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1.Thesis highlights

1.1.Thesis moltivation

In the last 20 years researches abawehclasses of microporous materials flourished.

At first, the unprecedented available surface areas and pore sizes boosted researches
towards the development of effective and selective adsorti&itsan be scaled up to

meet the requirements of industrial processes. Today, the principles that govern
adsorption processes in ulnggh surface area materials are well understood and the
technological transfer from university laboratories to -keatld 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 |

This Ph.D. thesibas two main focuses.

1. Understanding gas adsorption processes aedeldping materials with
tailored properties for gas capture and separation or gas storage.

2. Developing the design, synthesis and characterization of diffeparbus
materials that can accomplish advanced tasks and display peculiar properties
thank to a propedesign at the molecular level.

1.2 Results

Chapter 3 illustrates the synthesis and the measurements of adsorption properties
towards CQand CH, of a family of triphenylmethanbased 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 resultonin an isosteric heat of adsorption as high as 54 kJ/mol at low
loadings.2D *H 1*3C heterocorrelated solid state MAS NMRectroscopy provides



clear evidences of the clesentact interactions between amines and, @Oest
molecules. CH interacts strongl 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 orgarframeworks built up byicyclo [1.1.1] pentane
1,3-dicarboxylic acid (BCP)Two metal organic frameworks have been synthetized
with the organic strutbicyclo [1.1.1] pentand,3-dicarboxylic acid (BCPand zinc

or zirconium ions, ZnBCP and ZrBCP, respesly. These materials have been
extensively characterized from a chemical and structural point of view. Different

properties have been studied:

A Adsorptive properties. COadsorption is strongly affected by the different
structures of ZnBCP and ZrBCP.
A 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 compledehavior 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
(Zn(TPA)(bpAN); TPA = terephtalic acid; bpAN = 1,RBis(4-pyridyl) acrylonitrile).

It shows a twefold interpenetrate@cu network generated by square lattice layers of
dinuclear Zn(ll) tetracarboxylate paddlewhelat&ed by terephtalic acid and pillared

by bpAN moieties alog ¢ axis. Upon solvent removal, the solid undergoes a phase
transition to a close phase driven by the coordination isomerism of Zn(ll) cations.
Surprisingly, low pressures (70 mbar) of £8 195 K triggers a close to open phase
transition and generatessavitching adsorption isotherm. Functionalized terephtalic
acid can be exploited to control the switching threshold pressure fera@Deven
suppress or enable the phase transition with other gases. Further measurements and

analyses are still ongoing taacify the phase change mechanism: understanding these



dynamical phenomena can be valuable to develop materials for gas storage and

stimuli-responsive solids.

In chapter 6 optically emitting porous aromatic framewodAF) for triplettriplet
annihilation up-conversion (STTAUC) 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 higorosity and preserve the optical properties

of the DPA wunit, providing highly luminescent nanoparticles. ThaBAF
nanoparticles have be¢ested as annihilator for STTA «gonversion by suspending

the nanoparticles with the triplsensitize platinum octaethylporphyrin (PtOEP) in
deoxygenated benzene. Porphyrin molecules can diffuse within the porous structure
and sensitize the ugonversion process with an effective energy transfer towards the
DPA molecules (emitteys Underoptical excitation of theporphyrin moiety at 532

nm the upconverted emissigenerated from DPA can be detected at 430 nm aten

low powersand a recad conversion efficiency of 15%n a covalentlylinked
framework of emitters is achieved. Moreover, thank to the high accessibility of the
internal surface area, a pasinthetic reaction between an emitting porous aromatic
framework bearing hydroxyl functional groupsPEFOH) and a suitable sensitize
(palladium mesoporphyrin IX) have been exploited to produce-statiding
autonomous upconverting nanoparticles containing both sensitizer and emitter

molecular species.

Finally, chapter 7 displays the modulated synthesis of fluorescent and
radioluminesent zirconium based MOF nanocrystals (ZrDPA) and their
encapsulation in polymer matrixes for the generation of solid state scintilllsttetal.
organic framewrks based on zirconium ions ckgdroxo clusters and highly

f 1l uor es c e n-tarbdxylpbeglAA10)ahthracédioic acid (DPACOOH))
have been synthesizedth a modulated approach to generatamplesof nanometer
sized crystals that displagharp particle size distributiortentered between 70 and
360 nm The samples have beesxtensively chieacterized with N and CQ
adsorption isotherms, infrared aadlid-state NMR spectroscopthermogravimetric
analysesand SEM microscopy Optical spectroscopic techniques showggh
photoluminescence quantum yield that increased along with crystal sizesstbns
due to decrease ithe number of surfaceelaed defects and radioluminesten
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properties under -xay irradiation.Nanocrystals of ZrDPAave been embedded in

two different polymeric matrixes, polymethyl methgate (PMMA) and
polydimethyl siloyane (PDMS) to obtain seditanding bulk scintillating materials.
These nanocomposites display photoluminescence quantum yield up to 70% and
display a high radluminescence quantum yield coupled wétHast response in the

nanosecond domain under irradbatiwith soft xraysando-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]. Theelucidation of two fundamental properties of zeolites, their
crystalline nature and their microporous properties, requires a long journey through
different centuries [4,5]. During the XXcentury many researchers studied and
developed the field of aridial 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 haveeen tested and provedh 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 chemicallgccessible 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 exptb 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 advancedopgr 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 cooatibn polymers and metal organic
frameworks (PCPs and MOFs; 1997 and 1998, respectively [10Q,pblymers of
intrinsic porosity (PIMs; 2004) [12]covalent organic frameworks (COFs, 2005 [13]),
porous aromatic frameworks (PAFs, 2009 [14]) and many oth@roporous
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 Atrad

and extensiownf 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]:

A Macroporus materials: materials with pores larger than 50 nm.
A Mesoporous materials: materialith pores between 2 and 50 nm.
A 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 fiplorafs

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 produtferand
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 electronidigsagfer

host frameworks.

Microporous materials have been developed through th® éextury. Zeolites and
porous carbons have been studied and developed extensively for applications in
heterogeneous catalysis (e.g. hydrocarbon cracking process), ionsgexelma 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 ito vireatile
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structures and multiple properties. A brief introduction to each class of microporous

materials is reported below:

A Porous molecular materials. Molecular materials are held together by
intermolecular interactions [18]. They can contain intdngir 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
properl designed molecules in the solid state [21,22].

A Fully-organic microporous polymers feature organic backhyewerated by
covalent bonds between molecular building blocks[23]. A large variety of
microporous polymers can be distinguished based on chemmicdfustural
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 g@cking of monomeric units in the solid state.
Conjugated microporous polymers (CMPs) are based on-dahyugated
backbone: the extended conjugation ensures tunable electronic and optical
properties comparable to traditionally inorganic semiconductorsterqarts
[25,26]. Hypefcrosslinked polymers (HCPs) can be thought as microporous
polymer resins generated by crdisking process of polytopic and rigid
building blocks [27,28]. Porous organic frameworks (POFs) are obtained
through different coupling nohanisms, from metalatalyzed 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 agrancovalent
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 sable and crystalline structures [32,33].

A Metal organic materials. Coordination bonds between metal ions or-metal
based clusters and-dir poly-topic linkers generate extended structures that
can display high porosity. Metal organic frameworks (MOFs) orops

coordination polymers (PCPs) are highly crystalline microporous solids based

15



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 developmef 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 relatel gananagi ng technol ogi es:
of gasoO requires a detailed wunderstanding
involved during adsorption/desorption cycles [36]. Moreover, advanced porous
materials show promising applications in different feelduch 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 perfomed; in situ spectroscopic techniques allowed the full
characterization of the adsorption process with atomic resolution. Finally,
computational techniques allow -tlepth insights into the structure of the solid

framework as well as a mechanistic viewtlod 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 mokcules can already present intrinsic void space that line up to form channels

and cavities inside the solid material; otherwisetrinsic porosity can be generated

by assemblinghe molecules into a lowensity framework. Since the framework
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structure ref on intermolecular interactions porous molecular materials display some
distinctive properties compared to extended porous solids based on covalent or

coordination bonds [37].

A Solubility. Porous molecular cages can be purified and analyzed using
conventonal 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.

A Flexibility . Intermolecular intexctions form soft frameworks that can be
affected and rshaped 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.

A Other characteristic suchs the synthetic flexibility provided by the rich
organic chemistry that can be exploited to generate these materials and
generation of dual or mulfunctional materials can be easily obtained within

porous organic materials.

Molecular materials containg macrocycles and molecular cages can generate porous

three dimensional solids if they display shape persistence in the solid state (molecules
donodt coll apse after solvent removal) and
molecular windows. Due to ¢hflexibility 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 miecular 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 poroushase 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 supramolecularomyzaic
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microporous materials, mangxamples have been reported based on a variety of

intermolecular interactions [9,41,42].

Figure 1 Molecular building block and crystal structew along ¢ axispf TCF1. Blue
circles fit into the channels of the porous structure.The struiststestained by strong and

directional hydrogen bonds between carboxylic acid dimers [41].

2.4 Microporous polymers
Microporous polymers display an extended covaleintlked three dimensional

framework [43]. They are usually classified into different clads@sed on different

chemistry or physical properties.

2.4.1. Polymer d intrinsic microporosity (PIMSs)

PIMs are linear polymers that possess enough free volume in-swvaged 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, PINMs 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, PHY is syrihetized trough a dioxarferming 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 miatesissoluble in common
organic polar solvents like THF and can be easily manipulated by casting methods.

2.4.2. Conjugated microporous polymers (CMPSs)

CMPs can be though as three dimensional analogues of linear conductive polymers.
Different reactions can bexploited to develop fullgonjugated frameworks that are
connected through ardryl, arytethynyl or arylethynylene linkages. Yamameto

type Ullmann coupling, Suzuki crossupling coupling, Sonogashirdagihara
coupling, oxidative coupling reaction, Sifkbase reaction, Friedelrafts 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 interegtielectronic and conductive properties

that are not easily accessible within other classes of porous solids. CMPs have been
developed for different applications such as ligatvesting systems, light emitters,

chemosensors, heterogeneous catalysts aanlaglbemical devices [48,49].

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

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

Hypercrosslinked polymers are an interesting class of microporous materials that
display peculiar characteristics. Lemwost 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 synthesiseda crosslinking of preformed linear polymeric
chains, direct step growth polymerization of suitable namers or
crosslinking of monomeric units with an external reticulating agents.
Davankov efal. demonstrated that microporous HCPs with BET surface areas
as high as 2000 #fy can be generated from polystyrene by extensive
crosslinking exploiting FriedeCrafts alkylation reaction [51,52]. Linear
polymer chains or solverswollen lightly crosslinked gels have been treated
with reactive species (e.g. monochlorodimethyl ether) and suitable catalysts
(e.g. Fed) in presence of a solvating medium to generatexensively
crosslinked 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, eweiunctionalized
aromatic building blocks can produce highly porous frameworks when
reticulated with an external crosslinking agent asmgaldehyde dimethyl

acetal(FDA), p-dibromo xylene or 14limethoxybenzene [53,54].

2.4.4. Porous aromatic frameworks (PAFS)

The prototype of POFs is porous aromatic framewlo(PAF1) which is composed

of tetrahedral units tétrakis ( 4 , 4 6 ;brbiddiphehyd)lnéthane) joinedia
Yamamotetype Ullman crossoupling that generate a 3D amorphous framework
with ultra-high surfae area up to 5600 %y [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 candf 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 beeatraduced in 2005 by A. C6té at. [13]

These materials display skeletons generated by lightweight atoms (C, N, H, O, B, S,
Si) that display longange order in striking contrast with other microporous polymers.
Crystalline structures can be accessed khianthe exploitation of reversible and
dynamic chemical reactions that guarantee erhecking mechanisms during
polymerization reactions and the generation of the thermodynamic products. The first
reported COF rely on the condensation reaction of boracid: although the product
show good micrerystallinity and adsorption properties, the ease hydrolisis- dd B
bonds determines the high chemical instability of the resulting solid in humid
environments. Today, a plethora of different chemical reaxti@ve 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 LZ411 and one of its thrdeld

interpenetrated three dimensiod@mondoid framework.

21



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 tdimensional elemental or inorgameaterials. Two
dimensional materials can be potentially integrated in microelectronic devices and can
be exploited in different applications as electrochemical and mHetdrochemical

sensors, electrode materials for lithium batteries and gas separatt@sses.[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 pitevicharge 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 clasdematerials generated by

coordinationdriven selfassembly processes. These materials can be classified as
metatorganic materials (MOMs) due to their hybrid chemical nature and can be

separated in two main different subclasses:

A Supramolecular coordinaticcomplexes (SCCs).

A Coordination polymers (CPs).

SCCs comprise discrete supramolecular entities generated by tressatibly of

metal ion precursors and organic ligands; these supramolecules can be dissolved and
crystallized to generate three dimensiomaaterials 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 reveesimture ofthe coordination bond
(Figure 9. Novel materials such as metal organic polyhedra (MOPs) patrtially bridge

the gap between these two different but related branch of materials chemistry.
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nNOj3”

Figure 4 Left: discrete supramoleculaoordination 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 | will focus on the developmeh coordination polymers.
Prussian blue, known from the XVIII century can be considered as the prototypal
coordination polymer: Fe (Il) and Fe(lll) cations coordinate in an octahedral geometry
cyanide anions that guarantee the electroneutrality of ih@tipe 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 framewpda the
coordination oftetrakis( 4 , 4 6 , 4 6 0 , -#téa@hénylmethaine)avithyCai(h) mns:

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 permarteporosity after solvent removal giving access to novel
coordinationbased porous materid§6,67]. 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 aloframeworks [68]. Metabrganic 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 exchangechanism or, more often, can be fornmed

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 sgie 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 groupsave 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 modulatioffigure 5

(@]
o

N N—-N’

[ 2
HO
I N/ NH N
OoH O ‘ \ = \’N—H
2 N=N N=N

N

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, multinuclear metal clusters provided higher rigidity and connectivity
usually associated to increased porosity. Usually metal clusters are generated during
the growthof the metal organic material, but they can be sometimes introduced as
preformed clusters generating the extended 3D framework with a legacithnge
process. The term secondary building unit (SBU) has been borrowed from zeolite
chemistry and it refers tohe 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 SBADZADOO)e. B). Zrs( €
O)y( ®©H)4(COO)1,. Rod secondary building units: C) Co(bdp) MOF. D) MiB(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 chapterporous 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 frpne-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 amstidnal group (TPAF =
Triphenilmethandased porous aromatic frameworks), a framework bearing an amino
group on the central carbon atom (TRANH,) and its hydroxyl analogue (TPABH).
Different functional groups affect the porous properties of the matena 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)(@Qp to 54 kJ/mol at room
temperature. The strong interaction between the guestn@ilecules and the amino
groups decorating the pore walls has been deeply investidggte8D ‘Hi *C
heterocorrelated MAS NMR: carbon dioxide molecules sit in close contact with the
hydrogen of the amongroups 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:AWPAF
displays an isosteric heat afilsorption up to 21 kJ/mol at low coverage. Moreover,
treatment of TPAFOH with lithium hydride allows the posiynthetic generation of
lithium alkoxide groups (TPAMOLI) that enhance the affinity of the framework
towards methane moleculess(© 25 kJ/mao). 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 cni/g between 100 bar and 5 bar at room teneupee.

29



Related paper:

AExpandable porous organic frameworks with binllamino and hydroxyl functions
forC,bandCHcaptur eo,

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

Chem.Commun, 2018 54, 93219324

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 C@neutral technology is still in its infancy there is a great efforts

in the development of new technologies and processes foc&ure, sequestration

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

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

A Postcombustion C@ capture. Removal of carbon dioxide from gas streams
after combustion processes

A Oxyfuel process. Use of pure oxygen instead of air to increase the CO
concentration inte flue gas.

A Precombustion C@capture.

A Direct air CQ capture.
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For example, since about 44 % of anthropogenig @®issions come from coal, oil

or natural gasfired power plants, postombustion technologies have been greatly
developed in order to separate and recovey f@fn flue gas. The current state of the

art is chemical adsorption performed with solvents éhageamines, alkali or amino
acods salts. After the adsorption process, carbon dioxide is removed from the solvent
using a temperature or pressgiing regeneration process. Then the solvent can be
recirculated inside the plant and the LCg@rocessed for ransport, 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 flexibilityoa to optimize POFs for gas
capture, separation and storage processes. The utilization of porous materials that
exhibit high CQ loading, high selectivity and fast kinetics adsorption can improve the
current technology for carbon dioxide sequestratisetan liquid amine scrubbing
processes. Specifically, solid sorbents can be easily recycled due to their lower
interactions with carbon dioxide molecules resulting in less eriatggse processes.
Moreover, stable frameworks can provide higher recydtgbdompared 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. Triphenylmethanebased porousromatic framework TPAFS)

3.1.3.1. Synthesignd physicechemical 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 proceexl via preparation of a monrbi t hi at ed reactant
dibromobenzene under inert and low temperatw&°C) conditions and its
nucleofilic substitution reaction with diethylcarbonate in 3:1 ratio to dgnee(4-

bromophenyl)methanadh high yield and prity after a washing step in hexane (see

31



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.

Br

1) nBuLi/THF/-78°C
2) (Et0),CO/THF/20°C

Br

1) SOCl,/CH,Cl,
2) NH4CI/NHj;/toluene

Scheme 1Syntheticstrategy to obtain the three different functionalized monomers.

The building blocks have been chamized with DSC, infrared spectroscopy ahtl
liquid NMR spectroscopy.

To generate an extended framework Yamantgpe Ullmann coupling reaction has
beenemployed to obtain a direct coupling between aryl units. This reaction ensures
guantitative 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, F®AFand
TPAFRNH,. Chemical and structural information on these amorphous samples (see
Fig.X) have been collectedia elemental analysis, thermogravimetric analysis,

infrared spectroscopgplid state NMR and nitrogen adsorption isotherms at 77 K.

TGA measurements show thermal stability of the samples up td@506litrogen
content of TPAFNH of 5.1%, and oxygen content of 6.0,%4n TPAFOH are in

good agreement with the calculated valwés5.5 %, and 6.2 %, 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), TR&H (red) and TPAMNH,
(green).

Table 1 Elemental analysis of samples TPAF, TP@H and TPARNH,.

Sample C H N 0]

Calc |Exp |Calc |Exp |Calc |Exp |Calc | Exp
TPAF 945 (916 |54 5.5 0 0.4 0 -
TPAF-OH 88.7 186.2 |51 5.3 0 0.4 6.2 6.0

TPARNH, 89.0 857 |55 5.6 5.5 5.1 0 -

Spectroscopic techniques prove the full retainment of hydrogen atom, hydroxyl or
amino groups in resulting frameworksST-IR spectroscopy allows us to determine
some structural features and to configualitatively the maintenanceof chemical
functionality during frameworks syntheseAall samples show multiple bands in the
range3000:3100 cnt due to aromatic € stretching Distinctive bands related to the
functionality of the ternary carbon appear in the regions IBI® cm' and 3000

3600 cnt. In theformer the GO stretch gives rise to a sharp peak at 1158 and

an additional peak at 920 €nusually observed for tertiary alcohols. In the latter
region free GH moieties gives rise to a sharp peak at 3580 while a broad band at

3480 cmt is cauged by hydrogen bonded>-HAAAO gr o-NH» showsTPAF
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absorption bands at 3320 and 3380aine to symmetric and asymmetric stretch of

N-H bond.

—TPAFOH

—TPAFNH2

i —TPAFH

Intensity (a.u.)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm!)

Figure 2 Infrared spectra of TPAR (blue), TPAFNH, (green) and TPAOH (red).
Characteristic absorptiorabds related to the installed functional groups are marked by dots

(see the text for discussion).

Both *H and *®C solid state NMR spectra prove the formation of the desired
frameworks.’*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 TRAFNH
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 centralcarbon atom and the aromatic on#s.solid state NMR spectra clearly
display the different chemical shifts generated by different moieties installed inside
the framework. Finally, recordin’C CP MAS NMR spectra at different contact

times (50es and 2 m, 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(Figure3,4)
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Figure 3°C MAS solid state NMR spectra of TPAF (blue), TR@H (red) and TPARH,
(green). The spectra were deconvoluted using Lorentzian and Gaussisimalies.
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Figure 4 'H solid state NMR spectra of TPAF (top), TRAIF, (middle) and TPAFOH
(bottom).

Nitrogen adsorption isotherms measua¢d7 Kprovided Langmuir and BET surface
areas of 1565, 1343, add 08 nf/g and 1383, 1190, and 984ky for TPAF, TPAF
NH, and TPAFOH. The surface areas and paxaumes (0.950.68 and 0.45 civg
for TPAF, TPAFNH, and TPAFOH), arecomparable or superiéo many of the best
performing functionalized POFsdespite the volume occupied by theorganic

functions in the pores. Nitrogedesorption branches run distinctly above the
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