
SCUOLA DI DOTTORATO 

UNIVERSITÀ DEGLI STUDI DI MILANO-BICOCCA 

 

 
 

Dipartimento di / Department of 
 

Scienza dei Materiali 
  
Dottorato di Ricerca in / PhD program Scienza e Nanotecnologia dei Materiali Ciclo 
/Cycle XXXII 
 
 
 
 
 

Functional Porous Materials: Tailored 

Adsorption Properties, Flexibility and 

Advanced Optical Applications 

 
 
 
 

 

Cognome / Surname      Perego       Nome / Name      Jacopo 

Matricola / Registration number     728719 
 
 
 
 
 

Tutore / Tutor:     Prof.ssa Angiolina Comotti 

  

  

 
 

Coordinatore / Coordinator:     Prof. Marco Bernasconi 
 
 

              ANNO ACCADEMICO / ACADEMIC YEAR 2018/2019 



2 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 
 

1. Thesis highlights                                                7 

 

 

1.1. Thesis moltivation                                                                         7 

1.2. Results                                                                                            7 

1.3. Publications and contributions                                                    9 

 

 

2. Porous materials                                              13 
 

 

2.1. Overview                                                                                       13 

2.2. Microporous materials                                                                14 

2.3. Porous molecular materials                                                        16 

2.4. Microporous polymers                                                                18 

2.4.1. Polymer of intrinsic microporosity (PIMs)                                         18 

2.4.2. Conjugated microporous polymers (CMPs)                                       19 

2.4.3. Hyper-crosslinked polymers (HCPs)                                                   20 

2.4.4. Porous aromatic frameworks (PAFs)                                                 20 

2.5. Covalent organic frameworks (COFs)                                      21 

2.6. Metal-organic frameworks (MOFs)                                          22 

2.7. References                                                                                    25 

 

3. Tailored gas adsorption properties in      

porous organic materials                                29                     

 



4 
 

3.1. Pore wall decoration of porous organic polymers                   29 

3.1.1. Summary                                                                                              29 

3.1.2. Porous organic frameworks (POFs): carbon dioxide capture  

and separation and methane adsorption                                                30 

3.1.3. Triphenylmethane-based porous aromatic frameworks (TPAFs)     31 

3.1.3.1. Synthesis and physico-chemical characterization                    31 

3.1.3.2. Carbon dioxide adsorption properties                                     37 

3.1.3.3. Methane adsorption properties                                                41 

3.1.3.4. High pressure methane adsorption                                          43 

3.1.4. Experimental details                                                                            44 

3.1.5. Conclusion                                                                                          44 

3.1.6. References                                                                                            46 

 

4. CO2 adsorption and solid state reactivity of 

MOFs                                                                48                         

 

4.1.  Metal-organic frameworks based on bicyclo[1.1.1]pentane 

dicarboxylic acid (BCP)                                                              48 

4.1.1. Summary                                                                                              48 

4.1.2. ZnBCP and ZrBCP                                                                             48 

4.1.2.1. Synthesis and structure of ZnBCP and ZrBCP                        48 

4.1.2.2. Adsorptive properties of ZnBCP and ZrBCP                           56 

4.1.2.3. Thermal properties of ZnBCP and ZrBCP                               66 

4.1.2.4. Stability of ZnBCP and ZrBCP                                                69 

4.1.3. Experimental details                                                                            72 



5 
 

4.1.4. References                                                                                            75 

 

5. Flexibility and dynamics in MOFs                 76 

5.1.  Nitrile -decorated soft metal-organic frameworks                   76 

5.1.1. Summary                                                                                              76 

5.1.2. Flexible metal-organic frameworks (FMOFs)                                   77 

5.1.2.1. Structures of FMOFs                                                                77 

5.1.2.2. Applications of FMOFs                                                            79 

5.1.3. Nitrile-decorated FMOFs                                                                    82 

5.1.3.1. General overview                                                                     82 

5.1.3.2. Zn2(TPA)2(bpAN)                                                                     83 

5.1.3.3. Zn2(TPA)X(2A-TPA)(2-X)(bpAN)                                                89 

5.1.4. Conclusion                                                                                           98 

5.1.5. Experimental details                                                                            98 

5.1.6. References                                                                                          100 

 

6. Porous organic polymers for photonic 

applications                                                    102 

 

6.1.  Porous emitting frameworks for sensitizet-triplet up -

conversion                                                                                  102 

6.1.1. Summary                                                                                            102 

6.1.2. Sensitized triplet-triplet annihilation up-conversion (s-TTAUC)    103 

6.1.3. S-TTAUC: towards solid state up-converters                                   106 



6 
 

6.1.4. Porous organic frameworks for optical applications                       107 

6.1.5. Emitting porous organic frameworks for s-TTAUC                        108 

6.1.5.1. Synthesis and characterization of ePAFs                               108 

6.1.5.2. ePAF_2:1. Optical properties and sensitized up-conversion 117 

6.1.5.3. i-ePAF_OH. Self-standing up-converting nanoparticles       123 

6.1.6. Conclusion                                                                                         128 

6.1.7. Experimental details                                                                          129 

6.1.8. References                                                                                          133 

 

7. Radioluminescent metal-organic frameworks 

and nanocomposites                                      134 

 

7.1.  Nanocrystalline MOFs and nanocomposites for luminescence and 

radioluminescence                                                                                       134 

7.1.1. Summary                                                                                            134 

7.1.2. High energy radiation and particles detection                                 135 

7.1.3. Radioluminescent metal-organic frameworks                                 137 

7.1.4. Zirconium-based MOFs for radiation detection                              137 

7.1.4.1. Nanocrystalline ZrDPAX MOFs                                            137 

7.1.4.2. MOF embedded scintillating nanocomposites                       154 

7.1.5. Conclusion                                                                                         158 

7.1.6. Experimental details                                                                          159 

7.1.7. References                                                                                          164 

 

 



7 
 

1. Thesis highlights                   
                               

 

 

1.1. Thesis moltivation 

In the last 20 years researches about novel classes of microporous materials flourished. 

At first, the unprecedented available surface areas and pore sizes boosted researches 

towards the development of effective and selective adsorbents that can be scaled up to 

meet the requirements of industrial processes. Today, the principles that govern 

adsorption processes in ultra-high surface area materials are well understood and the 

technological transfer from university laboratories to real-world applications seems 

impending. Along with the improvement of adsorptive properties, the outstanding 

synthetic versatility of microporous materials allow engineering advanced properties 

and functions that are not even displayed by ñtraditionalò materials.  

This Ph.D. thesis has two main focuses.  

1. Understanding gas adsorption processes and developing materials with 

tailored properties for gas capture and separation or gas storage.  

 

2. Developing the design, synthesis and characterization of different porous 

materials that can accomplish advanced tasks and display peculiar properties 

thank to a proper design at the molecular level. 

 

1.2. Results 

Chapter 3 illustrates the synthesis and the measurements of adsorption properties 

towards CO2 and CH4 of a family of triphenylmethane-based porous organic polymers 

(TPAFs). The sorptive properties are modulated by the functional group installed on 

the central carbon atom. Specifically, aliphatic amines improve the interactions with 

carbon dioxide resulting in an isosteric heat of adsorption as high as 54 kJ/mol at low 

loadings. 2D 
1
H ï

13
C heterocorrelated solid state MAS NMR spectroscopy provides 
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clear evidences of the close-contact interactions between amines and CO2 guest 

molecules. CH4 interacts strongly with the polar hydroxyl groups on pore walls at 

pressure up to 10 bar and room temperature and the generation of lithium alkoxyde 

moieties inside the structure increases the isosteric heat of adsorption up to 25 kJ/mol.  

Chapter 4 deals with metal organic frameworks built up by bicyclo [1.1.1] pentane-

1,3-dicarboxylic acid (BCP). Two metal organic frameworks have been synthetized 

with the organic struts bicyclo [1.1.1] pentane-1,3-dicarboxylic acid (BCP) and zinc 

or zirconium ions, ZnBCP and ZrBCP, respectively. These materials have been 

extensively characterized from a chemical and structural point of view. Different 

properties have been studied:  

 

Á Adsorptive properties. CO2 adsorption is strongly affected by the different 

structures of ZnBCP and ZrBCP. 

Á Thermal properties and solid state reactivity. The inclusion of BCP moieties in 

a solid skeleton allows the observation of a thermally activated reaction. 

 

Chapter 5 develops the theme of soft or flexible metal organic frameworks (FMOFs) 

and their complex behavior under gas stimuli. This work has been partially conducted 

during a period (6 months) spent at Bernal Institute, university of Limerick, Ireland 

under the guidance of Prof. M. J. Zaworotko. A flexible MOF has been synthesized 

(Zn2(TPA)2(bpAN); TPA = terephtalic acid; bpAN = 1,2 bis(4-pyridyl) acrylonitrile). 

It shows a two-fold interpenetrated pcu network generated by square lattice layers of 

dinuclear Zn(II) tetracarboxylate paddlewheels linked by terephtalic acid and pillared 

by bpAN moieties along c axis. Upon solvent removal, the solid undergoes a phase 

transition to a close phase driven by the coordination isomerism of Zn(II) cations. 

Surprisingly, low pressures (70 mbar) of CO2 at 195 K triggers a close to open phase 

transition and generates a switching adsorption isotherm. Functionalized terephtalic 

acid can be exploited to control the switching threshold pressure for CO2 and even 

suppress or enable the phase transition with other gases. Further measurements and 

analyses are still ongoing to clarify the phase change mechanism: understanding these 
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dynamical phenomena can be valuable to develop materials for gas storage and 

stimuli-responsive solids. 

In chapter 6 optically emitting porous aromatic frameworks (ePAF) for triplet-triplet 

annihilation up-conversion (sTTA-UC) have been developed. Porous aromatic 

frameworks have been synthesized from rigid pore generating tetraphenylmethane 

(TPM) monomers and highly luminescent diphenylanthracene moieties (DPA). The 

three dimensional networks display high porosity and preserve the optical properties 

of the DPA unit, providing highly luminescent nanoparticles. Thus, ePAF 

nanoparticles have been tested as annihilator for sTTA up-conversion by suspending 

the nanoparticles with the triplet sensitizer platinum octaethylporphyrin (PtOEP) in 

deoxygenated benzene. Porphyrin molecules can diffuse within the porous structure 

and sensitize the up-conversion process with an effective energy transfer towards the 

DPA molecules (emitters). Under optical excitation of the porphyrin moiety at 532 

nm the upconverted emission generated from DPA can be detected at 430 nm even at 

low powers and a record conversion efficiency of 15% in a covalently linked 

framework of emitters is achieved. Moreover, thank to the high accessibility of the 

internal surface area, a post-synthetic reaction between an emitting porous aromatic 

framework bearing hydroxyl functional groups (ePEF-OH) and a suitable sensitizer 

(palladium mesoporphyrin IX) have been exploited to produce self-standing 

autonomous upconverting nanoparticles containing both sensitizer and emitter 

molecular species.  

Finally, chapter 7 displays the modulated synthesis of fluorescent and 

radioluminescent zirconium based MOF nanocrystals (ZrDPA) and their 

encapsulation in polymer matrixes for the generation of solid state scintillators. Metal 

organic frameworks based on zirconium ions oxo-hydroxo clusters and highly 

fluorescent ligand 4,4ô-carboxylphenyl-(9,10)anthracen-dioic acid (DPA(COOH)2) 

have been synthesized via a modulated approach to generate 4 samples of nanometer-

sized crystals that display sharp particle size distributions centered between 70 and 

360 nm. The samples have been extensively characterized with N2 and CO2 

adsorption isotherms, infrared and solid-state NMR spectroscopy, thermogravimetric 

analyses and SEM microscopy. Optical spectroscopic techniques shows high 

photoluminescence quantum yield that increased along with crystal sizes dimensions 

due to decrease in the number of surface-related defects and radioluminescent 
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properties under x-ray irradiation. Nanocrystals of ZrDPA have been embedded in 

two different polymeric matrixes, polymethyl methacrylate (PMMA) and 

polydimethyl siloxane (PDMS) to obtain self-standing bulk scintillating materials. 

These nanocomposites display photoluminescence quantum yield up to 70% and 

display a high radioluminescence quantum yield coupled with a fast response in the 

nanosecond domain under irradiation with soft x-rays and ɔ-rays.  

 

1.3. Publications and contributions 

 

1. Perego, J.; Pedrini, J.; Bezuidenhout, C. X.; Sozzani, P.; Meinardi, F.; Bracco, S.; 
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2. Porous materials                                               
 

 

2.1. Overview 

Microporous materials have been known since there have been reports on natural 

zeolites that describe water vapour release during the heating process of these natural 

minerals [1,2,3]. The elucidation of two fundamental properties of zeolites, their 

crystalline nature and their microporous properties,  requires a long journey through 

different centuries [4,5]. During the XX
th 

century  many researchers studied and 

developed the field of artificial zeolites that today includes hundreds of different 

structures [6,7]. The main feature of these solids is the presence of molecular scale 

pores inside the material that generate cavities and tunnels that are accessible to guest 

species. Porosity have been tested and proved via adsorption techniques and peculiar 

phenomena have been exploited and adapted to fulfil the needs of industrial processes. 

For example, molecular sieving effect has been exploited for xylenes isomers 

separation; the chemically accessible cations in the structure can be exchanged in 

desalination processes while the acid/base chemical nature has been exploited for 

catalytic applications in the petrochemical industry [8]. Along with zeolites, porous 

activated carbons has been explored as high surface area materials. The rapid 

development of synthetic methods along the last century in both organic and inorganic 

realms as well as the development of supramolecular chemistry, led the way to the 

discovery of novel classes of advanced porous materials. Specifically, the concepts 

and techniques developed in supramolecular chemistry and the development of novel 

materials generates the background for the development of novel porous architectures. 

Porous molecular materials [9], porous coordination polymers and metal organic 

frameworks (PCPs and MOFs; 1997 and 1998, respectively [10,11]) , polymers of 

intrinsic porosity (PIMs; 2004) [12]), covalent organic frameworks (COFs, 2005 [13]), 

porous aromatic frameworks (PAFs, 2009 [14]) and many other microporous 

materials emerged from different chemical approaches to establish functional and 

versatile platforms directed towards novel properties and applications. 

This Ph.D. thesis deals with the design, synthesis and characterization of many 

materials belonging to this novel classes and aims at displaying how materials 
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designed at the molecular level can accomplish advanced tasks and display peculiar 

properties that are not available in ñtraditionalò materials, although the limited length 

and extension of the work. 

 

2.2. Microporous materials 

Porous materials are classified according to the IUPAC nomenclature based on the 

pore size width of channels or cavity [15]: 

 

Á Macroporus materials: materials with pores larger than 50 nm. 

Á Mesoporous materials: materials with pores between 2 and 50 nm. 

Á Microporous materials: materials with pores width less than 2 nm. 

 

Although these definitions are quite arbitrary and can be strongly affected by the 

nature and shape of pores, they provide a useful guidance in the field of porous 

materials. 

In confined environment properties of the guest phase are strongly affected by the 

surroundings due to the multiple interactions they experience with pore walls and 

other molecules along the channel. Microporous materials thus produce a different 

environment from the one usually experienced by molecules, either in gas, liquid or 

solid state and generate novel behaviours and properties of guest phases. On the other 

end, guests molecules can impact mechanical, dynamical and electronic properties of 

host frameworks. 

Microporous materials have been developed through the XX
th
 century. Zeolites and 

porous carbons have been studied and developed extensively for applications in 

heterogeneous catalysis (e.g. hydrocarbon cracking process), ions exchange and water 

desalination. Although these materials arouse great interest even today as testified by 

recent advances of zeolite chemistry and characterization [16,17], in the last 30 years 

novel classes of microporous materials aroused interest due to their versatile 
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structures and multiple properties. A brief introduction to each class of microporous 

materials is reported below: 

Á Porous molecular materials. Molecular materials are held together by 

intermolecular interactions [18]. They can contain intrinsic or extrinsic 

porosity: the former is due to the packing of units that already display an inner 

cavity or pores as toroidal molecules (e.g. calixarenes) or molecular cages 

[19,20], while the latter is generated thanks to the inefficient packing of 

properly designed molecules in the solid state [21,22]. 

Á Fully-organic microporous polymers feature organic backbone generated by 

covalent bonds between molecular building blocks[23]. A large variety of 

microporous polymers can be distinguished based on chemical or structural 

properties. Polymers of intrinsic microporosity (PIMs) were developed by 

Budd and McKeown [24]. These materials display similar properties to 

traditional polymers in solution, while they generate microporous structures 

due to the inefficient packing of monomeric units in the solid state. 

Conjugated microporous polymers (CMPs) are based on fully-conjugated 

backbone: the extended conjugation ensures tunable electronic and optical 

properties comparable to traditionally inorganic semiconductors counterparts 

[25,26]. Hyper-crosslinked polymers (HCPs) can be thought as microporous 

polymer resins generated by cross-linking process of polytopic and rigid 

building blocks [27,28]. Porous organic frameworks (POFs) are obtained 

through different coupling mechanisms, from metal-catalyzed coupling 

reactions to oxidative polymerizations [29,30]. Covalent triazine frameworks 

(CTFs) are generated by trimerization reaction of nitrile moieties generating 

materials with high nitrogen content [31]. Finally, the acronym covalent 

organic frameworks (COFs) has been coined to identify covalent materials that 

show long range periodicity (cristallinity): their synthesis rely on reversible 

covalent reactions and is performed under thermodynamic control in order to 

build up stable and crystalline structures [32,33]. 

Á Metal organic materials. Coordination bonds between metal ions or metal-

based clusters and di- or poly-topic linkers generate extended structures that 

can display high porosity. Metal organic frameworks (MOFs) or porous 

coordination polymers (PCPs) are highly crystalline microporous solids based 
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on coordination bonds. Since these materials can be designed by careful 

choice of the organic and inorganic building blocks, they are a versatile 

platform for the development of advanced porous materials [34,35]. 

 

The interest in microporous materials have been driven by their potential applications. 

Not surprisingly, microporous materials have been developed for gas storage, gas and 

vapours capture, separation and related gas managing technologies: entering the ñage 

of gasò requires a detailed understanding of the mechanism and the interactions 

involved during adsorption/desorption cycles [36]. Moreover, advanced porous 

materials show promising applications in different fields such as heterogeneous 

catalysis and photocatalysis, biomedical and bioimaging applications, light harvesting 

and photonic. 

The development of microporous materials has been enabled and sustained by 

advances in characterization techniques. Gas adsorption measurements provide great 

amounts of information about pore structure and pore chemistry and they are today 

routinely performed; in situ spectroscopic  techniques allowed the full 

characterization of the adsorption process with atomic resolution. Finally, 

computational techniques allow in-depth insights into the structure of the solid 

framework as well as a mechanistic view of the adsorption process. 

Different classes of porous materials will be briefly introduced based on their 

chemical and structural characteristic features. 

 

2.3. Porous molecular materials 

Molecular materials usually form dense solids due to the formation of close packed 

structures that maximise the strength and number of interactions between different 

units. Porous molecular materials can be generated using two different approaches: 

the molecules can already present intrinsic void space that line up to form channels 

and cavities inside the solid material; otherwise, extrinsic porosity can be generated 

by assembling the molecules into a low-density framework. Since the framework 
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structure rely on intermolecular interactions porous molecular materials display some 

distinctive properties compared to extended porous solids based on covalent or 

coordination bonds [37]. 

 

Á Solubility . Porous molecular cages can be purified and analyzed using 

conventional techniques as column chromatography and recrystallization 

typical of organic chemistry. Moreover, porous molecular solids can be easily 

processed from solution and recycled trough dissolution/recrystallization 

cycles. 

Á Flexibility . Intermolecular interactions form soft frameworks that can be 

affected and re-shaped by the interaction with molecular species in the gas or 

liquid phase. Porous molecular materials can thus respond to external stimuli 

and efficiently trap molecules. 

Á Other characteristic such as the synthetic flexibility provided by the rich 

organic chemistry that can be exploited to generate these materials and 

generation of dual or multi-functional materials can be easily obtained within 

porous organic materials. 

 

Molecular materials containing macrocycles and molecular cages can generate porous 

three dimensional solids if they display shape persistence in the solid state (molecules 

donôt collapse after solvent removal) and generate connected channels by pairing of 

molecular windows. Due to the flexibility of the three dimensional structure even 

materials that display isolated cavity and voids inside the structure can adsorb specific 

guests with high selectivity under suitable conditions due to cooperative mechanism 

[38,39]. 

Extrinsic porous molecular materials contains voids generated by the inefficient 

packing of molecules inside the crystal structure. To obtain these solids molecular 

building blocks are often design in order to develop strong secondary interactions that 

stabilize the porous phase and these materials are isolated under kinetic control to 

avoid the generation of close packed structures. Since the pioneering work of Barrer 

[40] that demonstrate gas adsorption properties by supramolecular metal-organic 
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microporous materials, many examples have been reported based on a variety of 

intermolecular interactions [9,41,42]. 

      

Figure 1. Molecular building block and crystal structure (view along c axis) of TCF-1. Blue 

circles fit into the channels of the porous structure.The structure is sustained by strong and 

directional hydrogen bonds between carboxylic acid dimers [41]. 

 

2.4. Microporous polymers 

Microporous polymers display an extended covalently-linked three dimensional 

framework [43]. They are usually classified into different classes based on different 

chemistry or physical properties. 

 

2.4.1. Polymer of intrinsic microporosity (PIMs) 

PIMs are linear polymers that possess enough free volume in the de-solvated phase to 

generate interconnected channels and pores and display a porosity that can be 

assessed by gas adsorption analysis. Unlike all other categories of microporous 

polymers, PIMs are soluble linear polymers that can be easily casted from solution to 

obtain films, membranes and monoliths. This unique feature boosted their 

applications towards gas separation processes and membrane technology 

[44,45,46,47]. For example, PIM-1 is synthetized trough a dioxane-forming reaction 
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between two ditopic monomers that provides a linear polymer [12]. However, the 

spiro moiety prevents the efficient packing of the polymer chains providing 

interconnected channels inside the materials. This materials is soluble in common 

organic polar solvents like THF and can be easily manipulated by casting methods. 

 

2.4.2. Conjugated microporous polymers (CMPs) 

CMPs can be though as three dimensional analogues of linear conductive polymers. 

Different reactions can be exploited to develop fully-conjugated frameworks that are 

connected through aryl-aryl, aryl-ethynyl or aryl-ethynylene linkages. Yamamoto-

type Ullmann coupling, Suzuki cross-coupling coupling, SonogashiraïHagihara 

coupling, oxidative coupling reaction, Schiff -base reaction, FriedelïCrafts reaction, 

phenazine ring fusion reaction and trimerization reaction have been established for the 

synthesis of CMPs [26]. Microporous organic polymers that feature an extensively 

conjugated framework can display interesting electronic and conductive properties 

that are not easily accessible within other classes of porous solids. CMPs have been 

developed for different applications such as light-harvesting systems, light emitters, 

chemosensors, heterogeneous catalysts and electrochemical devices [48,49]. 

 

Figure 2. A) Monomeric unit of HCMP-1 [50]. B) Ball and stick model of monomeric unit. C) 

Schematic representation of three dimensional network of HCMP-1. 
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2.4.3. Hyper-crosslinked polymers (HCPs) 

Hyper-crosslinked polymers are an interesting class of microporous materials that 

display peculiar characteristics. Low-cost synthetic routes, ease scalability and 

swelling properties when treated with liquid or gaseous species make HCPs promising 

for industrial applications as stationary phases in chromatography, adsorbent for gas 

storage and supports for heterogeneous catalysts.  

HCPs can be synthesised via crosslinking of preformed linear polymeric 

chains, direct step growth polymerization of suitable monomers or 

crosslinking of monomeric units with an external reticulating agents. 

Davankov et al. demonstrated that microporous HCPs with BET surface areas 

as high as 2000 m
2
/g can be generated from polystyrene by extensive 

crosslinking exploiting Friedel-Crafts alkylation reaction [51,52]. Linear 

polymer chains or solvent-swollen lightly crosslinked gels have been treated 

with reactive species (e.g. monochlorodimethyl ether) and suitable catalysts 

(e.g. FeCl3) in presence of a solvating medium to generate an extensively 

cross-linked phase. During solvent removal process the material cannot 

collapse producing a microporous framework. 

HCPs have been generated by direct polycondensation of functionalized 

monomers as, for example, dichloroxylene. Moreover, even un-functionalized 

aromatic building blocks can produce highly porous frameworks when 

reticulated with an external crosslinking agent as formaldehyde dimethyl 

acetal (FDA), p-dibromo xylene or 1,4-dimethoxybenzene [53,54]. 

 

2.4.4. Porous aromatic frameworks (PAFs) 

The prototype of POFs is porous aromatic framework-1 (PAF-1) which is composed 

of tetrahedral units (tetrakis (4,4ô,4ôô,4ôôô-bromo(phenyl))methane) joined via 

Yamamoto-type Ullman cross-coupling that generate a 3D amorphous framework 

with ultra-high surface area up to 5600 m
2
/g [14]. PAFs are open framework porous 

polymers bearing outstanding surface area and high chemical and thermal stability 

due to the strong covalent bonds between aromatic units that sustain the extended 
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structure. These materials can find widespread applications in gas adsorption and 

storage thanks to their outstanding adsorptive properties, as well as supports for 

heterogeneous catalysts and many other [55,56]. 

 

2.5. Covalent organic frameworks (COFs) 

Covalent organic frameworks have been introduced in 2005 by A. Côté et al. [13] 

These materials display skeletons generated by lightweight atoms (C, N, H, O, B, S, 

Si) that display long-range order in striking contrast with other microporous polymers. 

Crystalline structures can be accessed thank to the exploitation of reversible and 

dynamic chemical reactions that guarantee error-checking mechanisms during 

polymerization reactions and the generation of the thermodynamic products. The first 

reported COF rely on the condensation reaction of boronic acid: although the product 

show good micro-crystallinity and adsorption properties, the ease hydrolisis of B···O 

bonds determines the high chemical instability of the resulting solid in humid 

environments. Today, a plethora of different chemical reactions have been developed 

for the fast synthesis of COFs that can be growth as single crystals and display high 

stability even in water.[57,58]  

 

Figure 3. Molecular building blocks of COF LZU-111 and one of its three-fold 

interpenetrated three dimensional diamondoid framework. 
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Even though three dimensional COFs have been synthesised in the last years, a great 

effort has been put in the development of 2D materials that can be seen as organic 

analogous of graphenes and two-dimensional elemental or inorganic materials. Two 

dimensional materials can be potentially integrated in microelectronic devices and can 

be exploited in different applications as electrochemical and photo-electrochemical 

sensors, electrode materials for lithium batteries and gas separation processes.[59,60] 

 

2.6. Metal-organic frameworks (MOFs) 

Coordinative bond was reported for the first time by A. Werner in 1893 as he 

recognized how metal complexes contains neutral ligands inside their coordination 

sphere along with the counteranions that provide charge balance. [61]. The 

outstanding structural and functional versatility of coordination chemistry provided an 

extremely rich environment for the development of new branches of chemistry as well 

it paved the way for the development of novel classes of materials generated by 

coordination-driven self-assembly processes. These materials can be classified as 

metal-organic materials (MOMs) due to their hybrid chemical nature and can be 

separated in two main different subclasses: 

 

Á Supramolecular coordination complexes (SCCs). 

Á Coordination polymers (CPs). 

 

SCCs comprise discrete supramolecular entities generated by the self-assembly of 

metal ion precursors and organic ligands; these supramolecules can be dissolved and 

crystallized to generate three dimensional materials exploiting intermolecular 

interactions. Instead, coordination polymers features extended frameworks due to the 

divergent character of their molecular tectons: solid crystalline materials can be 

synthetized in one reaction thank to the reversible nature of the coordination bond 

(Figure 4). Novel materials such as metal organic polyhedra (MOPs) partially bridge 

the gap between these two different but related branch of materials chemistry. 
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Figure 4. Left: discrete supramolecular coordination complex (0D metal organic materials). 

Right: coordination polymer. This two example display how different dimensionality can be 

achieved employing the same molecular building block [62,63]. 

 

In the next paragraph I will focus on the development of coordination polymers. 

Prussian blue, known from the XVIII century can be considered as the prototypal 

coordination polymer: Fe (II) and Fe(III) cations coordinate in an octahedral geometry 

cyanide anions that guarantee the electroneutrality of the primitive cubic framework 

as demonstrated in 1977 from single crystal data [64]. Instead, the development of 

metal organic coordination polymers can be related to the seminal peper of Hoskins 

and Robson [65] that shows the formation of diamondoid framework upon the 

coordination of tetrakis (4,4ô,4ôô,4ôôô tetracyano-tetraphenylmethane) with Cu(I) ions: 

the positively charged framework is neutralized by disordered tetrafluoroborate 

anions hosted inside the tetrahedral cages along with nitrobenzene molecules.  

Metal organic frameworks (MOFs) or porous coordination polymers (PCPs) were 

described in literature for the first time independently by Kitagawa and Yaghi 

research groups in 1997 and 1998, respectively. This subclass of coordination 

polymers showed permanent porosity after solvent removal giving access to novel 

coordination-based porous materials [66,67]. Since these seminal papers a big amount 

of work have been performed on MOFs boosted by the rapid increase in the surface 

area values reported for these novel frameworks [68]. Metal-organic frameworks are 

generated by coordination of metal ions or clusters with organic linkers. The metal 
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clusters can be preparaed as stable supramolecular complexes and then the framework 

can be build through a linker exchange mechanism or, more often, can be formed in 

situ during MOFs crystallization giving access to a higher variety of inorganic SBUs.  

These materials display high synthetic and structural versatility that enable the design 

and development of materials with specific physical and chemical properties for 

targeted applications. MOFs design can be exploited at different level and with 

various techniques. A brief account of strategic design of MOFs and selected 

applications is given below. 

Different functional groups have been included in the organic struts of MOFs. Di and 

poly-topic linkers with carboxylic acids, pyridines, azoles and mixed functional 

groups generates an almost infinite library that can be exploited for pore size, shape 

and pore chemistry modulation. (Figure 5) 

 

Figure 5. Different linkers used in metal organic framework synthesis.  

 

Single metal cations or metal clusters give rise to an outstanding variety of 

frameworks. Nodes generated by single metal cation usually display high flexibility 

that can generate the collapse of the framework during the solvent removal process. 

However, multi-nuclear metal clusters provided higher rigidity and connectivity 

usually associated to increased porosity. Usually metal clusters are generated during 

the growth of the metal organic material, but they can be sometimes introduced as 

pre-formed clusters generating the extended 3D framework with a ligand-exchange 

process. The term secondary building unit (SBU) has been borrowed from zeolite 

chemistry and it refers to the cluster generated from the metal cations and the 

functional groups that determine the connectivity and spatial disposition of linkers 

inside the structure. (figure 6) 
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Figure 6. Selected secondary building units. A) Octahedral SBU Zn4O(COO
-
)6. B). Zr6(ɛ-

O)4(ɛ-OH)4(COO
-
)12. Rod secondary building units: C) Co(bdp) MOF. D) MIL-53(Fe). Color 

code: C, grey; O red; N, blue; Zn, light blue; Zr, green; Co, purple; Fe, orange. 

 Many reviews and special issues have been published on selected applications and 

special classes of MOFs [69,70]. 
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3. Tailored gas adsorption properties in      

porous organic materials                                                      

 

3.1.  Pore wall decoration of porous organic polymers 

3.1.1. Summary 

In this chapter porous organic frameworks (POFs) based on triphenylmethane 

building blocks will be described and their adsorption properties towards carbon 

dioxide and methane will be discussed. Specifically, three dimensional porous 

frameworks have been synthetized from pre-functionalized monomeric units bearing 

hydroxyl or amino functional groups that are fully retained and homogeneously 

distributed inside the resulting materials. Three different frameworks have been 

generated: a porous polymer that does not bear any functional group (TPAF = 

Triphenilmethane-based porous aromatic frameworks), a framework bearing an amino 

group on the central carbon atom (TPAF-NH2) and its hydroxyl analogue (TPAF-OH). 

Different functional groups affect the porous properties of the materials and determine 

a different ratio between micro and mesopores as determined from nitrogen 

adsorption isotherms at 77 K. Aliphatic amino groups interact strongly with carbon 

dioxide displaying an isosteric heat of adsorption (Qst) up to 54 kJ/mol at room 

temperature. The strong interaction between the guest CO2 molecules and the amino 

groups decorating the pore walls has been deeply investigated by 2D 
1
Hï

13
C 

heterocorrelated MAS NMR: carbon dioxide molecules sit in close contact with the 

hydrogen of the amino groups and interact with the aromatic proton of benzene rings 

that surround the functional group. On the other hand, hydroxyl groups and a higher 

micropore percentage increase the interaction with methane molecules: TPAF-OH 

displays an isosteric heat of adsorption up to 21 kJ/mol at low coverage. Moreover, 

treatment of TPAF-OH with lithium hydride allows the post-synthetic generation of 

lithium alkoxide groups (TPAF-OLi) that enhance the affinity of the framework 

towards methane molecules (Qst = 25 kJ/mol). Moreover, the possible application in 

adsorbed methane storage technology has been investigated measuring high pressure 

methane adsorption isotherms up to 100 bar: TPAF displayed a working capacity up 

to 200 cm
3
/g between 100 bar and 5 bar at room temperature.  
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Related paper: 

ñExpandable porous organic frameworks with built-in amino and hydroxyl functions 

for CO2 and CH4 captureò,  

Perego, J.; Piga, D.; Bracco, S.; Sozzani, P. and Comotti, A. 

Chem. Commun., 2018, 54, 9321-9324. 

 

3.1.2. Porous organic frameworks (POFs): carbon dioxide capture  

and separation and methane adsorption 

The increase of carbon dioxide concentration since the beginning of the industrial 

revolution raised great concern in the scientific community and in public opinion [1]. 

Specifically, the increase of the Greenhouse effect strictly related to global warming 

and the acidification of oceans speeded up due to the increasing emission of carbon 

dioxide in the atmosphere related to human activities [2,3,4].  

Since the energy demand will increase in the future by 53% by 2030 and the complete 

transition towards CO2-neutral technology is still in its infancy there is a great efforts 

in the development of new technologies and processes for CO2 capture, sequestration 

and utilization (CCSU) [3,5]. Different CO2 capture technologies are currently under 

investigation and many of them are already implemented on an industrial scale [5,6]: 

 

Á Post-combustion CO2 capture. Removal of carbon dioxide from  gas streams 

after combustion processes 

Á Oxyfuel process. Use of pure oxygen instead of air to increase the CO2 

concentration in the flue gas. 

Á Pre-combustion CO2 capture. 

Á Direct air CO2 capture. 
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For example, since about 44 % of anthropogenic CO2 emissions come from coal, oil 

or natural gas- fired power plants, post-combustion technologies have been greatly 

developed in order to separate and recover CO2 from flue gas. The current state of the 

art is chemical adsorption performed with solvents based on amines, alkali or amino-

acods salts. After the adsorption process, carbon dioxide is removed from the solvent 

using a temperature or pressure-swing regeneration process. Then the solvent can be 

recirculated inside the plant and the CO2 processed for transport, storage and 

utilization [7,8]. 

Porous organic frameworks (POFs) display valuable properties that make them 

attractive towards applications in gas separation and storage. High thermal and 

chemical stability as well as high synthetic flexibility allow to optimize POFs for gas 

capture, separation and storage processes.  The utilization of porous materials that 

exhibit high CO2 loading, high selectivity and fast kinetics adsorption can improve the 

current technology for carbon dioxide sequestration based on liquid amine scrubbing 

processes. Specifically, solid sorbents can be easily recycled due to their lower 

interactions with carbon dioxide molecules resulting in less energy-intense processes. 

Moreover, stable frameworks can provide higher recyclability compared to liquid 

amine scrubbing processes [9,10,11,12,13,14,15,16]. 

In our work we study from a fundamental point of view the effect of pore 

functionalization on the adsorptive properties of porous organic frameworks. 

 

3.1.3. Triphenylmethane-based porous aromatic frameworks (TPAFs)  

3.1.3.1. Synthesis and physico-chemical characterization 

Three different building blocks have been designed and synthetized containing three 

reactive bromine groups and a functional group on the central carbon atom. The 

reaction proceeds via preparation of a mono-lithiated reactant from 4,4ô-

dibromobenzene under inert and low temperature (-78°C) conditions and its 

nucleofilic substitution reaction with diethylcarbonate in 3:1 ratio to give tris-(4-

bromophenyl)methanol in high yield and purity after a washing step in hexane (see 
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Experimental Section for further details). The hydroxyl group can then be replaced by 

a hydrogen atom or an amino group as reported in the scheme below. 

 

Scheme 1. Synthetic strategy to obtain the three different functionalized monomers. 

 

The building blocks have been characterized with DSC, infrared spectroscopy and 
1
H 

liquid NMR spectroscopy. 

To generate an extended framework Yamamoto-type Ullmann coupling reaction has 

been employed to obtain a direct coupling between aryl units. This reaction ensures 

quantitative yield and minimize the residual impurities contained in the resulting 

framework. 

Three extended networks have been obtained through homocoupling of the different 

units: TPAF, which contains unfunctionalized ternary carbon atom, TPAF-OH and 

TPAF-NH2. Chemical and structural information on these amorphous samples (see 

Fig.X) have been collected via elemental analysis, thermogravimetric analysis, 

infrared spectroscopy, solid state NMR and nitrogen adsorption isotherms at 77 K.  

TGA measurements show thermal stability of the samples up to 350 °C. Nitrogen 

content of TPAFNH2 of 5.1%wt and oxygen content of 6.0 %wt in TPAFOH are in 

good agreement with the calculated values of 5.5 %wt and 6.2 %wt, respectively, 

corroborating that the functional groups inserted inside the frameworks are not altered 

during the reticulation process. 
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Figure 1. Thermogravimetric analysis of TPAF (blue), TPAF-OH (red) and TPAF-NH2 

(green). 

 

Table 1. Elemental analysis of samples TPAF, TPAF-OH and TPAF-NH2. 

Sample C H N O 

 Calc Exp Calc Exp Calc Exp Calc Exp 

TPAF 94.5 91.6 5.4 5.5 0 0.4 0 - 

TPAF-OH 88.7 86.2 5.1 5.3 0 0.4 6.2 6.0 

TPAF-NH
2
 89.0 85.7 5.5 5.6 5.5 5.1 0 - 

 

 

Spectroscopic techniques prove the full retainment of hydrogen atom, hydroxyl or 

amino groups in resulting frameworks. FT-IR spectroscopy allows us to determine 

some structural features and to confirm qualitatively the maintenance of chemical 

functionality during frameworks syntheses. All samples show multiple bands in the 

range 3000-3100 cm
-1

 due to aromatic C-H stretching. Distinctive bands related to the 

functionality of the ternary carbon appear in the regions 1000-1600 cm
-1

 and 3000-

3600 cm
-1

. In the former the C-O stretch gives rise to a sharp peak at 1158 cm
-1

 and 

an additional peak at 920 cm
-1

 usually observed for tertiary alcohols. In the latter 

region free O-H moieties gives rise to a sharp peak at 3580 cm
-1

 while a broad band at 

3480 cm
-1

 is caused by hydrogen bonded O-HĀĀĀO groups. TPAF-NH2 shows 
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absorption bands at 3320 and 3380 cm
-1

 due to symmetric and asymmetric stretch of 

N-H bond. 

 

 

Figure 2. Infrared spectra of TPAF-H (blue), TPAF-NH2 (green) and TPAF-OH (red). 

Characteristic absorption bands related to the installed functional groups are marked by dots 

(see the text for discussion). 

 

Both 
1
H and 

13
C solid state NMR spectra prove the formation of the desired 

frameworks. 
13

C MAS solid state NMR spectra feature a large shift of the signal 

related to the central carbon atoms from 56.2 ppm in TPAF to 65.7 ppm in TPAFNH2 

and 81.3 ppm in TPAFOH. Moreover, the deconvolution of the experimental spectra 

using Lorentzian and Gaussian lineshapes allow to confirm the 1 to 3 ratios between 

the central carbon atom and the aromatic ones. 
1
H solid state NMR spectra clearly 

display the different chemical shifts generated by different moieties installed inside 

the framework. Finally, recording 
13

C CP MAS NMR spectra at different contact 

times (50 ɛs and 2 ms, respectively) allow to recognise the peaks due to quaternary 
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carbon atom and thus make a proper assignment of each peak in the solid state NMR 

spectra. (Figure 3,4) 

 

 

Figure 3. 
13

C MAS solid state NMR spectra of TPAF (blue), TPAF-OH (red) and TPAF-NH2 

(green). The spectra were deconvoluted using Lorentzian and Gaussian line-shapes. 
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Figure 4. 
1
H solid state NMR spectra of TPAF (top), TPAF-NH2 (middle) and TPAF-OH 

(bottom). 

  

Nitrogen adsorption isotherms measured at 77 K provided Langmuir and BET surface 

areas of 1565, 1343, and 1108 m
2
/g and 1383, 1190, and 984 m

2
/g for TPAF, TPAF-

NH2 and TPAF-OH. The surface areas and pore-volumes (0.95, 0.68 and 0.45 cm
3
/g 

for TPAF, TPAF-NH2 and TPAF-OH), are comparable or superior to many of the best 

performing functionalized POFs, despite the volume occupied by the organic 

functions in the pores. Nitrogen desorption branches run distinctly above the 


