 0.730 

DR 530 0.395 0.439 ± 0.282 

Retentate 50 

NP 312 0.201 0.001 ± 0.001 

DR 

collected 

BB 588 0.140 0.440 ± 0.282 

DR 530 0.701 99.559 ± 0.282 

 

Continuous ternary molecular separation has been investigated in this three-molecule system 

as well. Alternatively, a water feedstock containing a mixture of the three dyes (NP, BB, DR) 

was filtered through the CC3-PAN membrane (Figure 4.34, see Chapter 2 for full 

experimental details). Since CC3-PAN adopts its CC3α-PAN structure in water, the narrower 

pore aperture only allowed the smallest molecule, NP, to diffuse through the membrane, while 

the larger molecules, BB and DR were rejected and retained in the cell. NP was thus collected 

from the permeate. Excess water was added into the cell to flush the residual NP from the 
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retentate, and this process was repeated until the NP concentration in the permeate was below 

1%. Subsequently, 90 vol.% of MeOH was added into the water retentate to generate a 

feedstock that transformed the membrane structure to CC3γ'-PAN with the larger pore aperture. 

BB could then diffuse through the membrane alone, while DR was retained in the cell. Finally, 

excess MeOH was used for flushing any residue BB from the cell to leave only DR in the 

retentate, where it could be collected in pure form (Table 4.7). As a result, by introducing a 

solvent gradient, a single membrane with a switchable pore aperture enables a ternary 

separation in a continuous process. 

These technologies also enable the cage membranes to be considered as stimuli-responsive 

membranes, which can be utilised in a wide range of applications, such as drug delivery56, 

biosensors57, and fermentation58. Moreover, as the switchable behaviour was repeatable for 

five consecutive cycles without any loss in permeance or rejection performance, it makes these 

cage membranes highly attractive for anti-fouling or self-cleaning membranes59 that could be 

regenerated after simply being "flushed" with a different solvent, in this case, MeOH.   

 

4.6 Conclusion and Outlook 

A novel synthetic strategy has been developed to fabricate a smart and responsive crystalline 

POC membrane with switchable pore apertures, using the combination of aqueous–organic 

interfacial reaction and crystallisation process. The POC membranes, in this case, CC3-PAN, 

have achieved high permeances for a range of organic solvents—in some cases, such as for 

acetone, exceeding the upper performance bound—while also showing excellent separation 

performances. We attribute the high solvent permeance of CC3-PAN to highly ordered pore 

channels in POC crystals positioned throughout the membrane structure.  

Solid-state structural transformation of CC3 has been observed and studied using several 

solvents. In situ GIXRD measurements in water and methanol have determined two different 

molecule packing forms in the same cage membrane. When the cage molecules are arranged 

in CC3α phase, they pack in a window-to-window arrangement to generate an interconnected 

diamondoid pore network. By comparison,  in CC3γ' phase, the CC3 molecules are packed in 

a less dense arrangement, thus providing large extrinsic pores between hexagonally arranged 

CC3 molecules. The reversible transition between CC3α-PAN and CC3γ'-PAN, therefore, can 

create different diffusion pathways through the membrane structure.  
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We have demonstrated the highly ordered crystalline structure of these POC membranes, with 

a switchable phase transition between two unique crystalline forms, CC3α-PAN and CC3γ'-

PAN. Dye rejection experiments showed that only the two larger dyes had been rejected from 

the MeOH feedstocks with its CC3γ' phase, while most of the dyes could get through the cage 

membrane. As a result, the MWCO shifted from 600 g∙mol-1 in water to 1400 g∙mol-1 in MeOH 

for the same membrane. We attributed this switching phenomenon solely to phase 

transformation between the two solvents, where alternative diffusion pathways were created 

through the membrane structure. The single cage membrane was also tested interchangeably 

with water and MeOH dye feedstocks for five consecutive cycles, and the reversible selectively 

of the dye proved that the membrane can be switched 'on' and 'off' using a solvent. 

Effects of crystallinity and solvation have been investigated using the cage membranes with 

lower crystallinity. The rejection and permeance data indicates the high crystallinity in the CC3 

membrane is essential for regulating its separation performance after switching its pore 

aperture using a solvent stimulus, whilst the amorphous membrane didn’t show this unique 

switching property. Nanofiltration experiments in acetone confirmed the molecular separation 

is a size-based effect rather than differences between dye ionisation. 

The dynamic transformation has been studied using water and methanol solvent mixtures with 

different concentrations, and the critical transition between CC3α-PAN and CC3γ'-PAN was 

found to occur at a water concentration of 61.7%. To demonstrate the functional advantage that 

this creates, we performed a graded sieving experiment and a continuous ternary separation 

process to separate a mixture of three organic dye molecules with a single, smart membrane by 

introducing a solvent gradient. This allows the collection of three molecules separately from a 

ternary mixture and creates a membrane-based parallel to the widespread and highly effective 

use of solvent gradients in chromatography60. More generally, these POC membranes with 

switchable pore apertures and stimuli-responsive properties could lead to new applications in 

triggered drug delivery56, biosensors57, or fermentation/fractionation processes58. 

However, challenges still remain for these exciting porous materials to be employed in 

membrane fields. For example, the mechanisms for mass transfer in the pores of these 

membranes are still not clear enough, and the large-scale industrial applications still need to be 

enhanced. While the current synthesis process makes it challenging to implement these POC 

membranes in commercial processes, it is conceivable that a more scalable production method 

might be developed in the future; for example, by exploiting the solution processability of these 
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molecular cages. Future efforts will focus on using computational methods, such as crystal 

structure prediction (CSP), to design POC crystals with specific properties that can be designed 

from first principles. We believe this research is valuable for the development of novel 

membrane materials using POC families. 
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Chapter 5  
 

 

Ultrathin Crosslinked Porous Organic Cage Nanofilm 

Composite Membranes for Tuneable Molecular Sieving 

 

 

 

 

 

 

 

 

 

 

 

The project included in this Chapter is still undergoing, and the manuscript ‘Ultrathin 

Polyamide Nanofilms Incorporating Porous Organic Cages for Tuneable Molecular Sieving’ 

will be submitted when finished. 
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5.1 Background and Introduction 

As an energy-efficient technology, membrane separations has been successfully applied in 

seawater desalination, wastewater treatment, carbon capture, etc1. However, as the current 

membrane technologies cannot satisfy the increasing demands of wastewater or seawater 

treatment, new-generation membrane materials are required. Such as those with desirable 

selectivity, high permeability, and good stability since they can significantly accelerate the 

practical applications of membrane separation technology2. In particular, membranes for 

molecular separation with precisely controlled geometries are required in many important areas, 

including gas separation3 and nanofiltration (NF)4. In recent years, molecular sieving materials 

have attracted much interest for precise and tuneable membrane separation5–9. 

Among these novel sieving materials, porous organic cages (POCs) are distinct for NF 

applications for the reasons that they have well-defined pore structures, adjustable pore sizes, 

good processability, and water stability10. A critical advantage of POCs is that these porous 

materials could be finely modified or functionalised, and the functionalised products are 

processable into a membrane. Therefore, the design and fabrication of membranes with precise 

and tunable molecular sieving properties can be achieved.  

Synthetic control over pore size and pore connectivity of the POCs can be pre-designed or pre-

modified, practically, by selecting or alerting the precursors through the synthesis pathway. Li 

et al.11 have reported a synthesis strategy to control the self-assembly pathway as well as 

product yields of POCs, by using two different trisformyl precursors via imine condensation. 

A rigid, planar precursor favours the formation of prisms, whilst the more twisted one favours 

tetrahedron (Figure 5.1(a)). As a comparison, a more flexible precursor adopting both 

relatively planar and twisted conformations has produced both prisms and tetrahedrons in high 

yields. The Cooper group12 has prepared two pillared co-crystals from ditopic linkers and 

tetrahedral nodes via molecular reticular synthesis by opting for a series of linear tetraaldehyde 

precursors in a targeted way.  Supramolecular nanotubes, consisting of tubular covalent cages, 

TCC1, TCC2 and TCC3, have been obtained with both 1D porous nanotubes and 3D 

diamondoid pillared porous networks. This strategy of positioning organic molecules in a 

controllable manner in the solid state contributes to the opportunities for the pre-synthesis of 

new functions in multiple fields.  
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Figure 5.1 (a) Precursor control over the self-assembly of organic cages via imine 

condensation. Reprinted from reference11 with permission. (b) to (d) shows the chiral TCCs as 

linear ditopic building blocks. (b) Linear tetraaldehyde precursors for the TCC series plus the 

TFB precursor for CC3 (left). Side view (c) and view through the cage windows (d) of the 

tetrahedral CC3 and the trigonal prismatic cage family, TCC1–TCC3. Reprinted from 

reference12 with permission. 

Though POCs are solution-processable, some of POCs show limited solubility. Examples of 

the modification of their solubility have been reported by using a ‘dynamic covalent scrambling’ 

approach. Lee et al.13 studied the equilibration of an alkyne metathesis cage (Figure 5.2(a)), 

and dynamic scrambling was applied to demonstrate the ‘kinetic trapping’ observed in the 

reaction route. Under the alkyne metathesis condition, the pre-formed cages showed no 

scrambled distribution, and the self-sorted parent cages remained intact (Figure 5.2(b), aaaa 

and bbbb). By contrast, there were five cage species (Figure 5.2(c), aaaa, aaab, aabb, abbb, 

and bbbb) with mixed functionality observed in the scrambled systems when using alkyne 

metathesis precursors with different alkyl functionality. They have thus provided an appealing 

strategy to modify the POC materials as their dynamic covalent chemistry allows the tailoring 

of their properties for specific functions.  

The Cooper group14 confirmed that the dynamic covalent scrambling method could be used to 

increase the solubility and porosity of cage mixtures. The co-reaction of the two vicinal 

diamines with different ratios generated a ‘scrambled’ distribution of POCs with varying 

functionalities on the periphery (Figure 5.2(d), CC1nCC36-n), which enables us to tune the 

guest selectivity of the scrambled cage for a range of guest molecules. Inspired by this, two 

solution-processable dissymmetric racemic analogues of the chiral POC, CC3, was then 

synthesised by the same group15. They have been characterised as a racemate pair of the 

R,R,R,S,S,S and S,S,S,R,R,R-diastereomers (CC3-RS and CC3-SR) with high porosity, and 
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were proved an order of magnitude more soluble in solvent, making them excellent candidates 

for incorporating into a membrane for separation applications. 

 

Figure 5.2 (a) The alkyne POCs reported by Lee et al. and the mixtures synthesised when 

scrambled reactions, using either the pre-formed cages (b) or precursors (c), were attempted. 

Reprinted from reference13 with permission. (d) The direct co-reaction of two different 

diamines leads to 'scrambled' POC mixtures with a distribution of molecular shape. Reprinted 

from reference14 with permission. (e) TFB and rac-CHDA react to form CC3-RS and CC3-SR, 

which are soluble and remain in solution, as well as CC3-R and CC3-S, which immediately co-

crystallise to form the racemate, CC3-R/CC3-S, as a white precipitate. Reprinted from 

reference15 with permission. 

Differing from the previous strategies to control the chemical functionalities of targeted POCs 

by pre-synthesis route (pre-synthesis functionalisation) or during the synthesis process (inter-

synthesis functionalisation), another commonly used method for material altering is post-

synthesis functionalisation, where the material is synthesised first and then subjected to 
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functionalisation under controlled conditions16. Frequently, an anchoring point in the material 

backbone is utilised as a reactive site for controlling the exact position of the introduced 

chemical group. Post-synthesis functionalisation has been the favoured approach, as evidenced 

by its widespread application16. 

The Cooper group17 has demonstrated a series of new imine POCs, CC16, CC17, CC18 and 

CC19, with a range of chemical functionalities on the cage periphery.  They used different 

functionalised diamine precursors, and this led to cage compounds of different sizes and 

porosities, including one cage with the reactive sites for further post-synthetic modification. 

Twelve symmetrically peripheral hydroxyl groups in the CC17 molecule allowed it to be 

amenable to further functionalisation, for example, modifying the properties such as solubility 

or melting point.  

 

Figure 5.3 (a) Reaction Scheme for the synthesis of cages CC16 and CC17. The [4+6] isomer 

of CC18 was not isolated; instead, a larger [8+12] cage was formed. (b) Reaction Scheme for 

the synthesis of a periphery-functionalised POC, CC17. (c) Molecular structures of CC16, 

CC17, CC18, and collapsed CC18. Reprinted from reference17 with permission. 

Meanwhile, the same group18 reported the synthesis of dodecaamide cages from organic imine 

cage CC1 via reduction to an amine cage, RCC1. This simple, one-step amidation reaction 

(Figure 5.4(a) has produced a range of 12-arm organic building blocks (the molecular structure 

of one of these is shown in Figure 5.4(b)) for supramolecular chemistry via the derivatisation 

of RCC1. As an example of the post-synthetic modification, large, rigid, microporous 12-arm 

dendrimers have been prepared. This also enables the preparation of other framework materials 

such as MOFs or COFs comprising POC with intrinsic porosity as linkers. For example, a cage-

MOF complex was prepared between RCC1 and zinc nitrate (Figure 5.4(c) and (d)), where 

RCC1 was used as a porous organic linker. 
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Figure 5.4 (a) Synthesis of dodecaamide cages from organic imine cage CC1 via reduction to 

an amine cage, RCC1. (b) Molecular structure of a dodecaamide cage. Reprinted from 

reference18 with permission. (c) A single RCC1 cage is linked to six octahedral (Zn6(μ3-

CO3)4)
4+ clusters in the MOF, nitrogen shown in blue, oxygen in red, carbon in gray. (d) Each 

zinc cluster is linked to six RCC1 molecules. Reprinted from reference19 with permission. 

Since then, imine cage molecules were reduced to amines for post-synthesis functionalisation, 

as well as for improving their chemical stability. However, this introduces molecular flexibility 

and leads to poor or even none permanent solid-state porosity. Cooper group20 has reported a 

post-synthesis strategy to achieve shape persistence in amine cages by tying the cage vertices 

with carbonyls such as formaldehyde or acetone. The synthesis route and the reaction are 

shown in Figure 5.5, where one acetone molecule can be reacted with the diamine in one RCC3 

molecule. In contrast, six formaldehyde molecules can be reacted to the six diamine sites. As 

a result, these tied cages showed enhanced porosity and unprecedented chemical stability 

toward acidic or basic conditions.  

As the POC can be pre-modified or post-functionalised by other chemicals and gain additional 

chemical structure with modified properties, it is reasonable the structure of these membranes 

consisting of POCs can be tuned. In Chapter 4, a crystalline membrane consisting of pure 

POCs (CC3) has been prepared and studied, and the membrane was found to show switchable 

pore apertures by a solvent stimulus. The switchable pore structures have resulted from the 
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change of the external environment rather than the intrinsic pore size.  On the other hand, it is 

believed that the POC based membranes can be tuned if the chemical functionalities or the 

structures of the POC itself could be altered.   

 

Figure 5.5  Synthesis of “tied” porous cages by acetone and formaldehyde. Reprinted from 

reference20 with permission.  

Herein, the POC based membranes showing tuneable molecular sieving properties have been 

fabricated and post-modified in this Chapter. Both pre-synthesis functionalisation and post-

synthesis functionalisation approaches have been utilised to enable the membrane with 

tuneable separation ability.   

To introduce a similar pore network with different pore channels into the membrane, a series 

of reduced imine POCs were used as precursors for the synthesis of the membrane material. 

Taking RCC1 as an example reagent, a novel synthesis via interfacial polymerisation (IP) 

method to fabricate target membranes has been proposed in Figure 5.6. Three aminic cages, 

RCC1, RCC2 and RCC3, synthesised by reducing imine containing cages (CC1, CC2 and 

CC3), have been utilised as a reactive monomer for IP with reactive linkers. These RCC 

molecules have a similar tetrahedral structure but with different linkages to the cage windows.  

With the fast interface reaction of trimesoyl chloride (TMC) in the organic phase and POCs in 

the aqueous phase, continuous thin film has been formed at the interface in a short time with 

the desirable cage-shape windows. The obtained ultrathin nanofilm (10~50 nm) retains the 

interconnected, sub-1 nm pore channels with a narrow size distribution, as well as robust 
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crosslinked and well-defined structures. All these characteristics endow the nanofilms with 

enhanced solution permeability and good selectivity, thus making them attractive materials in 

water treatment for NF and RO applications, including the filtration of NaCl or MgSO4 aqueous 

solution and the removal of heavy metal ions from wastewater such as Cd2+ and Hg2+. 

Importantly, the obtained membranes with RCC1, RCC2 and RCC3 showed different 

permeance and rejection values due to the variety of the structures on the nanofilms, indicating 

that the membranes can be tuned for adjustable and precise molecular sieving.  

 

Figure 5.6 Schematic of the interfacial polymerisation process at a free aqueous–organic 

interface with RCC1 and TMC, and an image of the actual object at the interface in a glass 

vessel. 

Moreover, these POC based crosslinked membranes can be further post-functionalised since 

they retain the basic structure and chemical skeleton of a single POC molecule. In this Chapter, 

a novel post-synthetic functionalisation method inspired by the previous work has been 

demonstrated by using formaldehyde as the post-treatment linker.  

 

5.2 Fabrication of Nanofilm Composite Membranes  

Since the reduced cage molecules show a better solubility in an aqueous solution, water was 

used for dissolving the cages, and the interface was obtained by layering organic liquid on the 

water phase. As is shown in Figure 5.7, polyamide nanofilm was fabricated by the 

condensation polymerisation of trimesoyl chloride (TMC) in hexane and reduced cage 
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monomers dissolved in water, including RCC1, RCC2 and RCC3. TMC, which can form three 

amide groups, was used as a crosslinker for the interfacial polymerisation for its rapid reaction 

rate. Instead of a 3D network formed in one homogenous phase, ultra-thin film was formed at 

the liquid-liquid interface by the restriction of two immiscible solvents. 

 

Figure 5.7  Fabrication of ultrathin polyamide nanofilms incorporating porous organic cages. 

(a) Schematic demonstrating the molecular structure of various reduced crystalline cages 

(RCC) comprising flexible amine bonds and tuneable alkane linkages. (b) Fabrication of 

ultrathin polyamide nanofilm at a free interface between a water/methanol solution containing 

RCC molecules and a hexane solution containing trimesoyl chloride (TMC). 

As a result, the interfacial reaction was rapid in seconds to minutes, with free-standing, 

continuous film formed rapidly at the interface (Figure 5.8 (a) and (b)). They were then able 

to be collected on different substrates. Cage nanofilms deposited on anodised aluminum (AAO) 

or silicon wafer have been used to characterise their morphology and thickness, and the films 

on the PAN support membrane (cage nanofilm composite membrane) have been applied for 

separation tests. Remarkably, a large-scale composite membrane (more than 9 cm in diameter, 

Figure 5.8 (c)) was obtained using this novel interfacial synthesis approach. 

All RCC molecules we used in the reaction are alike with a tetrahedral structure (Figure 5.7(a)). 

The only difference is the linkage varying from C-C (RCC1) to C-C connecting with an extra 

methyl (RCC2) to C6 cyclic (RCC3), and the structure and the performance of the obtained 

nanofilms will be studied. Other reduced cages, such as RCC5, have less or even no solubility 

in water, although they can have larger windows that may contribute to a different pore 

structure. They have been synthesised and used for nanofilm fabrication, but no successful 

examples have been obtained yet.   



240 

 

 

Figure 5.8 Photographic image of an ultrathin nanofilm fabricated from reduced amine cages 

(RCC) and trimesoyl chloride (TMC) in large scale and that on the PAN support membranes.(a) 

Side view of a RCC nanofilm at a free interface in the beaker. (b) Top view of a RCC nanofilm 

at a free interface in the beaker. (c) Photographic image of a composite membrane comprising 

a nanofilm transferred from the free interface onto a polyacrylonitrile (PAN) support. 

 

5.3 Surface Characterisation and Morphology Study 

The surface morphologies of these nanofilms have been investigated by SEM and AFM, using 

a series of nanofilms deposited on different substrates, including AAO, silicon wafers and PAN 

support membranes. 

The RCC1 nanofilm was first to be observed on AAO support under SEM (Figure 5.9), which 

exhibits continuous and homogenous surface morphology. The crosslinked cage nanofilm is 

thin and uniform, and no visible defects were found on the surface. From its cross-sectional 

images, the nanofilm was appeared to be very thin, which was down to a few nanometres.  
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Figure 5.9 SEM images for a composite membrane comprising the nanofilm made from 0.1 

wt.% RCC1 and 0.1 wt.% TMC (RCC1 nanofilm) at a free interface and then transferred onto 

an alumina support, showing its surface morphology and cross-sectional structures. 

 

Figure 5.10 (a) Atomic force microscopy (AFM) height image of the nanofilms made from 

RCC1, RCC2, and RCC3 reacting with TMC and then transferred on silicon wafers. (b) Height 

profile of the lines scanned in (a). 

The thicknesses of the nanofilms were then precisely detected by atomic force microscopy 

(AFM) on silicon wafers. As is shown in Figure 5.10, the RCC3 nanofilm exhibited a much 

thicker thickness of ~50 nm, whilst the RCC1 nanofilm has a thickness ~10 nm, and the RCC2 
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one is ~20 nm thick. The difference in the thickness of these nanofilms indicated that the 

structure of the film would be different due to the different linkages on the nascent cage 

monomers.  With the thickness in tens of nanometres which contributes to the high permeance, 

and no visible defects contributing to high rejection, the ultra-thin and crosslinked nanofilms 

were expected to be promising in the molecular separation area. 

 

Figure 5.11 SEM surface images of the nanofilms made from a, RCC1, b, RCC2, and c, RCC3 

reacting with TMC and then transferred on PAN supports. 

To study the difference of the cage nanofilm composite membrane structure, the surface 

morphology of RCC1 transferred onto PAN support was further compared with RCC2 and 

RCC3 films on the same supports. As is shown in Figure 5.11, instead of the smooth surface 

morphology for RCC1 nanofilm, a surface with a few more strips was observed for RCC2 film, 

and more stripes/wrinkles and some uneven spots were found on the crumpled RCC3 film. 

Interestingly, the morphology of the RCC3 nanofilm looked like the formation of the Turing 

pattern, which usually consists of stripes or spots21. One recent example of polyamide 

membranes with nanoscale Turing structures was reported by Zhang et al.21 in 2018. In the 

study, they have fabricated polyamide membranes using the interfacial polymerisation method, 

where the reactions occur at the interface between oil and water layers. The addition of 

polyvinyl alcohol to the aqueous phase reduced the diffusion of the monomer, and this 

generated the membranes with Turing patterns like bumps, voids, and islands, which were 

proved to show better performance for water desalination.  

Other characterisations, including element analysis, Brunauer-Emmett-Teller (BET) surface 

area analysis, thermogravimetric analysis (TGA), FT-IR and Raman, were utilised further to 

study the nanofilm at the Imperial College London, and the measurements are still in process.  

 



243 

 

 

Figure 5.12 Turing-type structures in interfacial polymerisation. (a) Schematic diagram of 

activator-inhibitor interaction in a reaction-diffusion process. (b) Spatial representation of 

local activation and lateral inhibition. In two dimensions, Turing structures generally consist 

of spots or stripes. (c) Schematic illustration of interfacial polymerisation Turing system. 

(d and e) AFM topography images of the Turing-type PA membranes. Bright yellow and 

orange regions correspond to the formed solid-state nanoscale Turing structures. Reprinted 

from reference21 with permission.  

 

5.4 Post-functionalisation of the Nanofilm  

In the previous reports18–20, imine cage molecules that were reduced to amines were processed 

using various post-synthesis functionalisation strategies. For example, the diamines in the 

RCC1 were utilised for synthesising 12-arm dendrimers18, or used as the organic linkers for 

cage-MOFs19. It was found that the diamines in RCC3 can be reacted with small carbonyl 

molecules20. One of the suitable “tie” molecules on the cage vertices was formaldehyde 

because it is the smallest carbonyl molecule and it is highly reactive. As is shown in Figure 

5.5, one of the six diamine vertices on each RCC3 cage was able to be reacted with acetone to 

afford a new molecule, acetone tied RCC3, by forming a 5-member imidazolidine (aminal) 
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ring;. In contrast, all the six diamine sites were occupied by formaldehyde immediately, giving 

a formaldehyde tied RCC3 product after washing with methanol and drying. 

Gas adsorption analysis for desolvated acetone tied RCC3 showed a very low amount of 

N2 (1.11 mmol/g) and H2 (1.29 mmol/g) adsorption at 77 K and 1 bar (Figure 5.13(a)), with a 

BET surface area of only 67 m2/g. This resulted from its crystal structure where disconnected 

voids were found because the dimethyl groups blocked two of the four windows on 

each acetone tied RCC3 molecule. This cage material showed a surprising high CO2 uptake at 

ambient temperature (Figure 5.13(b)), and the ideal gas selectivity for CO2/N2 was calculated 

as 5720. 

 

Figure 5.13  (a) N2 adsorption/desorption isotherms at 77 K showing a substantial increase in 

porosity for FT-RCC3 vs AT-RCC3 and RCC3. Solid symbols, adsorption; open symbols, 

desorption. (b) CO2 (navy triangles), N2 (black squares), and H2 (blue circles) adsorption 

isotherms for AT-RCC3 at 298 K. (c) Scheme showing the non-porous RCC3 has been tied up 

by formaldehyde to be porous RCC3. Reprinted from reference20 with permission. 

Unlike acetone tied RCC3, there was no indication of any loss of crystallinity for formaldehyde 

tied RCC3 after either desolvation or after gas adsorption. Therefore, it was observed that 

formaldehyde tied RCC3 adsorbed 11.2 mmol/g at 77 K and 1.0 bar with an apparent BET 

surface area of 377 m2/g, 4.3 mmol/g of H2 at 77 K and 1.0 bar, and 1.42 mmol/g of CO2 at 

298 K and 1 bar (Figure 5.13(a)).  The BET surface area was slightly lower than the 409 m2/g 
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measured for the parent imine cage, CC322, but compared to the non-porous RCC3, it showed 

a shape-persistent structure comprising a permanent void. Also, the formaldehyde tied RCC3 

has exhibited excellent stability toward water and also to both acids and bases (Figure 

5.13(c)).  

Therefore, the nanofilms were further post-functionalised by using formaldehyde as the post-

treatment linker. This could happen because there are unreacted diamines remaining in the 

crosslinked cage networks. There are twelve amine sites in total in one cage molecule, and 

ideally, they should have all been reacted with the crosslinker TMC with three amide groups 

due to their high reactivity and rapid reaction rate. However, the size of the TMC provided 

steric hindrance while reacting with the closely packed cage molecules, causing fewer TMC 

molecules could be anchored on the amine sites.  Therefore, the remained diamines became 

available for post-functionalisation. Theoretically, RCC3 nanofilms appeared to have more 

unreacted amines and, thus, are more reactive with formaldehyde, as the steric hindrance of the 

crosslinker in RCC3 is larger than RCC2 and RCC1. Herein we applied RCC3 nanofilm as 

the model sample to study its post-functionalisation. As is shown in Figure 5.14, the adjacent 

unreacted amines in the RCC3 nanofilm were reacted and thus ‘tied’ by formaldehyde, leading 

to a reduced cavity size of the nanofilm. The formaldehyde tied RCC3 nanofilm is referred to 

hereafter as FT-RCC3.  

 

Figure 5.14 Formation of formaldehyde tied RCC3 (FT-RCC3) nanofilm by soaking RCC3 

nanofilm in formaldehyde solution overnight, wherein adjacent unreacted amines of RCC3 

nanofilms were tied up to reduce the cavity size. 
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5.5 Structure and Composition Study of the Nanofilm 

To study the structure and composition of the nanofilms before and after the post-

functionalisation, GIXRD and XPS measurements were carried out on the composite 

membranes or the free-standing nanofilms. 

 

Figure 5.15 Characterisation of composite membranes comprising nanofilms incorporating 

porous organic cages. Grazing incidence X-ray diffraction (GIXRD) diffraction pattern of a, 

in plane and b, out of plane to the nanofilm surface on polyacrylonitrile (PAN) support. c, X-

ray photoelectron spectroscopy (XPS) survey spectra of free standing RCC1, RCC2, and RCC3 

nanofilms on gold coated silicon wafers. XPS N1s narrow scan of d, RCC1 nanofilm, e, RCC2 

nanofilm, and f, RCC3 nanofilm. 

The GIXRD was performed on the nanofilm composite membranes. The in-plane diffraction 

is parallel to the film surface, and the data is shown in Figure 5.15(a). Basically, RCC1, RCC2, 

and RCC3 did not show any distinctive diffraction pattern apart from the PAN background, 

meaning no straight and periodic pores throughout the film. After tie-up, a distinctive 

diffraction pattern was pronounced on FT-RCC3 nanofilm, indicating stiff bonding after tie-

up creates periodic pores. For the out-of-plane diffraction, which is perpendicular to film 

surface, all nanofilms showed a distinctive diffraction pattern than PAN background (Figure 

5.15(b)), meaning one layer is stacked on another in an orientated manner, or in other words, 
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the interspace is periodic. The GIXRD data, however, needs to be further confirmed for the 

nanofilms on other substrates with a cleaner background, rather than PAN support which has a 

strong and complex background signal, so that the influence from the background would be 

minimised.  

XPS has been performed for the nanofilms on gold-coated silicon wafers. As is shown in 

Figure 5.15(c), the decrease of the gold (Au) peak was found for the RCC1 to RCC2 to RCC3 

nanofilms, indicating thicker film formation. This corresponds to the thickness data confirmed 

by AFM. Moreover, XPS narrow scans for N1s have been carried out on these nanofilms, to 

investigate the composition of the functional groups on the films. As interpreted from Figure 

5.15(d) to (f), the percentage of crosslinked amines is the least for RCC3 nanofilm, indicating 

the potential adjacent amine available for formaldehyde tie-up. This is reasonable because the 

RCC3 molecules are larger with the cyclohexyl linkages (Figure 5.7(a)), which contributed to 

more hindrance and less interaction while reacting with the crosslinker TMC. To further 

confirm the percentage of free amines converted to the tied up amines, XPS of FT-RCC3 has 

been done at Imperial College London, and the data is currently being processed.  

 

5.6 Membrane Performance for Separation 

To check whether a defect-free membrane was obtained, RCC1 nanofilm composite membrane 

has been used to study the membrane performance, which was prepared using 0.2 wt.% RCC1 

reagent reacted with 0.2 wt.% TMC. During the performance tests, the composite membrane 

was proved to be robust to withstand 20 bar, showing the strength of the nanofilm. The 

permeance of different solvents was calculated in Figure 5.16(a). The nanofilm appeared 

hydrophilic, exhibiting high water permeance (3.85 L·m-2·h-1·bar-1) and low toluene permeance 

(0.442 L·m-2·h-1·bar-1).  

Negatively charged dyes with various molecular weights ranging from 1000 to 300 Da were 

diluted in water as the feed for dead-end filtration. As shown in Figure 5.17(a), the permeance 

is around 3.6 L·m-2·h-1·bar-1, and all show excellent rejections around 98 % for dyes with a 

molecular weight larger than 300 Da. After the filtration of the nanofilm, the permeate solution 

has become colourless compared with the feed solution with strong yellow colour (Figure 

5.17(b)). The dye filtration experiment confirmed that the RCC1 nanofilm composite 

membrane is defect-free and behaves well for separation.  
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a                                                                                  b 

 

Figure 5.16 (a) Different solvent permeance and (b) xylene separation by RCC1 nanofilms. 

To investigate the possibility to achieve one of the most challenging applications in membrane 

field, p-xylene and o-xylene separation23, for the nanofilm, a feed of p-xylene (95 vol.%) and 

o-xylene (5 vol.%) was tested in dead-end filtration. The permeance of p-xylene (0.086 L·m-

2·h-1·bar-1, Figure 5.16(b)) was found to be twice of o-xylene (0.043 L·m-2·h-1·bar-1), however 

no separation of p-xylene over o-xylene was seen after 60 hours filtration. 

a                                                                                  b 

 

Figure 5.17 (a) Water permeance and dye rejection of the RCC1 nanofilms; (b) digital 

photographs of the the feed solution and permeate solution after the filtration by cage nanofilm. 
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To explore the possibility of the NF membranes for water purification or desalination, MgSO4 

in water solution (1g·L-1) was used as feed for dead-end filtration. During a three-hour running 

process, the water permeance is around 3 L·m-2·h-1·bar-1, the salt rejection is around 90% 

(Figure 5.17), exhibiting good NF performance for common ions in aqueous conditions. It 

should be noted that the rejection could be further improved in a cross-flow environment for 

mitigating concentration polarisation and allowing membranes to reach a steady state. Other 

multivalent ions have been used for filtration tests, and monovalent ions were applied to 

investigate the desalination performance of the nanofilm at Imperial College London. However, 

the measurements are still ongoing, and the results are not discussed in this thesis.  

 

Figure 5.18 Permeance of water and rejection of MgSO4 for the RCC1 nanofilm in the 

duration of 3 h. 

The RCC1 nanofilm has shown comparable water permeance to other traditional NF 

membranes24 (2–3 L m–2 h–1 bar –1) with a similar rejection, but the value is not attractive. To 

further improve the permeance of the membranes, the concentration was adjusted to 0.1 wt.% 

of reduced cage monomers with 0.1 wt.% TMC, and a series of RCC1, RCC2, and RCC3 

nanofilms were fabricated for the membrane performance. The permeances of various pure 

solvents, including water, ethanol, methanol, acetonitrile, acetone, hexane, toluene, and 

heptane, have been measured and shown in Figure 5.19(a). RCC2 and RCC3 membranes 

showed nearly twice higher water permeance than that of RCC1 composite membrane, whilst 

RCC3 exhibited a few times higher permeance for all the organic solvents than RCC1 and 

RCC2.    
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Figure 5.19 (a) Permeance of pure solvents for nanofilms made from RCC1, RCC2, and RCC3 

at 0.1 wt.% reacted with 0.1 wt.% TMC and then transferred on PAN supports. (b) Dye 

rejections for RCC1, RCC2, and RCC3 membranes in a. 

MWCO curves have been concluded from the dye rejection measurements, and a dramatic shift 

of MWCO has been observed. As is shown in Figure 5.19(b), both RCC1 and RCC2 nanofilms 

showed a similar MWCO of ~250 g·mol-1 (the rejection of Trolox dye with 250 g·mol-1 

molecular weight is 90%), whilst RCC3 nanofilm had a larger cutoff of ~600 g·mol-1 with the 

rejection for acid fusion dye (585 g·mol-1) is ~92%. RCC3 nanofilms exhibited a very distinct 

guest sieving property, although they all consisted of similar cage units with tetrahedral 

structures (Figure 5.7(a)), indicating that larger pores were formed in RCC3 nanofilm. The 

shift of the MWCO also matches the XPS data and the permeance values. This could have 

resulted from a larger steric hindrance of RCC3 than the other cage molecules, and thus less 

available amines in RCC3 were reacted with TMC.  

Furthermore, membranes with lower concentration have been fabricated on RCC3 nanofilms, 

using 0.05 wt.% and 0.02 wt.% of the reagents RCC3 and TMC, compared to 0.1 wt.% of these, 

referred to hereafter as RCC3-0.05, RCC3-0.02, and RCC3-0.1. The dye filtration data of these 

membranes is shown in Figure 5.20. Three different nanofilms all showed a very similar 

MWCO of 585 g·mol-1 for the dye molecules, where the UV-vis spectra and photos of acid 

fuchsin dye for feed, permeate, and retentate solutions have been shown in Figure 5.20(b). 

However, the lowest permeance of RCC3-0.02 nanofilm is unusual, as the thickness of RCC3-

0.02 should be the thinnest among all, leading to the highest permeance. Generally, the 

permeance of a membrane depends on the porosity, operating pressure, pore diameter and 
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thickness of the selective membrane24; with other conditions are the same, the thinner selective 

layer is, the higher permeance the membrane has. A possible reason for the unusual permeance 

value for RCC3 nanofilm could be a lower crosslinking degree of RCC3-0.02 nanofilm from 

a lower concentration of RCC3. This results in the compaction of the membrane due to the 

collapse of a loosely crosslinked nanofilm. 

On the other hand, more free amine residue would be available in RCC3-0.02 nanofilm. This 

creates a potential to make a tighter membrane by fabricating FT-RCC3-0.02 nanofilm wherein 

more amines are tied up to further reduce the cavity size in contrast to FT-RCC3-0.1 shown in 

Figure 5.21. The thickness of these nanofilms made at different concentrations has been 

measured at Imperial College London. However, the measurements are still ongoing, and the 

results are not yet discussed in this thesis.  

 

Figure 5.20 (a) Dye rejections of nanofilms made from 0.02 wt.%, 0.05 wt.%, and 0.1 wt.% 

RCC3 reacted with 0.1 wt.% TMC and transferred onto PAN supports. Inset shows the 

methanol permeance of these nanofilms. (b) Ultraviolet visible (UV-vis) spectra of acid fuchsin 

dye for feed, permeate, and retentate solutions. The inset shows the feed and permeate solutions. 

To investigate the influence on the membrane performance by post-functionalisation, FT-

RCC3 nanofilms have been used for dye filtration experiments. As is shown in Figure 5.21, 

the FT-RCC3 nanofilm showed slighter lower permeance for methanol, and the dye rejection 

data exhibited a shift of MWCO, which is 585 g·mol-1 for RCC3 and a tighter MWCO of 452 

g·mol-1  for FT-RCC3. The result indicated narrower pores were formed in FT-RCC3 nanofilm 

after tied with the formaldehyde molecules.  Therefore, the pore structure of the nanofilm 
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composite membrane has been successfully tuned by post-functionalisation such as 

formaldehyde tie-up strategy.  

 

Figure 5.21 (a) Methanol permeance over time for RCC3 nanofilm and formaldehyde tied 

RCC3 nanofilm (FT-RCC3). (b) Dye rejections for RCC3 and FT-RCC3 nanofilms. 

 

5.7 Conclusions and Future Work  

In this Chapter, thin-film composite membranes comprising a cage nanofilm separating layer 

have been fabricated at a free aqueous–organic interface. Transfer of these ultrathin nanofilms 

onto porous supports provided fast water transport through the resulting nanofilm composite 

membranes. The RCC1 nanofilm was continuous and robust, with an ultrathin thickness of 

about 10 nm. Supported by the crosslinker, the reduced cages are supposed not to collapse in 

solid state and are equipped with excellent pore channels for separation. With the defect-free 

and hydrophilic nanofilm, the composite membranes have shown high rejection of dyes as well 

as salt ions.  

In addition, a series of nanofilms made from RCC1, RCC2 and RCC3 exhibited distinctive 

performance by altering the molecule type. The surface morphology and composition of the 

nanofilms have been investigated to link their permeance and rejection performance to the 

membrane structures. RCC1 and RCC2 nanofilms had a similar MWCO of ~250 g·mol-1, 

while RCC3 nanofilm showed a shift of its cutoff to ~600 g·mol-1. The RCC3 nanofilm has 

been used for post-functionalisation where the unreacted amines were tied up by formaldehyde. 
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Tunable sieving effect was found in the FT-RCC3 nanofilm that the MWCO shifted from ~600 

g·mol-1 to ~450 g·mol-1 after the tie-up procedure.  

Hence, the cage nanofilm composite membranes showing adjustable molecule separation 

properties have been successfully designed and fabricated by altering the monomeric cage 

molecule type in the interfacial synthesis pathway and a tie-up post-functionalisation strategy. 

This makes these materials exciting candidates for different applications in many important 

fields, such as wastewater treatment25,26, water purification27,28, heavy metals removal29,30 , 

formaldehyde removal31–33, and chiral separation34,35. 

The accurate pore structures of these nanofilms, however, have not been well studied. The 

computation modelling and simulation are further needed for DFT pore size estimation. The 

degree of crosslinking in the nanofilms needs to be studied by relevant characterisations such 

as XPS. Further investigation on the functionality of the nanofilms is still required, for example, 

by using other POCs with different pore sizes or structures such as RCC5, RCC17 and TCC1. 

Nevertheless, the systemic study of these novel membranes would contribute to a 

comprehensive understanding of the functional membranes with tuneable molecular sieving 

ability and bring insights to the design of the next-generation membrane materials.  
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This thesis has reviewed state-of-art molecular sieving membrane materials and systemically 

studied POC based membranes for liquid-phase separation applications. The POC membranes 

were fabricated using different strategies, and the obtained membranes were characterised to 

study their structures and separation performance.   

Firstly, POC-based membranes were fabricated using several methods to overcome the 

challenges of processing highly crystalline POC thin films, including spin-coating, casting, in-

situ synthesis, sonochemistry. These approaches exhibited a fast synthesis process (e.g., 30 min) 

with mild conditions (e.g., in water). Surface morphology and dye rejection have been studied 

on these membranes. It has been observed that there is a shift of the MWCO for these porous 

organic membranes if processed into different structures (crystalline and random packing). For 

example, amorphous CC3 membranes fabricated via spin-coating have shown a MWCO of 

~400 g·mol-1 compared to the crystalline CC3 membranes with a MWCO of ~600 g·mol-1, 

which indicates the pore structures of these membrane materials have successfully been 

modulated by altering the polymorphs of the POCs. 

In Chapter 3, a novel synthetic strategy to fabricate crystalline POC membranes has been 

developed using a simple aqueous–organic interfacial technique. The interfacial approach 

enables the directly in-situ formation of thin films consisting of CC3 molecules under mild 

conditions. The resulting POC composite membrane, CC3-PAN, was continuous, defect-free, 

and showed high solvent permeances for a range of organic solvents—in some cases, such as 

for acetone, exceeding the upper performance bound—while also demonstrating excellent dye 

rejection performances. To the best of our knowledge, this is the first time an interfacial 

reaction process has been used to prepare continuous crystalline POC membranes that have 

been used in molecular separations, bringing a breakthrough in discrete porous materials 

applications. 

We attribute the high solvent permeance of CC3-PAN to highly ordered pore channels in POC 

crystals positioned throughout the membrane structure. The mechanism of the CC3 film 

formation has been studied, which can be described in four stages during the process. Effects 

of crystallinity, reaction solvents, membrane activation, pressure and long duration have been 

investigated in detail. 

Interestingly, these highly ordered crystalline POC membranes exhibited a switchable phase 

transition between two unique crystalline forms, CC3α-PAN and CC3γ'-PAN. In Chapter 4, 

solid-state structural transformation of CC3 has been observed and studied using several 
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solvents. In situ GIXRD measurements in water and methanol have determined two different 

molecule packing forms in the same cage membrane. When the cage molecules are arranged 

in the CC3α phase, they pack in a window-to-window arrangement to generate an 

interconnected diamondoid pore network. By comparison, in the CC3γ' phase, the CC3 

molecules are packed in a less dense arrangement, thus providing large extrinsic pores between 

hexagonally arranged CC3 molecules. The reversible transition between CC3α-PAN and 

CC3γ'-PAN, therefore, can create different diffusion pathways through the membrane structure.  

Dye rejection experiments showed that only the two larger dyes had been rejected from the 

MeOH feedstocks with its CC3γ' phase, while most of the dyes could get through the cage 

membrane. As a result, the MWCO shifted from 600 g∙mol-1 in water to 1400 g∙mol-1 in MeOH 

for the same membrane. We attributed this switching phenomenon solely to phase 

transformation between the two solvents, where alternative diffusion pathways were created 

through the membrane structure. This was confirmed by nanofiltration experiments in acetone. 

The single cage membrane was also tested interchangeably with water and MeOH dye 

feedstocks for five consecutive cycles, and the reversible selectively of the dye proved that the 

membrane can be switched 'on' and 'off' using a solvent. 

Effects of crystallinity and solvation have been investigated using cage membranes with lower 

crystallinity. The rejection and permeance data indicates the high crystallinity in the CC3 

membrane is essential for regulating its separation performance after switching its pore 

aperture using a solvent stimulus, whilst the amorphous membrane didn’t show this unique 

switching property. Meanwhile, the dynamic transformation has been studied using water and 

methanol solvent mixtures with different concentrations, and the critical transition between 

CC3α-PAN and CC3γ'-PAN was found to occur at a water concentration of 61.7%.  

To demonstrate the functional advantage of the structural transformation, we performed a 

graded sieving experiment and a continuous ternary separation process to separate a mixture 

of three organic dye molecules with a single, smart membrane by introducing a solvent gradient. 

This allows the collection of three molecules separately from a ternary mixture and creates a 

membrane-based parallel to the widespread and highly effective use of solvent gradients in 

chromatography1. POC membranes with switchable pore apertures could also lead to new 

applications in triggered drug delivery2, biosensors3, or fermentation/fractionation processes4. 

Moreover, in Chapter 5, a series of thin-film composite membranes comprising a cage 

nanofilm separating layer have been fabricated at a free aqueous–organic interface, using the 
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reduced amine cages, RCC1, RCC2 and RCC3. Transfer of these ultrathin nanofilms onto 

porous supports provided fast water transport through the resulting nanofilm composite 

membranes. The nanofilms were continuous and robust with an ultrathin thickness. Supported 

by the crosslinker, the reduced cages are supposed not to collapse in solid state and are 

equipped with excellent pore channels for separation. With a defect-free and hydrophilic 

nanofilm layer, the composite membranes have shown high rejection of dyes as well as salt 

ions.  

By altering the molecule type during the synthesis, RCC1, RCC2, and RCC3 nanofilms 

exhibited distinctive performance, where RCC1 and RCC2 nanofilms had a similar MWCO 

of ~250 g·mol-1, while RCC3 nanofilm showed a shift of its cutoff to ~600 g·mol-1. The surface 

morphology and composition of these nanofilms have been studied to link their different 

permeance and rejection performance to the varied membrane structures. 

The RCC3 nanofilm has been used for post-functionalisation where the unreacted amines were 

tied up by formaldehyde. A tunable sieving effect was found in the FT-RCC3 nanofilm that 

the MWCO shifted from ~600 g·mol-1 to ~450 g·mol-1 after the tie-up procedure. This indicates 

that the cage nanofilm composite membranes showing adjustable molecular separation 

properties have been successfully designed and fabricated by altering the monomeric cage 

molecule type in the interfacial synthesis pathway or a tie-up post-functionalisation strategy. 

This makes these materials exciting candidates for different applications in many important 

fields, such as wastewater treatment5, water purification6, heavy metals removal7, 

formaldehyde removal8, and chiral separation9. 

To summarise, several types of POC base membranes have been successfully prepared, 

including amorphous POC membranes, smart and responsive crystalline POC membranes with 

switchable pore apertures, and cross-linked POC nanofilm composite membranes with 

tuneable separation property. It is anticipated that these synthesis techniques and unique 

templating methods demonstrated herein for the fabrication of defect-free, tuneable POC based 

membranes would broaden the realm of the practical application of these novel macrocyclic 

materials. 
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However, challenges still remain for these exciting porous materials to be employed in 

membrane fields. For example, the mechanisms for mass transfer in the pores of these 

membranes are still not clear enough, and the degree of membrane cross-linking has not been 

determined. Further investigation of these novel membranes would contribute to a 

comprehensive understanding of the functional membranes with tuneable molecular sieving 

ability and bring insights to the design of the next-generation membrane materials.  

Among the extended POC family, only several cages, including CC3, RCC1, RCC2, and 

RCC3, have been used and studied for the membrane formation in this thesis. Other suitable 

cage molecules with different structures or functional groups may be selected to fabricate the 

target membranes with desired performance. While only liquid-phase separation has been 

discussed in this thesis, potential applications for these POC membranes can be further 

explored, for gas separation10, hydrogen isotope separation11, or xylene separation12, or chiral 

molecular recognition13. 

In addition, the scalability of the POC membranes, as an important factor in large-scale 

industrial applications, can be achieved practically due to their solution processable properties 

(i.e., the solubility of POCs), but haven’t been compressively studied in this work. Trials to 

enhance the scalability, such as in-situ growth of the POC membranes or flow synthesis method, 

would be valuable and beneficial to make POCs more attractive candidates in both academe 

and industry.  

While the current synthesis process makes it challenging to implement these POC membranes 

in commercial processes, it is conceivable that a more scalable production method might be 

developed in the future; for example, by exploiting the solution processability of these 

molecular cages. Future efforts will focus on using computational methods, such as crystal 

structure prediction (CSP)14, to design POC crystals with specific properties that can be 

designed from first principles. We believe this research is valuable for the development of 

novel membrane materials using POC families. 
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