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Chapter I

Adsorbent materials and their applications

1.1 Introduction: motivating the need for solid sorbents

There is no doubt that anthropogenic pollution has become one of the most pressing
issues of today’s society'. Only recently, we have come to realize that humanity is
indeed a planetary force. The constant increase in the energy demands, as a result of
population and technological growth, is having a serious impact worldwide on the
delicate balance between Earth ecosystems. The term “anthropogenic pollution” is
referring to the multitude of environmental contaminations with man — made origin,
which are often related to a disproportionate production with respect to their natural
abundance. Among the various species which constitute anthropogenic pollution,
greenhouse gasses such as CO, and CHy, air pollutants such as NOy and SOy and
VOC (Volatile Organic Compounds) are among the most abundant and for this
reason, probably the most dangerous’. Greenhouse gasses are thought to be
responsible for the progressive global increase in temperatures, known as global
warming>*’. Greenhouse gasses are capable of trapping Earth thermal radiation by

acting as a blanket over the entire planet’. A fraction of the radiation coming from
7



the Sun is re — emitted outward as radiation with wavelength in the infrared region
(700 nm — 1 mm) which can be absorbed by infrared sensitive species such as CO,
and CH4. Being CO; a byproduct of all combustion reactions its concentration in the
atmosphere is still rapidly increasing because of the constant use of fossil fuel, as it

is seen by the graph reported in Figure 1.
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Figure 1. Monthly mean carbon dioxide concentration between 1958 and 2020. Adapted

from: https://www.esrl.noaa.gov.

While greenhouse gasses are responsible for indirect consequences to humans, air
pollutants such as NOy are directly linked with negative respiratory effects, in
addition to be responsible, along SOy, for acid rains. NOy and SOy are generated by
road transport, combustion processes and reagents typically employed at an
industrial level’. In particular SO, are mainly produced through the combustion of

solid products containing sulfur such as coal while NOy are typically produced in
8



combustion engines via high temperature reactions with atmospheric and fuel

nitrogen with oxygen'.

Like air pollutants, VOCs represents a class of harmful species both for humans and
the environment. VOCs are species characterized by high vapor pressure, which is a
consequence of the weak intermolecular forces holding the molecules together®.
VOC:s are introduced in the environment through a vast number of human activities
above all industrial processes such as the production of paints, and in general they

are by products associated with the petrochemical industry’.

VOC emission sources

Others Road transport
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Energy
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. . . .10
Figure 2. Main sources of VOC emission .

VOCs comprise a vast number of compounds including amides, esters, halogenated
hydrocarbons, phenols, aliphatic and aromatic hydrocarbons. Aliphatic and aromatic

VOC:s are often associated with the employment of fossil fuel.

Aliphatic VOCs are a significant fraction of petroleum derivatives and often used as

fuel. Among those, methane, propane, hexane and cyclohexane are the most common



along with aliphatic compounds such as alkenes and alkynes and non — aromatic

cyclic compounds. In Figure 3, some molecular structures of aliphatic VOCs are

9
reported”.
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Figure 3. Structures of selected aliphatic VOC. From left to right: methane, propane, hexane,

ethene, ethyne and cyclohexane.

Aromatic VOCs are molecules possessing one or more aromatic rings usually
conferring stability and consequently resulting in high persistency in the
environment which leads to biomagnification and accumulation’. Among aromatic
VOCs, benzene, toluene and xylene and PAHs (Polyciclic Aromatic Hydrocarbons)
such as naphthalene, anthracene and pyrene are the most common. Aromatic
compounds are often linked with carcinogenic and/or teratogenic effects’. In Figure

4, some molecular structures of aromatic VOCs are reported.
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Figure 4. Structures of selected aromatic VOC. From left to right: benzene, toluene, xylene

naphtalene, anthracene and pyrene.

All the pollutants mentioned so far are in some way related to the production and/or
combustion of fossil fuels. There is a growing need for the development of clean
energy solutions and, as of today, alternatives to fossil fuels are being actively

L1213 These alternatives

explored such as solar, wind, geothermal and fusion power
rely on renewable energy sources and are not plagued with the emission of large
quantities of harmful byproducts'*'">. However, it is becoming evident that the pace
at which clean energy technologies are being developed, is not sufficient to promptly
tackle the environmental problems at hand. The need of fossil fuel is still present due
to the necessity of meeting the planetary energy demands'®. Even when the rate of
fossil fuel exploitation will drop, pollutants production will continue for the
foreseeable future. It is urgent the need of parallel endeavors addressing the
development of more readily available solutions. Hence the second - best option to

tackle environmental pollution is to try to remove the desired species from the

environment whenever possible.

Pollutants removal can be achieved through the use of substances or materials which

are able to attract and retain the target molecules. These substances are called
11



“sorbents” and they can be obtained in both the liquid and solid state'’. Liquid —
phase absorption is a process already implemented at an industrial level which

mainly deals with CO, removal from both natural and flue gas'®"

. It is a post —
combustion technology, meaning the fuel is combusted and at the end of the process
the CO; is removed. Post — combustion technologies are usually preferred to pre —
combustion ones because of easier implementation at an industrial level since they
do not require significant modifications of the already existing implant™. CO, liquid
— phase absorption relies on amine — based solvents>', which can trap carbon dioxide
through a process called chemical adsorption, or chemisorption. Chemisorption is
the capture of molecules by another species through the formation of a chemical
bond. Hence, it is not a reversible process and, in the specific case of amine — based
solvents, costly regeneration steps have to be performed in order for the liquid —
phase to be able to efficiently repeat the capture of additional CO, *. This constitutes
a problem for liquid — phase absorption since the energy requirement for the solvent
regeneration is around 3.5 Gj per ton of CO,”. Ammines are also corrosive which
leads to serious plant durability issues and indeed plant corrosion is a known problem
for CO, capture via amine — based solvent technology**. In addition, the high
temperatures associated with flue gas can lead to amine degradation and the
production of species such as NOy and SOy which can be released in the atmosphere
or can cause poisoning of the solvent itself”’. Due to the aforementioned problems,
it is often preferred to search for technologies associated with lower costs and ease
of operation. Solid sorbents represent a promising alternative because of lower costs
of regeneration, greater temperature range of operation, the possibility of fine —
tuning the interactions between the material and the adsorbate, longer stability and
lower risks for the environment when disposal of the material is needed®. In
addition, solid sorbents can operate via both chemisorption and physical adsorption,
namely physisorption. Physisorption relies on weak interactions, usually Van der
Waals forces, electrostatic interactions, dipole — dipole et cetera to retain the target

species via adhesion with the material’s surface. The magnitude of the weak
12



interactions at play allow for more mild regeneration conditions which in turn is
reflected in the longer period of operation of the same material®’. For solid sorbents
to be effective they require high porosity, and consequently high surface area, in
order to maximize the surface interactions and the volume at disposal of the
adsorbate®. Pores are defined as a function of their dimensions. Specifically,
“micropores” are pores with diameter under 2 nm, “mesopores” possess pore
diameter between 2 and 50 nm while pores with diameter greater than 50 nm are
named “macropores™®. Solid sorbents displaying both micro and mesopores are
named “hierarchical” materials?®. However, in order to be classified as a true
hierarchical material, the solely presence of the two classes of pores is not a sufficient
condition. In fact, a certain degree of interconnection within the porous framework
needs to be present in order to allow access to both types of porosities®®. A vast
number of solid sorbents have been developed in recent years and in the next section

a brief overview of the main categories will be presented.

1.2 Classes of solid sorbents

Adsorbent materials can be classified on the basis of their structure and chemical
composition. Porous materials range from completely inorganic to inorganic —

organic hybrid to completely organic. They can be subdivided in:

* Inorganic porous materials (Zeolites, synthetic clays)
* Porous carbons
* Inorganic — organic hybrid materials (Metal Organic Frameworks, MOFs)

* Organic materials (Covalent Organic Frameworks, COFs)

13



* Porous organic polymers (Conjugated Microporous Polymers, CMPs;
Porous Aromatic Frameworks, PAFs; Polymers of Intrinsic Microporosity,

PIMs, Hyper Cross — Linked Polymers, HCPs and others)

1.2.1 Zeolites

Zeolites are crystalline and microporous tectosilicates, in which all central atoms T
(Si, Al, ...) are in tetrahedral coordination, and all oxygen atoms are shared by two
tetrahedral TO4 units. Therefore the inorganic framework is composed of [SiOg]
and [AlOg]- tetrahedra, in addition to metals such as Ti, Zn, Sn. Tetracoordinated
atoms with oxidation states lower than +4 (e.g. AI’, Fe’", Zn™") impart a negative
charge to the crystalline framework, which is compensated by non-framework
cations in the pores. Zeolites are also found in nature where volcanic debris react
with alkaline groundwater under high pressures". Natural zeolites are characterized
by high Al content, limited composition variability and a high level of impurities.
Synthetic approaches have been developed to produce zeolites with wider
composition ranges, higher purity” as well as new zeolites not existing in nature. In
Figure 5 it is reported a scheme representing some zeolitic frameworks and porous
structures. Zeolites frameworks are composed of channels and cavities which can
host adsorbed species or can be used to selectively sort molecules based on their
dimension; for this last property zeolites are also called “molecular sieves™.
Zeolites have been successfully employed at an industrial level as catalysts,
especially in the petrochemical industry where they menage to surpass in
performances amorphous silica in fluid catalytic cracking (FCC) processes’'. It has
been estimated that the global cost of petroleum refining would be higher by at least
10 billion US dollars per year if zeolites have not been implemented’'. Among the

advantages of this class of materials the high thermal stability®* associated with the

14



inorganic framework, the low cost of production and the vast number of possible
structures, have allowed zeolites to be established as one of the most effective solid
sorbents™. However, as it is the case for every material destined to fulfill a practical
application, there are intrinsic drawbacks. Zeolites tend to preferably adsorbed water.
This becomes problematic when in the presence of mixture of gasses and water, due
to the resulting limited adsorption capacity™. Zeolites also display relatively low

Specific Surface Area (SSA), usually < 1000 m* g™'*'.

LR
&) —
>

/ Sodalite Unit

SiOo,, -or
AlO,," -
Tetrahedra

I
.

Figure 5. Selected zeolites with associated framework and micropore structures. Adapted

from [29].

1.2.2 Synthetic clays

Clays are minerals named phyllosilicates which display a layered structure. Each
sheet is referred to as tetrahedral (T) or octahedral (O) depending on the arrangement

of the building blocks. Sheets consist of tetrahedra of silicon oxide and octahedra of
15



34,35

aluminum hydroxide™””. The TO, tetrahedral (T) sheets sites are usually occupied

by Si*", A’ or Fe’" cations interconnected by three vertices, which combine

34,35

themselves into pseudo-hexagons (TO4)s” . This tetrahedral sheet is always bonded

to an octahedral sheet composed of octahedral (O) sites, usually occupied by AI’*,

+ 2+ e 3435
Fe’”, Mg2 or Fe” cations™”

. The T:O ratio of the layered structure is used to
classify phyllosilicates into: (TO) when the each layer is composed by an octahedral
and a tetrahedral sheet and 2:1 (TOT) layer types when the octahedral sheet is
sandwiched between two tetrahedral sheets®. The layers of the phyllosilicates can
display an excess negative charge which is compensated by the insertion of cations
in the interlayer space both inorganic®* and organic*®*’ in nature. Clay minerals are
named dioctahedral if 2/3 of octahedral sites are filled by trivalent cations (such as
montmorillonite) or trioctahedral if all octahedral sites are filled by divalent cations

(such as saponite)’. In Figure 6 TO and TOT type clay structures are reported.
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(c) 2:1-type (or TOT-type) clay minerals (d) 1:1 type (or TO-type) clay minerals

0-0 @ —OH O — Al or Mg —Si

Figure 6. Schematic view of the structures of (a) the tetrahedral sheet, (b) the octahedral

sheet, (c) 2:1-type clay mineral and (d) 1:1-type clay mineral.

Natural clays have been the subject of intensive studies in recent years thanks to their
physicochemical properties and thanks to their associated low cost and large
accessibility”®. Because of their intrinsic layered structure and the dimensions
associated with the interlayer space, clay minerals can act as natural occurring
nanomaterials and for this reason, in recent years they have been the subject of
intense studies”. However, impurities and heterogeneity associated with the
structure of natural occurring clays, has forced the development of synthetic
methods®. Synthetic clays find applications in agriculture and surface coatings, for
environmental purposes especially as adsorbents, ion exchangers and in water

decontamination applications®*. Among the family of smectite clays, saponite has
17



been extensively studied thanks to properties such its high specific surface area
which can surpass 300 m” g, surface acidity which is well exploited for catalytic

purposes and thermal stability*.

1.2.3 Porous carbons

Porous carbons, or activated carbons, are a class carbon — based inorganic porous
materials possessing both micro and mesoporosity. From a chemical point of view
they can be thought as graphite — like materials possessing structural defects and
packing irregularities*'. Porous carbons can be obtained via physical or chemical
activation process. Physical activation consists of steam, air or CO;, thermal
treatment while chemical activation requires the use of compounds such as ZnCl; or
KOH™. Usually, chemical activation is preferred over physical activation since it
faster, it requires lower activation temperatures and it usually leads to materials with
higher specific surface areas*. In particular, KOH treatments require temperatures
ranging from 673 to 1100 K****. During chemical activation the following reactions

take place:

1) C+2KOH - 2K + H; + CO,
2) C+2KOH - 2K + H,O + CO
3) CO;+2KOH - K,COs + H,O

Mesopores and micropores are formed as a consequence of the intercalation of
. cq . . . . 43
potassium within the carbon network during the activation process™ . Porous carbons

display very high specific surface areas, easily reaching >3500 m°g" and high pore

18



volumes*. Another important advantage of porous carbons over other porous
materials is the possibility to use low — cost starting materials such as plant — based
precursors for example walnut shells, peanut or grape seeds or bamboo waste**,**.
The very high physicochemical stability in addition to the excellent textural
properties allow porous carbons to be excellent solid sorbents for gas adsorption and
storage and for catalytic applications**. However, the intrinsic very low density of
the material, as for example displayed by the commercial carbon Maxsorb®, 0.37

g/em’, result in lower performances when a fixed volume of the material has to be

45
used™.

Macro
Pore

Micro /

Pore

Figure 7. Schematic representation of the porous structure of an activated carbon.

1.2.4 Metal — Organic Frameworks (MOFs)

Metal organic frameworks are a class of porous materials which represents a fusion
between an inorganic and organic material. MOFs consist of metal ions or clusters
bonded to organic ligands to form one, two or three — dimensional structures. They

can be viewed as coordination polymers. The coordination network displays high

19



through — space order which often results in excellent textural properties*®. MOFs

147 and it has

have been reported to show BET SSA assessed at more than 7000 m* g
been demonstrated theoretically that MOFs can achieve SSA as high as 14000 m* g’

'%7 In Figure 8 an example of MOF structure is reported.

MOEF: MIL-100

Figure 8. An example of MOF composed of [Al;(n3-0O)(COO)¢] clusters and tricarboxylate
linkers. Adapted from [46].

The exceptional textural properties in addition to functional tunability are among the
advantages of this class of porous materials which allow these solid sorbents to have
applications in a vast number of fields such as hydrogen storage, carbon capture,
catalysis, electrocatalysis, biological imaging and sensing, ion separation and as

semiconductors*®. However, the intrinsic weakness of the coordination bond does

20



not result in high physicochemical stability™. In particular, the presence of water has

been observed to be detrimental for MOFs stability****

. Instability of the metal -
organic framework has been also evidenced in the context of catalytic applications
in the presence of acidic/basic aqueous solutions or coordinating anions*’. Water is
usually present in industrial processes and for this reason, great effort by the
scientific community has been directed toward finding strategies for increasing the
framework stability either via improving the thermodynamic stability of the metal —
ligand bond or by protecting the metal — ligand bond site via steric hindrance. In

Figure 9 the proposed mechanism for MOFs decomposition in the presence of water

is reported.

M-(L™) + H,O M-H,0 + L™

Figure 9. Proposed mechanism for the decomposition of the metal — organic framework in

the presence of water [46].

1.2.5 Covalent Organic Frameworks (COFs)

Covalent Organic Frameworks are a class of 2D / 3D crystalline porous polymers in
which the building blocks are linked together by covalent bonds. The elements
composing the framework are manly carbon, nitrogen, oxygen, hydrogen and boron.
The strength of this type of material is the great control over the resulting periodic
structure. Prediction over the final framework topology can be made through the use

of diagrams like the one shown in Figure 10 .
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Hexagonal

Figure 10. Topology diagram for a 2D COF. Adapted from [49].

To synthesize periodic structures with precision, reaction reversibility is needed in
order to counter the presence of possible defects by allowing the growing framework
to re — adjust its structure **. Condensation reactions are the ones employed for the
synthesis of COFs. For instance, condensation of boronate ester, condensation
between aldehydes and amine / hydrazines, between squaric acids and amine or self
— condensation of aromatic nitriles at high temperatures (673 K) and others* are
among the synthetic pathways employed thus far for the synthesis of covalent
organic frameworks. An example of condensation reaction between an aldehyde and

an amine is reported in Figure 11.
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0
{ HoN—NH,, —
B R =l O

Figure 11. Scheme of the condensation reaction between an aldehyde and an amine.

Covalent organic frameworks are promising candidates for important technological
applications such as hydrogen and methane storage, optical materials thanks to the
conjugation exhibited by some COFs *°, as semiconductors with tunable band — gaps
30 proton conduction, carbon capture, electrocatalysis and medicine®. In F igure 12
it is reported the structure of a proton conductive COF obtained via reaction of
triformylphloroglucinol (Tp) and 4,4'-azodianiline (Azo). The resulting material is

named Tp-Azo.
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NH,

HO
HO OH

OHC CHO
> -

Triformylphloroglucinol (Tp)  4.4'-azodianiline (Azo)

Tp-Azo

Figure 12. Reaction scheme and final structure of the proton conducting COF Tp-Azo [51].
Adapted from [49] [51].

COFs can be synthesized showing SSA as high as 1500 m* g™ *°. Reversible reactions
are both the strength and the drawback of this kind of systems, because of associated
instability in the presence of water, acids and alcohols®. However, efforts have been
made in recent years to enhance the structural stability of COFs such as employing
imine linkages, derived from the condensation of aldehydes and amines, even though

the crystallinity of the resulting materials is reduced®.
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1.2.6 Porous Organic Polymers (POPs)

Porous organic polymers are porous sorbents whose framework is entirely built on
covalent bonds. The nature of the chemical bonds involved, in addition to the
immense versatility offered by organic chemistry, allow for the incredible diversity
of the possible resulting polymeric structures and functionalities, in addition with
excellent chemical stability >*. In Table 1 the main strengths of POPs with respect to

other classes of solid sorbents are reported.

Table 1. Properties of different solid sorbents. [52]

Properties Porous polymers Zeolites Porous carbons MOFs

Pore size Micro-, meso-, and macropores Micro-, meso-, and macropores Micro-, meso-, and macropores  Micro-, meso-, and macropores

Crystallinity Amorphous, but typically high for COFs Typically high Typically amorphous Typically high

Thermal stability Medium to high High High Low to medium

Chemical stability Medium to excellent Good, but can be acid/base Excellent Poor to good

sensitive

Chemical diversity Very high Medium Low to medium Very high

Structural diversity Very high High High Very high

Processing Good, with exception of insoluble powder  Insoluble, but technologies for Insoluble, but technologies for  Insoluble, but many examples
films, composites, and pellets films, composites, and pellets of composites and films

Unique selling Low density, simultaneous synthesis and Low cost, widely used Good conductivity, commercially ~ Structural and chemical control

points processing, commercially proven technology in refinery operations proven technology for a diverse range of materials

Porous polymers have applications in a vast number of technological fields such as
gas adsorption, carbon capture, pollutants removal, molecular separation, catalysis,
electrochemical energy storage, drug delivery, photoenergy conversion in solar cell,
proton conduction, sensors, quantum dots and as semiconductors >3 3439:36.57.58:59,
The possibility of fine tuning the desired properties in the realization of a tailored
and a priori — designed material is one of the main strengths of this class of solid
sorbents, which accounts for their widespread applications. In particular, the ability

to adjust the pore structures, namely pores dimension, shape and surface
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functionalities, is crucial for practical applications. In terms of pore dimensions for
example, micropores control is exerted via reticular chemistry, namely the extensive
linking of organic building blocks, while mesopores control can be achieved via
supramolecular chemistry techniques such as self — assembly and finally macropores

can be generated via phase separation™.

In terms of functionalities, it is possible to integrate the desired properties in the
resulting material via either direct synthesis, which also comprises the possibility of
polymerization of functional building blocks, in addition to post — synthesis
methods™. In general, the incredible diversity and opportunities offered by organic

chemistry are endlessly exploited in the synthesis of new polymeric structures’>.

In addition to the aforementioned properties, the possibility of macroscopically
engineering the final form of the resulting product is also possible for some
polymeric materials. Polymers can be processed resulting in monoliths, fibers, beads
or separation membranes in the case of polymers composed of linear polymeric

. 5260
chains™™".

Based on their properties and structures, POPs can be subdivided in various classes.

1.2.6.1 Porous Aromatic Frameworks (PAFs)

Porous Aromatic Frameworks or PAFs, are a class of porous organic solids with
exceptional textural properties and physicochemical stability. They differ from COFs
in that they are entirely built on strong covalent bonds formed by the direct link of
aromatic monomers via coupling reactions between aromatic units. The first PAF,
PAF-1, was obtained by in 2009 by Profs. T. Ben, S. Qiu, G. Zhu et al, via a
Yamamoto — type Ullman cross - coupling reaction between tetrahedral monomers,
namely tetrakis (4-bromophenyl)methane, using a nickel (0) catalyst®'. The reaction

26



is selective toward para substitution on the aromatic ring thus creating close — range
order in the polymeric structure. The resulting material appeared as a white powder
insoluble in common organic solvents®'. In Figure 13, the reaction mechanism of a

Yamamoto — type cross coupling reaction is reported.

P 5

Oxidative
addition ,
X—tAr—-X J\,
é" Pl 2
Complex (1) Complex (I1) \

| Disproportionation |

|
|

Complex (lII)

o Z ¢

Figure 13. Mechanism of a Yamamoto — type reaction. Adapted from [62].

The idea behind the structure of PAF-1 was derived from a computational work
where the structure of diamond was expanded by insertion between C-C bonds of
phenyl rings, thus trying to obtain an interconnected porous framework with high

6162 This led to the choice of the monomer and the

physicochemical stability
resulting polymeric structure which showed BET SSA of 5600 m* g™ ®'. Along with

the exceptional textural properties, experiments have also demonstrated PAF-1 good
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adsorption capacities, for instance 29.5 mmol g ' of carbon dioxide could be stored
at 298 K and at a pressure of 40 bar or 75.3 mg g ' of hydrogen at 77 K at 48 bar ©.
By employing the same synthetic strategy different porous aromatic frameworks
could be obtained by changing the monomer and the number and configuration of

the phenyl rings making up the “diamond cage” *

as shown in Figure 14.

Figure 14. Schematic representation of possible PAF materials. Adapted from [63] [64].

PAF materials have been employed in various technological areas such as gas
storage, catalysis and carbon capture as other solid sorbents. However, among other
applications, PAF-1 was functionalized with thioether groups and was successfully
employed for the selective capture of copper ions from biological fluids®.
Functionalized PAF-1 with poly(acrylonitrile) via atom transfer radical
polymerization and subsequent KOH treatment was employed for the removal of
uranium from seawater showing a maximum uptake capacity of 4.81 mg g after 42

days of operation®.
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1.2.6.2 Conjugated Microporous Polymers (CMPs)

Conjugated Microporous Polymers are a class of porous organic sorbents in which
the desired textural properties of high surface areas and pore volume are combined
with an extended m delocalization over the entire framework. First introduced by
Cooper et al in 2007% as poly(aryleneethynylene) networks, since then the CMP
field has grown thanks to the contribution of a vast number of publications as

evidenced in Figure 15.
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Figure 15. Number of publications per year associated with CMPs and related materials.

Adapted from [66].

CMPs are usually obtained via homocoupling reactions. Direct linkage between
aromatic units is usually obtained via Pd (0), Ni (0) or Cu (0) catalyzed reactions
such as Sonogashira — Hagihara, Suzuki — Miyaura or Yamamoto coupling®. In this
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regard CMPs present similarities with PAFs having para — selective reactions
generating the polymeric framework. However, the presence of a quaternary carbon
in PAFs material, disrupt the extended n delocalization®®. In Figure 16 some
synthetic routes for the synthesis of CMPs are presented. With respect to PAFs,

-1 66

CMPs show lower SSA ranging from 500 to approximately 1000 m* g

a Sonagashira-Hagihara

Base
X=Cl,Br, |, OTf

b Suzuki-Miyaura

~x e e

Base, DMF/water
X=Cl,Br, |, OTf Y = (OH);, (OR),, pinacol

¢ Yamamoto

) e xAD) o

bipy

Figure 16. Reaction schemes for the synthesis of CMPs. Adapted from [66].

CMPs have potential applications in gas storage and separations, photoredox
catalysis, light emittance, chemosensing®®®”*®, Among the previously mentioned
applications, the possibility of producing luminescent materials is one of the key
applications of CMPs. Due to the presence of rigid building blocks, the light emitting
properties are not quenched as it is seen in linear polymeric materials®. In addition,
thanks to the multiple possibilities offered by organic chemistry, the band gap is
tunable which enables control over the luminescent properties as it is summarized in

Figure 17 %,
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Figure 17. Schemes for the synthesis of pyrene — based CMPs and pictures of the relative
suspensions in THF (10 mg / 10 ml). Adapted from [66].
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1.2.6.3 Polymers of Intrinsic Microporosity (PIM)

Polymers of intrinsic microporosity, or PIMs, were first obtained by Prof. Neil

? in the context of works based on

McKeown and co — workers in the 1990s °
phtalocyanine materials. The discovery of the PIM polymer was somewhat
accidental”’, in that the group designed a solution — processable material to determine
phtalocyanine formation efficiency, via the dibenzodioxin polymerization of
spirocyclic 5,5,6,6-tetrahydroxy - 3,3,3,3 - tetramethylspirobisindane and 2,3,5,6-
tetrafluoroterephthalonitrile®. The resulting material showed a BET SSA of 800 m”
g and thereafter named PIM1%. PIM are defined as polymers possessing a
“continuous network of interconnected intermolecular voids”® which are generated
by the shape and rigidity of the building blocks of the polymeric chains. The aromatic
units in the PIM1 backbone have the effect of hindering rotation along the backbone
axis, while the spyrocenters help to generate inefficient packing of the polymeric
chains’’. These molecular features result in a rigid and contorted structure composed
of linear polymeric chains, meaning PIM polymers are not polymeric networks. The
presence of spyrocenters is introduced in the molecular structure via spirobisindane
groups such as those reported in Figure 18. These functionalities allow for the
generation of the microporosity’’. To further reduce the already hindered rotation of

the aromatic rings, bulky lateral groups can be added to the molecular structure’*’".
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@

Figure 18. An example of spirobisindane group where the six — member aromatic rings are

directly linked with five membered carbon rings linked together by a spirocenter.

PIM1 is synthesized via a nucleophilic aromatic substitution reaction between a
hydroxylated aromatic monomers and fluorinated aromatic monomers’’, as reported
in the scheme in Figure 19. The resulting material present itself as a bright yellow

powder.
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Figure 19. Reaction scheme for the synthesis of PIM1.

It was soon realized that PIM1 could be processed in the form of membranes. The
first application concerned the separation of water / phenol mixture’®, however,
PIM1 membranes were soon applied to gas separation””. The performances exhibited
by PIM1 in gas separation even managed to surpass the tradeoff between
permeability and selectivity, known as Robeson upper — bound”. Usually, polymeric
membranes show good permeability and low selectivity while inorganic membranes
show the opposite trend, good selectivity and low permeability”°. The Robeson upper
bound is since then progressively surpassed and is constantly moved upward as new

PIM and other materials are constantly developed’".

For polymeric membranes, the solution — diffusion model is usually used to describe

the mass transport within the membrane, namely the gas diffusion is governed by
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chemical potential differences within the membrane’. Separation of the gas mixture
is obtained via solubility and diffusion differences of the single gas components. The
gas permeability P is defined as the product between the solubility and the diffusivity

as reported in Equation 1.

P=DLIS Equation 1

The typical unit of permeability is named barrer and is defined as:

cMmirp * cm

— -10
1 barrer = 10 em? + s » cmig

Even though PIMI1 is a promising material for gas separation applications, its
performances are not stable over time’’. The decay in the gas permeation rate is
called aging. Aging is a general term referring to a thermodynamic driven process
associated with the relaxation of glassy frameworks over time’""". Glassy polymers
are materials where the glass transition temperature (T,) is higher with respect to the
temperature of operation and for the case of PIM1, the T, has recently been assessed
at 715 K (442 °C)’®, which is way above the temperature of operation for gas
separation applications. The fact that PIM1 is glassy at room temperature implies
that its polymeric framework is not in an equilibrium state. This means that the
polymeric chains tend to move and rearrange themselves trying to occupy the
intermolecular free volume. The collapse of the internal voids results in decreased
permeability performances over time. For PIM1 it is observed that after 1 year the
CO; permeability decreases approximately by 80% with respect to the initial value

7778 To mitigate aging effects various strategies have been developed by researchers
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in recent years including modifying the molecular structure of PIM1 aiming to
suppress chains movements by adding rigid and / or bulky groups. Among the novel

PIM molecular structures, some are reported in Figure 20.

\
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Figure 20. Alternative PIM and monomers molecular structures. Adapted from [70].

In addition to trying to obtain more stable PIM materials, other approaches aimed to
mitigate aging effects have been tried such as UV treatment, thermal cross — linking
and the addition of fillers, usually porous in nature’. This last strategy has been
extensively pursued and a multitude of materials have been tested as additives,

ranging from inorganic materials such as porous silica, zeolites, graphene and porous
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carbons to inorganic — organic hybrid such as MOFs to completely organic such
PAFs and Hyper Cross — Linked Polymers (HCPs)"-*8-52838485 yhen fillers are
added to the PIM 1 matrix the resulting membrane is called Mixed Matrix Membrane
(MMM). Among the previously mentioned fillers one of the most effective in
18485

reducing aging effects has been PAF-
by Lau et al. * in 2014 where the addition of 10 wt % of PAF-1 to the PIM1 matrix

. This strategy was successfully employed

resulted in a 7 % drop in CO, permeability after 240 days of aging as seen in Figure
21. The positive effects of filler addition are related to a reduced rate of collapse of
internal free volume due to the presence of the filler particles, to the porous nature
of the PAF-1 filler where its exceptional textural properties provide additional gas
diffusion pathways, in addition to the possible partial polymeric chains diffusion

within the pores of the filler, thus hindering further chains movements™.
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Figure 21. Graph relating the aging of the pure PIM1 membrane and the PIM1 + PAF-1
MMM with the CO, permeability. Adapted from [84].
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1.2.6.4 Hyper Cross — Linked Polymers (HCPs)

Hyper Cross — linked polymers are a class of sorbents first introduced in 1930s and
as of today still the focus of great research interest™®. HCPs are composed of a highly
interconnected network, where each monomer unit is linked to each other via
chemical brides. The high degree of interconnectivity results in a permanent and
highly stable nanoporous structure®’. HCPs are usually based on Friedel — Crafts
chemistry®’, where a metal halide is used to generate the carbocationic sites which
reacts to form chemical bridges between aromatic monomer units. A scheme of the

Friedel — Crafts alkylation reaction is reported in Figure 22.

R—CI + FeCl, —> R’ + FeCl,

(IDI
CI—FI:e'-CI
R . _/ClI R
( 4
HCI
S S

catalyst regenerated

Figure 22. Friedel — Crafts alkylation reaction scheme.

Thanks to the fast kinetic and the simple and versatile synthetic approach, it is
possible to obtained porous polymers with good textural properties in a fast and
economic manner®’. In particular, no anhydrous conditions are required, the catalysts
are often cheap and non — toxic and non - expensive monomers can be selected. The

highly cross — linked network often results in the formation of both micro and
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mesoporosity, usually well interconnected by pore channels, hence giving HCP

hierarchical properties.

The first type of cross — linked polymer was synthesized as a cross — linked
polystyrene, obtained by Staudinger and Heuer in the 1930s where divinylbenzene
was used a cross — linker®®. The resulting polymer was a gel with a 5 — 8 % content
of divinylbenzene®. The first application was to use the cross — linked polystyrene
as matrix for the synthesis of ion — exchange resins via functionalization of the
material with sulfonic groups or ammonium groups®*. However, the material showed
poor permeability. The textural properties were not investigated for these first cross
— linked polymers. However, even at early stages of research it was reported the
ability of these type of polymeric networks to swell when put in contact with non —

polar organic solvents™.

The first synthesis of a “modern” HCP was reported by Davankov and Tsyurupa in
the 1970s” were a cross — linking degree of more than 40% was achieved, thus
resulting in a true Hyper Cross — linked polymer. For this material, the dissolution
of a linear polymer (polystyrene) was obtained in dichloroethane and the cross —
linking between linear chains was achieved via a FeCls catalyzed Friedel — Crafts
reaction with chloro - functionalized divinylbenzene. When the linear polymer is put
in a thermodynamic compatible solvent, the polymer swells creating free space
between the polymeric chains. Then the cross — linking reaction takes place, which
forms a network retaining some of the free space previously generated, so that when
the solvent is removed the porosity remained in the form of a rigid and stable
polymeric network. A scheme showing this mechanism is reported in Figure 23. The

resulting materials showed SSA ranging from 600 to 2000 m* g™ °".
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Figure 23. Scheme of the post — cross — linking route to HCPs.

Sherrington and co — workers have obtained a series of vinylbenzyl chloride—
divinylbenzene copolymers by adjusting the synthetic parameters by employing
different solvents and different catalysts such as AICl; or SnCl, *>. However, among
these polymers, the best textural properties were found for samples obtained using
FeCls as catalyst and dichloroethane as solvent, for which the SSA was assessed at

2090 m* g .

The post — cross — linking strategy is dependent on the nature of the polymer used as
precursor and even though early efforts have focused the attention on this strategy,
the number of polymers suited for both the synthesis of the polymer itself and the
subsequent role as Friedel — Crafts precursors is limited®”. It is possible to employ
an aromatic cross — linker with chloro — aliphatic functionalities to obtain the cross

— linking of cross — linker units. This strategy was employed by Cooper and co —
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workers to obtain an HCP via “one — step condensation” of

bis(chloromethyl)anthracene®**

ﬂ @
FeCly AN
Dichloroethane, 353 K
—
cl @

Figure 24. Scheme for the synthesis of bis(chloromethyl)anthracene — based HCP.

as reported in the scheme of Figure 24.

The resulting material showed a SSA of 991 m* g'. However, by employing
bis(chloromethyl)biphenyl for the “one — step condensation” the surface area of the
resulting material was assessed at 1874 m” g”'. The reaction scheme is reported in
Figure 25. This confirmed that the textural properties of HCPs are controllable and
tunable if the proper monomer and / or cross — linker are employed in the synthetic

procedure.

c . FeCly O
R O O

Figure 25. Scheme for the synthesis of bis(chloromethyl) biphenyl — based HCP.
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A different and very efficient strategy for the synthesis of HCPs was proposed by
Tan and co — workers known as the “knitting method””®. Here formaldehyde
dimethyl acetal (FDA) is used as cross — linker. The proposed mechanism involves
the breaking of carbon — oxygen bonds of the FDA by the Lewis acid, in this case
FeCl; (Figure 26, a). The carbocations thus produced are responsible for the
formation of methoxy groups bonded to the monomeric aromatic species (Figure 26,
b). The methoxy groups are again subjected to the attack of the Lewis acid which
breaks the C-O bonds (Figure 26, c¢) with formation of carbations which react with
other monomeric aromatic species (Figure 26, d) creating the polymeric network

(Figure 26, e). The reaction scheme is reported in Figure 26.

~ b
© f‘/(\/‘o/ T © 0o? e [

—o T Fe—Cl .
of \ ‘ H “Fe—Cl
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Figure 26. Proposed mechanism for the “knitting method” Friedel — Crafts reaction for the

synthesis of HCPs.
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An example of reaction scheme involving the knitting method is reported in Figure

27.

) )
+ ———
\O/\O/ Dichloroethane, 353 K O

O

Figure 27. Reaction scheme for the synthesis of HCP via knitting method.

The knitting method allows for the tailoring of the textural properties by variation of
the molar ration between the reagents, in addition to the choice of suitable monomers
for the desired textural and physicochemical properties. By employing benzene as
monomer with a 3/1 cross — linker / monomer ratio the resulting material showed a
SSA of 1391 m* g™ which decreased to 897 m* g™ when a 1:1 molar ration was used.
Cooper and co — workers reported in 2011°7 the synthesis of a HCP based on the
monomer usually employed for PAF materials, namely tetraphenyl methane (TPM)
and FDA as cross — linker, with FeCl; used as catalyst. The resulting material showed
a SSA of 1470 m* g'. Our group expanded on the knowledge regarding this type of
HCP by exploring the effect of different molar ratio between the monomer, TPM and
the cross — linker, FDA, by synthesizing materials named mPAF with 1/3, 1/9, 1/16
and 1/30 TPM/FDA ratios. It was shown that the SSA increases by increasing the
molar ration up to 1/16 namely from 948 m” g of the mPAF-1/3 to 1314 m* g' of
the mPAF-1/16"*. However, a slight decrease in SSA was found when a ratio of 1/30
was used. The same trend was evidenced for the pore volume thus indicating a drop

. . . Co1. . 98
in textural properties when an excessive cross — linking degree is reached ™.
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HCPs have been mostly employed in gas adsorption applications, specifically for
CO,, CH4 and H; storage, displaying good adsorption capacities. For example,
Davankov — type HCPs with surface area around 1450 m* g display H, adsorption
capacities around 3 wt % at 77 K and 15 Bar®’. Unfortunately, it is far from reaching
the US Department of Energy (DOE) target of 6.5 wt %. Methane storage on HCPs
obtained from one — step condensation of bis(chloromethyl)biphenyl, displaying
SSA around 1900 m” g™, was assessed at 8.3 wt % at 20 bar and 298 K*”*°. Carbon
dioxide capture was assessed at 13 wt % for TPM — based HCPs obtained via knitting
method, however uptakes as high as 20 wt % were obtained on HCPs where
heteroatoms were introduced in the framework®’. This is possible via selection of the

desired monomers / cross — linkers where heteroatoms are already present.

HCPs are also employed in pollutants removal and especially interesting results have
been achieved in the context of organic pollutants removal. The chemical similarities
between the host framework and the organic pollutant guest molecules result in high
uptake capacities. For example, Wang and co — workers have explored the adsorption
capacities of polystyrene — based HCPs toward dichloromethane and 2 — butanone,
resulting in the capture of 1345.3 and 853 mg g respectively’ at 308 K, which is
almost 1.8 times higher with respect to the performances displayed by commercials
solid sorbents at the same conditions. Liu and co — workers developed HCPs based
on the knitting of benzylchloride and tested the materials for the adsorption of
benzene vapor from humid streams obtaining 1480 mg g™ as the highest adsorption
capacity for the HCP displaying SSA of 1394 m* g ', When dynamic adsorption
of benzene vapor under dry and humid conditions up to 80% relative humidity was
explored by Liu and co — workers it was found that the ability to retain the aromatic
species by benzylchloride — based HCPs was not influenced by the humidity content.
This is associated with the favorable n/m interactions between the host and the guest

in addition to the presence of hydrophobic effects.
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The fact that HCPs are easy to synthesize, non — expensive and display an incredible
diversity of possible obtainable structures in addition to favorable host — guest
interactions toward organic species and the possibility of fine-tuning surface
interactions toward guest molecules, makes HCPs one of the promising candidates

for future applications where a key role is played by host — guest interactions.
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Outline

The Ph.D. thesis’ work is focused on developing solid sorbents aimed to address
problems associated with environmental pollution. Two main technological fields
were selected, namely pollutants removal and gas separation, with particular

attention toward the mixture CO,/N,.

The development of solid sorbents was centered on the production of low — cost
porous materials. Two classes of porous solids were selected, namely synthetic clays
and hyper cross — linked polymers. From the synthetic clays family, saponite was
chosen and synthesized in both inorganic and as a novel organo — functionalized
hybrid material. With respect to hyper cross — linked polymers a total of nine
different porous polymers were obtained. Among the nine HCPs, five are novel
materials not previously published in the literature. The synthesized materials were
characterized via a multi — technique approach, namely via scanning and
transmission electron microscopies, N, physisorption at 77 K, FT — IR and SS —

NMR spectroscopies, thermogravimetric analysis and XRD diffraction,

Pollutants associated with the VOC class was addressed by studying the adsorption
capacities of selected HCPs toward the toluene that is representative of the aromatic
VOC family. A volumetric adsorption approach was employed to investigate the
materials’ adsorption capacities. The host — guest interactions between the aromatic
pollutant and the materials’ framework were studied by following the adsorption
process via FT-IR and SS-NMR spectroscopy. To further investigate on these
interactions at play the adsorptions of benzene, xylene and » — hexane on a selected
HCP material were studied via SS-NMR spectroscopy. Finally, a computational
study was conducted in order to further elucidate the SS-NMR results.
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Synthetic clays and selected HCPs were employed for gas separations applications.
Gas separation via polymeric membranes obtained from a processed polymer of
intrinsic microporosity (PIM1) has become a promising alternative for gas
separations technologies. The need to increase the stability of the gas separation
performances over time of PIM1 has recently been addressed via production of PIM 1
membranes with the addition of porous solids as additives. In this regard, saponite
clays and selected HCPs were tested as additives for a period of approximately one
year. Eight mixed matrix membranes (MMMs) were obtained in addition to one of
pure PIM1 for comparison, namely two MMMs made of PIM1 and saponite particles
and six MMMs made of PIM1 + selected HCPs. The gas separations performances
were tested via single gas permeation experiments performed on a custom - made
permeation rig. The interactions over time between the PIM1 polymeric matrix and
the additives were studied via SS - NMR "*C spin—lattice relaxation times (T1). This
project was conducted in collaboration with the department of Chemical Engineering

of the University of Edinburgh under the supervision of Prof. Maria — Chiara Ferrari.

In conclusion in this Ph.D. work novel porous solids were designed, synthesized and

studied in the context of technological applications for environmental purposes.
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Chapter 11

Synthesis of HCP and saponites materials

2.1 Introduction

This chapter will be devoted to the presentation of the methods employed for the

synthesis of Hyper Cross-linked Polymers and saponite materials.

2.2 Friedel — Crafts alkylation reaction

Hyper Cross-linked polymers were obtained via Friedel-Crafts alkylation reaction.

The Friedel — Crafts alkylation is an electrophilic aromatic substitution, involving
the substitution of a hydrogen atom on the aromatic ring with an electrophile, while
releasing a proton. The starting mechanism involves the interaction between a Lewis
acid, usually a metal halide, which acts as the catalyst, and a Lewis base typically a

halogen atom of an alkyl halide.

The attack of the Lewis acid on the halogen atom induces heterolysis of the C-
halogen bond. Formation of the Lewis acid-base complex turns the halogen into a
better leaving group. The carbenium ion formed is a strong electrophile which reacts

with the m cloud of the aromatic ring. Subsequent deprotonation gives the final
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product. The mechanism of the Friedel — Crafts alkylation is reported in Figure 1.
Here the metal halide is AICl; which is a common Lewis acid employed in the Friedel

Crafts alkylation, along with BF3, SbCls, SnCly, FeCls, AlBr3;, FeBrs and others'?.

Cl
CI
NN | Step 1 Step 2
(o] C\ZI
CI
Cl Ny . CI—AI—CI

| Step 3
e O 0
¢ + HCI

Figure 1. An example of the mechanism of the Friedel — Crafts alkylation reaction.

Modifications to the Friedel — Crafts alkylation for the synthesis of HCPs, by
employment of a different type of cross-linker, have been reported by A. Cooper and
coworkers®. Here the cross-linker is formaldehyde dimethylacetal (FDA). The
reaction mechanism differs from the classic Friedel — Crafts alkylation in that the
Lewis acid causes the scission of the carbon - oxygen bonds of the FDA with

subsequent formation of a carbocation of the type reported in Figure 2.
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Figure 2. Resonance structures of the carbocation derived from the cross-linker FDA.

During the Ph.D. work, synthetic procedures based on alkyl halide cross-linkers have
resulted in five different hyper cross-linked polymers, namely ABT01, ABT02,
TPMTC, DIXYTOI and DIXYTO2. Synthetic procedures based on FDA as a cross-
linker have resulted in four materials, namely mPAF-1/9, mPAF-1/16, mPAF-1/30
and PS-1.3.

2.3 Synthesis of mPAF Hyper Cross-linked Polymers

Hyper cross-link polymers named mPAF (micro Porous Aromatic Frameworks)
were synthesized following the synthetic procedure developed by A. Cooper et al.
The ratios monomer/FDA/catalyst have been optimized in our laboratories prior to
this Ph.D. project” and are used in the name of the materials as mPAF-1/n, where 1/n
is the molar ratio between the monomer (1) and the cross-linker/catalyst (n). Below

it is reported the synthetic procedure of the material mPAF-1/16 as representative.

The mPAF-1/16 is synthesized as follow: in a 250 ml three necked round bottom
flask, 1g (3.12 * 10™ mol) of the monomer tetraphenyl methane (TPM) is suspended
in 90 ml of dichloroethane (DCE) at room temperature. 8.10 g (5 * 10 mol) of iron
(IIT) chloride are then added to reaction mixture which is left under stirring for 10
minutes. 4.42 ml of formaldehyde dimethyl acetal (FDA) are then added dropwise.

The reaction mixture is left under stirring for approximately 20 minutes at room
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temperature and then heated under reflux over night at 80 °C. The resulting mixture
is a dark brown gel. The gel is then cooled and washed plenty with ethanol and water
and then put in oven at 70 °C for 24 h. The resulting material is a brown powder.
The reaction scheme associated with the synthesis of mPAF materials is reported in
Figure 3. Here the desired product is represented by the red methylene bridge
connecting two monomer units, while in purple, blue and green possible additional

substitutions deriving from secondary reactions are shown.

Three mPAF materials have been synthesized namely mPAF-1/9, mPAF-1/16 and
mPAF-1/30.

CH,0H

Y-
Iron (lll) Chloride

l 4
H, CH3
¥ Cl NwrC 32
- + N N7 Dichloroethane, 353 K J \ )
= z ZXCH,CH,
S

CH,CI

Figure 3. Reaction scheme for the synthesis of mPAF hyper cross-linked polymers. In red
the methylene bridge connecting two monomer units while the blue, green and purple groups

represent possible additional substitution on the aromatic ring.

2.4 Synthesis of Hyper Cross-linked Polymers

Hyper Cross-linked Polymers with different structures, textural properties and
functional groups were obtained through the employment of different monomers,
cross-linkers and catalysts resulting in novel materials, with the exception of the
material named PS-1.3 where a patent has been deposited by our research group prior
to this PhD project’.
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2.4.1 ABT materials

As a first approach in the synthesis of novel materials, tetraphenyl methane was still
used as monomer, while 1,3,5-tris(bromomethyl)benzene was employed as a cross-
linking agent and AlBr; as catalyst. The choice of employing a cross-linker with the
possibility of bridging three monomer units was made to investigate how the textural
properties are affected by a higher degree of reticulation. It is worth mentioning that
the employment of a cross-linking agent with an aromatic ring in its molecular
structure can cause auto-reticulation of the cross-linker itself, meaning the
carbocation species can attack both the monomer and other cross-linker molecules.
However, by having three total substitutions namely in para (1) and meta position
(2) should somewhat prevent extensive reticulation of the cross-linker itself. Another
possible issue is the possibility of having more than one attack on the monomer unit
by the same cross-linker species. For this reason, we used a monomer/cross-linker
ratio of 1/9. The use of a metal bromide as catalyst, AlBr;, was dictated by the
presence of bromine in the cross-linker. Two materials were obtained, namely
ABTOI and ABT02 (AB from aluminum bromide and T from tetraphenyl methane).
The first was synthesized in dichloromethane at 35 °C and the second one in
dichloroethane at 80 °C. For the sake of brevity, here we report the synthetic
procedure for ABTO1 being the procedure for the synthesis of ABT02 identical with

the exception of the choice of the solvent and the temperature the reaction mixture.

The ABTO1 material is synthesized as follow: in a 250 ml three necked round bottom
flask, 1g (3.12 * 10” mol) of the monomer tetraphenyl methane (TPM) is suspended
in 90 ml of dichloromethane (DCM) at room temperature. 7.46 g (2.8 * 10 mol) of
Aluminum (III) Bromide are then added to reaction mixture which is left under
stirring for 10 minutes. 10.02 g (2.8 * 10> mol) of 1,3,5-tris(bromomethyl)benzene

is then added to the reaction mixture which is left under stirring for approximately
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20 minutes at room temperature and then heated under reflux over night at 35 °C.
The resulting mixture is a dark brown gel. The gel is then cooled and washed plenty
with ethanol and water and then put in oven at 343 K for 24 h. The resulting material
is a brown powder. The reaction scheme associated with the synthesis of ABT

materials is reported in Figure 4.

o e
L~ I S 1
@’ \© B,\/Ej\/gr DCM, 35 °C / DCE, 80 °C TIO; F) OQ

Figure 4. Reaction scheme for the synthesis of ABT hyper cross-linked polymers.

2.4.2 TPMTC material

Friedel — Crafts alkylation is not selective towards specific aromatic substitutions,
meaning attack on the aromatic ring by the carbocation can theoretically happen on
every position, leaving steric hindrance as major guidance for the preferred product.
As reported by G. Olah and coworkers” the choice of the catalyst can have an
important role in the resulting aromatic substitution which is then found in the
material’s polymeric framework. Substitution in para position on the aromatic rings
can, for example, results in a more ordered polymeric framework™® which is a
desirable property in the quest for materials with higher specific surface areas and
pore volume. It was reported for the benzylation of benzene with methylbenzyl
chlorides” that, among various metal halides, TiCl, gives for the vast majority,

products with abundance of para position substitution. Since TiCl, is consider a weak
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catalyst, its lack of reactivity is compensated by higher selectivity, as is often the
case. On the contrary, AlBr; used for ABT materials is more reactive’, hence less

selectivity towards a specific product should be expected.

To increase the chances of para substitution, titanium (I'V) chloride was used for the
synthesis of a novel HCP. It is worth mentioning that TiCly is also an inexpensive
reagent. The use of a catalyst with the tendency of favoring a specific substituent
orientation allows to employ an aromatic cross-linker with less probability of
incurring in self-reticulation. Tetraphenyl methane was used as monomer while oo/’
dichloro-p-xylene was used as cross-linker, in addition to TiCls as catalyst and
dichloroethane as solvent. A ratio of 1/9 between the monomer and the cross-

linker/catalyst was used.

The TPMTC material is synthesized as follow: in a 250 ml three necked round
bottom flask, 1g (3.12 * 10” mol) of the monomer tetraphenyl methane (TPM) is
suspended in 90 ml of dichloroethane (DCE) at room temperature. 4.9 g (2.8 * 107
mol) of a,a’-dichloro-p-xylene are then added to reaction mixture which is left under
stirring for 10 minutes. 3.07 ml (2.8 * 10 mol) of TiCl, are then added to the reaction
mixture which is left under stirring for approximately 20 minutes at room
temperature and then heated under reflux over night at 80 °C. The resulting mixture
is a brown gel. The gel is then cooled and washed plenty with ethanol and water and
then put in oven at 70 °C for 24 h. The resulting material is a brown powder. The
reaction scheme associated with the synthesis of TPMTC material is reported in

Figure 5.
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Figure 5. Reaction scheme for the synthesis of TPMTC hyper cross-linked polymer.

2.4.3 DIXYT materials

The insertion of heteroatoms within the polymeric framework can extend the realm
of possible interactions between the material and guest molecules. The presence of
lone pairs on heteroatoms can increase the affinity towards polarizable guest
molecules, for example CH4 and CO,. This strategy was here exploited to obtain
HCPs with enhanced affinity towards polarizable guest molecules. In the context of
the Friedel- Crafts alkylation the easiest way to obtain a polymeric framework
containing heteroatoms in its molecular structure is to start with a monomer already
possessing the heteroatom. We focus our attention on diphenyl sulfide because of its
low toxicity, low cost of production, high resonance energy (for luminescent
properties) and flexibility (for a swellable structure). A,a’-dichloro-p-xylene was
used as cross-linker and TiCly as catalyst. Two materials were synthesized namely
DIXYTO1 and DIXYTO02. DI from diphenyl sulfide, XY from a,0'-dichloro-p-xylene
and T from TiCls. DIXYTO1 was obtained using dichloromethane as solvent and 35

°C as reaction temperature while DIXYTO02 was synthesized in dichloroethane at 80
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°C. For the sake of brevity, here we report the synthetic procedure for DIXYTO1
being the procedure for the synthesis of DIXYTO02 identical with the exception of

the choice of the solvent and the temperature of the reaction mixture.

DIXYTO1 material was synthesized as follow: in a 250 ml three necked round bottom
flask, 1ml (4.78 * 10~ mol) of the monomer diphenyl sulfide is suspended in 90 ml
of dichloromethane (DCM) at room temperature. 6.66 g (3.8 * 10 mol) of a,a'-
dichloro-p-xylene are then added to the reaction mixture which is left under stirring
for 10 minutes. 4.16 ml (3.8 * 10 mol) of TiCls are then added to the reaction
mixture which is left under stirring for approximately 20 minutes at room
temperature and then heated under reflux over night at 35 °C. The resulting mixture
is a yellow gel. The gel is then cooled and washed plenty with ethanol and water and
then put in oven at 70 °C for 24 h. The resulting material is a yellow powder. The
reaction scheme associated with the synthesis of DIXYT materials is reported in

Figure 6.
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Figure 6. Reaction scheme for the synthesis of DIXYT hyper cross-linked polymers.
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2.4.4 PS-1.3 material

Hyper cross-linked polymers are insoluble’. The materials presented in this work
have been observed to be insoluble in common organic solvents and even in very
acidic or basic solutions. This raises questions about the fate of the polymeric
material when it needs to be discarded or replaced. In order to address this issue, a
different approach for the obtaining of an HCP has been taken. Instead of using a
monomer as a starting building block we decided to turn our attention to discarded
polymeric materials, specifically polystyrene. Chips of pure polystyrene, commonly
used in packaging, are recovered and used as a starting building block. Instead of
having single monomers species linked together, polystyrene chains are cross-linked
using FDA. Polymeric chains of the starting material are unrolled by the solvent,

dichloroethane, which allows for the cross-linking to take place efficiently °.

The PS-1.3 material was synthesized as follow: in a 250 ml three necked round
bottom flask, 1 g of polystyrene chips are dropped in 90 ml of dichloroethane (DCE)
at room temperature. 3.11 g (1.92 * 10 mol) of FeCls are then added to the reaction
mixture which is left under stirring for 10 minutes. 1.7 ml (1.92 * 10? mol) of FDA
are then added to the reaction mixture which is left under stirring for approximately
20 minutes at room temperature and then heated under reflux over night at 80 °C.
The resulting mixture is a dark brown gel. The gel is then cooled and washed plenty
with ethanol and water and then put in oven at 70 °C for 24 h. The resulting material
is a brown powder. The reaction scheme associated with the synthesis of PS-1.3

material is reported in Figure 7.
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Figure 7. Reaction scheme for the synthesis of PS-1.3 hyper cross-linked polymer.

2.5 Synthesis of synthetic clays: saponites

Synthetic clays can be obtained via sol-gel and hydrothermal methods'™'""?,

However, as was reported by Kloprogge and coworkers'® hydrothermal approaches
result in products with higher purity degree because of more favorable nucleation
and growth of saponite materials by means of higher hydrolysis rates of the
octahedral cations precursors at high temperature. In this work, synthetic clays are
obtained via hydrothermal techniques. Hydrothermal methods consist in the
preparation of the synthesis gel which is put in a sealed container, usually an
autoclave, which is then heated at temperatures ranging from 100 to 250 °C, thus

allowing the hydrolysis reaction to take place.
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2.5.1 SAP110 and SAP-OP materials

The synthetic saponite named SAP110 material is obtained as follow: saponite
synthesis gel with composition 1.0 SiO; : 0.835 MgO : 0.056 Al,O3 : 0.056 Na,O :
110 H,O was obtained from NaOH (>98 wt % Carlo Erba), SiO; (SiO; 99.8 wt %,
Sigma Aldrich), Mg(CH3COO),-4H,0 (>99%, Sigma Aldrich) and A[[OCH(CHj3),]3
(>98%, Sigma Aldrich). 0.34 g of NaOH were added to 106.77 g of deionized water.
3.98 g of amorphous silica are then added to the solution. The gel is then left under
stirring for 30 minutes. 11.95 g of Mg(CH3COO),4H,0, 1.58 g of AI[OCH(CH3):]3
and 30 g of deionized water are then added to the reaction mixture which is left under
stirring for 3 hours. The resulting gel was poured in autoclave at 240 °C for 72 hours.
The material obtained was then washed with deionized water until a neutral pH was
reached and then dried at 80 °C for 24 hours. The sample is hereafter named SAP110,
where 110 is the ratio between H,O and SiO; used for the preparation of the synthesis
gel.

The hybrid organic-inorganic sample was prepared through a one-pot approach
adapting a procedure already optimized in our laboratories'* that foresees the direct
addition of hexadecyltrimethylammonium bromide (CTABTF) to the reaction mixture.
In detail, to a synthesis gel with the same composition indicated above for the
preparation of SAP110 sample, a quantity of CTABr (>98%, Sigma Aldrich) equal
to twice the cation exchange capacity was added; the measured CEC of SAP110 was
59.7 mequiv/100 g. The gel was then put in autoclave at 200 °C K for 72 hours and
then washed and dried with the same procedure adopted for SAP110. The resulting
material is named SAP-OP.

In Figure 8, representations of the structures of saponite materials are reported.
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Figure 8. Structure representation of SAP110 (A) and SAP-OP (B). Adapted from [14].
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Chapter III

Characterization of HCP and Saponite materials

3.1 Introduction

This chapter is focused to the study of the structural properties of the synthesized
materials presented in Chapter II. The chapter is divided in two sections, the first is
devoted to the characterization of HCP materials while the second will related to the

characterization of synthetic clays.

3.2 Characterization of HCP materials

The synthesized HCPs were characterized using multiple techniques, namely, via
Scanning Electron Microscopy (SEM) to observe the morphology, via Nj
physisorption analysis at -196 °C to study the textural properties, through a
spectroscopic approach via FT-IR and SS-NMR spectroscopy to gain structural
information, and via Thermogravimetric Analysis (TGA) to study the thermal
stability. Each characterization technique is presented in its own section to allow for

better comparison between materials.
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3.2.1 Morphological analysis of HCP materials

SEM images of the synthesized HCPs are reported below. A thin film of gold (20
nm) was deposited on the materials’ surface to achieve better resolutions, since HCPs
are poor conducting materials. EDX data are shown normalized with respect to the

atomic weight of the element under consideration.

In Figure 1 SEM images at 30000x magnification of the three mPAF materials are

reported.

Figure 1. SEM images of HCPs mPAF-1/9 (A), mPAF-1/16 (B) and mPAF-1/30 (C) at

30000x magnification. A thin film of 20 nm was deposited on the materials’ surface.

Among the three mPAF materials, it is seen that mPAF-1/9 possess a more
heterogenous morphology which resembles an aggregation of small round particles.
mPAF-1/16 and mPAF-1/30 display a similar morphology namely a more uniform

surface.

Elemental analysis on the three mPAF samples was perform via EDX spectroscopy
and the results are reported in Table 1. Five spot measurements were performed for

any material and the mean values are reported.
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Table 1. Elemental analysis performed via EDX spectroscopy on mPAF-1/9, mPAF-1/16
and mPAF-1/30. Five spot measurements were performed on any of each sample and the

mean values are here reported.

Element mPAF-1/9 mPAF-1/16 mPAF-1/30

(At %) (At %) (At %)
C 98.17+021 9493+601  98.28+0.38
0 1834021 1.14+030  1.71+039
Fe ' 033+02  /
cl Y 0.12+008  /

From the elemental analysis performed on the three samples it can be seen that the
materials are composed for the vast majority of carbon. This is expected since the
monomer do not possess heteroatoms and the cross-linker should transform in -CH,-
bridges between monomer units. It is however observed the presence of oxygen
within the polymeric framework in all three samples. Oxygen is contained both in
the cross-linker and during the synthetic procedure as atmospheric oxygen, since the
Friedel — Crafts alkylation does not require an inert atmosphere. The presence of
oxygen in the final material can be attributed to the occurrence of side reactions
during the synthetic procedure. For the sample of mPAF-1/16 it is also observed the
presence of CIl and Fe. Chlorine can be present as a side reaction groups and in
catalyst form, FeCls, trapped inside the porous structure of the HCP after the washing
step. The presence of Fe can be attributed to both oxidized iron and unreacted

catalyst.
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In Figure 2, SEM images at 50000x magnification of ABT materials are reported. A

film of 50 nm of gold was deposited on the samples surface.

Figure 2. SEM images at 50000x magnification of ABTO01 (A) and ABT02 (B). A film of

50 nm of gold was deposited on the samples’ surface.

ABT materials present themselves as an aggregation of seemingly flat and circular
particles. Particles dimension in ABTO1 are of the range of 500 nm while for ABT02
particles diameter is of the order of 100 nm. In Table 2 the EDX elemental analysis
is reported. An EDX analysis with a full frame scan was performed and the

corresponding mean values are reported.
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Table 2. Elemental analysis performed via EDX spectroscopy on ABT01 and ABT02

materials. A full frame analysis was performed on each sample.

Element ABTO1 (at %) ABTO02 (at %)

C - 81.86 ' 94.18
0 2.85 ' 1.80
Al ' 7.36 135
cl 275 221
Br 518 ' 0.46

From the elemental analysis performed on ABT materials it is seen that the HCPs
are composed for the vast majority of carbon, as expected. A fair amount of bromine
and aluminum have been detected. The presence of aluminum can be explained by
the presence of residual catalyst trapped within the porous structure of the ABT
materials. The presence of bromine can be due to unreacted cross — linker species.

The presence of both chlorine and oxygen could be due to side reactions products.

In Figure 3 a SEM image of the TPMTC material is reported.
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Figure 3. SEM images at 1500x magnification of TPMTC. A film of 20 nm of gold was

deposited on the samples’ surface.

The TPMTC sample appears to be composed of particle of heterogenous size and
shapes. Sharp edges characterize the particles’ morphology which may be an
indication of brittleness of the particles. In Table 3 the EDX analysis of TPMTC is
reported.
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Table 3. Elemental analysis performed via EDX spectroscopy on the TPMTC material. A

full frame analysis was performed on the sample.

Element TPMTC (At %)

C 92,30
Ti 1 0.90
0 105
cl 1.87

In Figure 4 SEM images at 10000x magnification of DIXYT materials are reported.
A thin film of 20 nm of gold was deposited on the samples.
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Figure 4. SEM images at 10000x magnification of DIXYTO1 (A) and DXYTO02 (B). A film

of 20 nm of gold was deposited on the samples’ surface.

The morphology of DIXYT materials is comparable to that observed for ABT
materials, namely the materials present themselves as aggregates of round-shape
particles. DIXYTO1, obtained in dichloromethane at 35 °C is the one displaying
particles size greater with respect to the one displayed by DIXYTO02, obtained in
dichloroethane at 80 °C.

It is interesting to note that for both ABT and DIXYT materials, the resulting HCP
obtained in dichloroethane, hence at higher temperatures, displays particles
dimension smaller than the corresponding HCP obtained in dichloromethane at lower
temperatures. In Table 4 the EDX elemental analysis of DIXYT materials is reported.

A full frame analysis was performed on each sample.
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Table 4. Elemental analysis performed via EDX spectroscopy on DIXYTO01 and DIXYT02

materials. A full frame analysis was performed on each sample.

Element DIXYTO01 (At %) DIXYTO02 (At %)

C 97.04 90.78
0 1 0.29 1.94
S L2 1.92
cl 073 185
Ti 1 0.82 351

From the elemental analysis it is observed that DIXYT materials are mainly
composed of carbon, which is expected. A small amount of oxygen, 0.29 At %, is
detected for DIXYTO1 while for DIXYTO02 the amount of oxygen is assessed around
1.92 At %. Sulfur is present for both samples, as expected. The presence of the

carbon conducting tape prevent an accurate assessment of the C/S ratios.

In Figure 5 a SEM image at 6000x magnification of the PS-1.3 material is reported.
A thin film of 20 nm of gold was deposited on the sample.
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Figure 5. SEM image at 6000x magnification of the PS-1.3 material. A film of 20 nm of

gold was deposited on the sample’s surface.

The morphology of the PS-1.3 material appears to be not well defined and somewhat
more similar to mPAF materials. No aggregation of particles has been detected. In

Table 5 the EDX elemental analysis of PS-1.3 is reported.
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Table 5. Elemental analysis performed via EDX spectroscopy on the PS-1.3 material. A full

frame analysis was performed on the sample.

Element PS-1.3 (At %)

C 98.81
0 1 0.50
cl ' 0.67

From the EDX analysis it is seen that the material PS-1.3 is almost entirely composed
of carbon with the addition of small amounts of oxygen, 0.5 At % and chlorine, 0.67
At %. The presence of oxygen, as with the other materials is probably due to side
reactions groups, formed as consequence of both the implementation of FDA as
catalyst and the presence of atmospheric oxygen inside the reaction flask. The
presence of chlorine alone without the simultaneous presence of iron may indicates

that side reactions groups are responsible for detection of chlorine.

3.2.2 Textural properties of HCP materials

The textural properties of HCPs were assessed via N, physisorption analysis
performed at -196 °C. All HCP samples were degassed at 150 °C for 3 hours to
remove adsorbed species, except DIXYTOI which was treated at 90 °C for 6 hours
(see section 3.2.5 for the thermogravimetric analysis). The BET method was used

for the evaluation of the surface area in the range of 0.05 — 0.3 P/Py while the NLDFT
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method was used for the pore size distribution for all materials discussed this section.
It needs to be kept in mind that calculated Specific Surface Areas are to be treated as
“apparent” surface areas, when concerning hierarchical materials possessing a
significant fraction of micropores. This is due to the difficulty in separating the

process of mono/multi-layer adsorption and the filling of micropores!'"?],

In Figure 6, N, physisorption isotherms and pore size distributions of mPAF

materials are reported, while the main textural properties are reported in Table 6.
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Figure 6. N, physisorption isotherms at -196 °C (A) and pore size distribution (B) of mPAF-
1/9 —&— mPAF-1/16 —@—and mPAF-1/30 ——.

Table 6. Textural properties of mPAF materials, assessed via N, physisorption analysis
performed at -196 °C.

SSABeT Vot V micro [€C/g] Vmeso [€C/g]
Sample 5
[m*/g] [cc/g]  Total <7A 7<A<20  20<A<500
mPAF-1/9 1236 0.78 0.33 -- 0.33 0.45
mPAF-1/16 1289 0.96 0.30 0.09 0.21 0.66
mPAF-1/30 1318 1.06 0.23 0.07 0.16 0.83
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As it can be seen from the data reported in Figure 6 mPAFs’ isotherms can be
classified as type IV with H; hysteresis loops indicating the presence of both micro
and mesopores' . It is worth noting that hysteresis loops for all three materials extend
up to very low (0.01) relative pressures, which is a possible indication of the presence
of swelling effects of the polymeric frameworks”. The superposition of the
adsorption and desorption branches below 0.01 P/Py is indication of the presence of
an interconnected pore network, which allows the complete desorption of N up to
the equilibrium values, on the time scale of the measurements®. mPAF materials are
characterized by high surface areas and high pore volumes (Table 6). Higher
amounts of cross-linker results in slightly higher surface areas, ranging from 1236

m?/g for mPAF-1/9 to 1289 m*/g for mPAF-1/16 to 1318 for mPAF-1/30.

The total pore volume follows the same trend, because of increasing fraction of
mesopores when a higher quantity of cross-linker is used (0.45 cc/g for mPAF-1/9
to 0.83 cc/g for mPAF1/30). However, the volume associated with micropores shows
the opposite trend, decreasing from 0.33 cc/g for mPAF-1/9 to 0.23 cc/g for mPAF-
1/30, when higher content of FDA is employed in the synthetic procedure. This can
be due to a higher number of side reactions groups which tend to have an occluding

effect®®,

In Figure 7 N, physisorption isotherms and pore size distributions of ABT materials

are reported, while the main textural properties are reported in Table 7.

88



450

A
a00] A ==
././'-/./
350 - —" o
v /'/. l/:/. -
o)
2 300 - P =
8 I/. - —"
o 250{ 7 ot
£ / =
L]
3 2004 ="
= /
. —a— ABTO1
50 —=— ABTO02
100 + T T

0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8
Relative pressure [P/P ]

0,15
—u=— ABTO02
—a— ABTO1
0,12 - 7_A
2 0,09{ .
< ;
o h
9, 0,06+ /7\ 12A
@ ./. .\. l'-
% 0,034« /_A.
4/! l\II B
0,00 - \::_. h'--_-M

10 _ 100
Pore width [A]

Figure 7. N, physisorption isotherms at -196 °C (A) and pore size distribution (B) of ABT01

—=— and ABT02 —%—,



Table 7. Textural properties of ABT materials, assessed via N, physisorption analysis

performed at -196 °C.

Sample SSAgET Vot Vmicro [€€/g] Vmeso[€€/g]
[m?/g] [cc/g] Total <7A 7<A<20 20<
A<100
ABTO01 823 0.52 0.28 0.08 0.20 0.24
ABT02 990 0.61 0.35 0.10 0.25 0.26

As it can be seen in Figure 7, ABT isotherms (with upper pressure of only 0.76 -
0.77) do not show a horizontal plateau after the initial filling of the micropores,
therefore a clear classification of the isotherms cannot be made. In particular, a
distinction between type I and II is not possible. A fair amount of gas (>200 cm’/g)
is adsorbed at low relative pressures (up to 0.1 P/Py), indicating permanent micro
porosity for both materials. Towards higher values of P/Py it is observed a gradual
increase in the amount of adsorbed nitrogen indicating the filling of mesopores in
the range between 0.45-0.8 P/Py, which could be interpreted as loose packing
induced by inter-particulate voids in the samples'. Open hysteresis loops for both
materials are observed for the whole desorption branch, which is consistent with
swelling effects of the polymeric network, due to gas sorption”. The non-reversible
desorption at low relative pressures indicates that N, could be trapped in pockets or
free volume elements with a size comparable to the one of the N, molecule, and/or
that the swelling of ABT is locking some of those pockets or free volume elements
on the time scale of the experiments. From the data reported in Table 7 it can be seen
that ABTO02 possess higher surface area with respect to ABT01, namely 990 m*/g
versus 823 m?/g; in addition, pore volume values associated with both micro and

mesoporosities are slightly higher in ABT02, which is probably a solvent — induced
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effect since dichloroethane is known to be a particularly suited solvent for the

development of high porosity degree in hyper cross-linked polymers’.

If a comparison is made between mPAF and ABT materials, it is seen that the
employment of a different cross—linker (FDA for mPAF vs 1,3,5-
tris(bromomethyl)benzene) visibly affects the resulting textural properties. From the
shape of the N, physisorption isotherms, especially the hysteresis loops, it is seen
that for ABT materials the overall material is composed of plate-like particles which
indicate that even in the presence of a three-dimensional monomer, the cross-linker
is capable of inducing a two-dimensional effect on the final polymeric network. This
effect was not observed for mPAF, where the linker is an entirely sp’ hybridized

chemical bridge, meaning a -CH,- group.

In Figure 8 N, physisorption isotherms and pore size distributions of TPMTC are

reported, while the main textural properties are reported in Table 8.

The physisorption isotherm of TPMTC displays characteristics of both type I and
IV,"* namely adsorption in the low relative pressure range associated with the
presence of micropores and a hysteresis loop associated with the presence of
mesopores, with a final saturation plateau. The fact that both adsorption and
desorption branches display the same steepness can be an indication of capillary
condensation in open pores where desorption does not occur via nucleation, but via
a receding meniscus, meaning equilibrium exists in the vapor — liquid transition'.
Usually, cylindrical pores are responsible for these features', but it should be stressed
that HCPs are disordered materials, therefore “cylindrical-like” shape should be used
as a more correct term. The steepness of the adsorption-desorption branches in the
hysteresis loop can also give information about the connectivity of the porous
network and information about the accessibility of the mesopores can be obtained'.
For TPMTC, parallel adsorption — desorption branches of the hysteresis loop are

seen, which is a possible indication of freely accessible mesopores'. Superposition
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of the adsorption and desorption branches below 0.01 P/Py is seen which suggests
the presence of an interconnected pore network'”. Swelling effects are also present,
as evidenced by the open hysteresis loop up to low relative pressures’. For TPMTC
the calculated BET SSA is 1455 m?/g, which is higher with respect to the previously
characterized materials where tetraphenyl methane was used as monomer. A
significant volume of adsorbed N, is observed in the micropores range of
approximately 240 cc/g indicating the presence of a good fraction of micropores, as
also evidenced by the pore size distribution (Fig. X (B)). The pore size distribution
shows the presence of several pore families, specifically at 7, 14, 17, 30, 55, 75 and
105 A, additional evidence of the bimodal nature of TPMTC. The total pore volume

is assessed at 1.92 cc/g, with 1.53 cc/g being due to mesopores.
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Figure 8. N, physisorption isotherms at -196 °C (A) and pore size distribution (B) of
TPMTC —=—.

Table 8. Textural properties of TPMTC, assessed via N, physisorption analysis performed
at -196 °C.

Sample SSAggT Vot Vmicro [€€/g] Vmeso [€C/g]
[m?/g] [ce/g] Total <7A 7<A<20 20<A<358
TPMTC 1455 1.92 0.39 0.07 0.32 1.53

In Figure 9 N, physisorption isotherms and pore size distributions of DIXYT

materials are reported, while the main textural properties are reported in Table 9.

The N, physisorption isotherm associated with DIXYTOI had to be recorded with a

lower number of points and from a starting relative pressure of 10™* P/Py to exclude
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ultra and micropores probing This was done to avoid difficulties encountered during
sample analysis specifically extremely long analysis times in the micropores range
and consequently failure in recording equilibrated physisorption isotherms. A
possible explanation could be the presence of a significant fraction of micro and/or
ultra-microporosity. N, physisorption is known to be somewhat unsatisfactory for
assessing pore size distribution of pores with dimension <1 nm"'*!"; the presence of
a quadrupole moment in the N, molecule can cause interactions of the adsorbate with
the adsorbent’s surface, thus creating an orienting effect which can alter the
micropores filling pressure'. By employing N, as an adsorbate for micropore size

evaluation, physisorption can start at very low relative pressures where the rate of

diffusion is extremely low, possibly leading to equilibrium problems’.

N; physisorption isotherm of the material DIXYTO02, cannot be easily classified. It
is interesting to note that the hysteresis loop remains visibly open for the entirety of
the desorption process. This can be due to marked swelling effects of the polymeric
framework”. The formation of hysteresis loops is probably due to the same effects at
play in the ABT materials: pockets or free volume elements with a size comparable
to the N, molecule, and/or locking of N, on the time scale of the experiments. The
BET SSA for DIXYTO02 is assessed at 367 m”/g while the total pore volume is 0.41

cc/g with 0.17 cc/g being due to micropores.

The physisorption isotherm associated with DIXYTOI, even if it is not a complete
set of data, can still provide information about the textural properties of the
corresponding material. The hysteresis loop remains open for the entire desorption
process. The material seems to contain a network structure of micropores with
narrow constrictions leading to larger cavities, and where the penetrant may cause
the material to swell. The overall quantity of adsorbed N is lower for DIXYTO1 with
respect to DIXYTO02 as seen by inspection of the physisorption isotherm. The
calculated BET SSA is found to be 315 m?%g, which is lower with respect to

DIXYTO02; however, even though the total pore volume and the volume associated
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with mesopores is much lower with respect to DIXYTO02, the micropore volume is

found to be 0.19 cc/g versus 0.17 cc/g found for DIXYTO2.
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Figure 9. N, physisorption isotherms at -196 °C (A) and pore size distribution (B) of
DIXYTO1 —=— and DIXYT02 —&—.

Table 9. Textural properties of DIXYT materials, assessed via N, physisorption analysis
performed at -196 °C.

Sample SSAgET Vot Vmicro [€€/g] Vmeso[€€/g]
[m?/g] [cc/g] Total <7A 7<A<20 20<
A<377
DIXYTO01 315 0.21 0.19 - 0.19 0.02
DIXYTO02 367 0.41 0.17 0.02 0.15 0.24

In Figure 10 N, physisorption isotherms and pore size distributions of PS-1.3 are

reported, while the main textural properties are reported in Table 10.
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The N, physisorption isotherm of PS-1.3 closely resembles the physisorption
isotherms already found for mPAF materials. It is to be kept in mind that both PS-
1.3 and mPAF materials were obtained via a modified Friedel — Crafts reaction
employing FDA as cross-linker and FeCls as catalyst. PS-1.3 isotherm can be
classified as type IV with H, hysteresis loop'”. Superposition of the adsorption and
desorption branch is seen below 0.01 P/Py which indicates the presence of an
interconnected pore network'. A rapid increase in the adsorption branch below 0.1
P/Py is indicative of micropore filling; in particular a considerable amount of Ny,
almost up to 200 cc/g, is retained by the material implying the presence of a good
fraction of micropores as also evidenced by the pore size distribution (Figure 10, B).
The hierarchical nature of PS-1.3 is evident from the pore size distribution, namely
a family of micropores is found around 11 A and a broad distribution of mesopores
is found between 30 and 100 A with a peak around 44 A. Approximately 1/3 of the
pore volume is associated with micropores, naming 0.22 cc/g of the total 0.65 cc/g,
while the SSAger is found to be 845 m?/g. It is worth noting that a porous polymer
displaying good textural properties, specifically moderately high surface area and

pore volumes, is obtained from a waste material through a low - cost approach.
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Figure 10. N, physisorption isotherms at -196 °C (A) and pore size distribution (B) of PS-
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Table 10. Textural properties of PS-1.3, assessed via N, physisorption analysis performed

at-196 °C.

Sample SSABET Vot Vmicro [€€/g] Vmeso [€C/g]
[m?/g] [cc/g] Total <7A 7<A<20 20<A<332
PS-1.3 845 0.65 0.22 0.03 0.19 0.43

In Figure 11 a comparison between the N, physisorption isotherms of all types of

materials is reported. For each class of HCP only one material has been chosen.

All materials present open hysteresis loops (or up to 0.01 P/Py) which indicates that
all synthesized hyper cross-linked polymers seem to experience swelling effects’.
When the hysteresis loops remain open, up to low relative pressure, it is an indication
of the expansion of the polymeric network already happening during the filling of
micropores. This means that micropores are not filled completely when the material
starts to expand. The ability of this type of adsorbents to expand their framework is
particularly useful in the context of storage applications and pollutants removal®.
Other important aspects characterizing porous solids, in addition to surface area and
pore volume, are accessibility and connectivity of the pores. To facilitate mass
transfer within the porous framework, there need to be interplay between the internal
volumes of the material. In this regard, mPAF materials and TPMTC seem to possess
more accessible and interconnected pore volumes with respect to the other materials.
TPMTC exhibits a symmetric hysteresis loop which is indication of cylindrical — like
pores giving rise to an equilibrated desorption process while mPAF materials possess
high surface areas and pore volumes which seem to be well interconnected as
evidenced by the superposition of the adsorption and desorption branches at low

relative pressures.
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Between mPAF materials and TPMTC it is seen that the employment of a o,a'-
dichloro-p-xylene as a cross-linker in addition to a more para — orienting catalyst,
TiCly, results in a material possessing higher surface areas (1318 m*/g of mPAF-1/30
vs 1455 m*/g of TPMTC) and almost twice the total pore volume (1.03 cc/g of
mPAF-1/30 vs 1.92 cc/g of TPMTC). a,0’-dichloro-p-xylene is a bigger molecule
with respect to a -CH,- bridge encountered in the case of mPAF and PS materials,

. 12
hence a more open porous structure is expected .

It is interesting to compare ABT materials and TPMTC, both being synthesized using
chemically similar cross-linkers, the main differences being the number of possible
carbocationic sites, three for 1,3,5-tris(bromomethyl)benzene and two for o,a'-
dichloro-p-xylene and the cross-linkers leaving groups, bromine for ABT materials
and chlorine for TPMTC. ABT materials possess significantly lower surface areas
and pore volumes with respect to TPMTC. In TPMTC the p-xylylene bridges allow
a fair conformational freedom to the crosslinked structure, in addition TiCly, selectively
directs the alkylation of tetraphenyl methane on the para positions, keeping the
alkylating groups more distant from each other, on average, and easing the swelling of
the HCP. In ABT materials instead the alkylation in meta position reduces the distance
with the alkylating group, and above all the latter can alkylate three different aromatic
rings, so that a) a stiffer overall crosslinking is obtained, and b) the mobility of the

alkylating moiety is limited by three covalent bonds.

By comparing mPAF materials and PS-1.3 it is seen that the shapes of the
physisorption isotherms closely resemble each other, the main difference being the
amount of cc/g of N, adsorbed. A very similar porous architecture is obtained from
both monomeric species and linear polymeric chains. It seems that the good
solubility of polystyrene in dichloroethane, coupled to the additional waiting time
during the synthetic procedure to allow for the complete dissolution of the polymer,
compensated for the lower diffusion of linear polymeric chains in the reaction

mixture.
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Figure 11. N, physisorption isotherms at -196 °C of TPMTC —&—, mPAF-1/16 —8—,
ABT02 —¥—, PS-1.3 —— and DIXYT02 —&—.

3.2.3 FT-IR analysis of HCP materials

FT-IR analysis was conducted on all HCPs to gain information about the functional

groups and structure of the polymeric framework.

All infrared spectra were recorded under vaccum conditions (10 mbar) after the

samples were thermally treated under vacuum at 150 °C for three hours.

In Figure 12 the IR spectra of mPAF materials are reported.
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Figure 12. Infrared spectra of mPAF-1/9 ——, mPAF-1/16 and mPAF-1/30

acquired under vacuum conditions (10* mbar) and room temperature. Prior to

analysis the samples were treated at 150 °C under vacuum for three hours.

The IR spectra of mPAF materials present signals in the ranges 3200 — 2800 cm’'
and between 1750 and 400 cm’.

In the high wavenumbers region, for all three HCPs, signals associated with the
stretching of C-H aromatic groups are found at 3055 cm™ and 3023 cm’' respectively
due the asymmetric and symmetric vibrational modes'>'*. Between 3000 and 2800
cm’ the signals associated with stretching modes of the aliphatic C-H groups are
found'*'*, Absorption bands are found at 2972, 2952, 2921, 2871 and 2855 em™.
The aforementioned signals are respectively due to asymmetric C-H stretching
vibrations of the methyl groups probably associated with -CH,CHj3 substitution on

the aromatic ring, asymmetric C-H stretching vibrations of methyl groups associated
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with methylation of the aromatic ring, asymmetric C-H stretching vibrations of --
CH;- groups, symmetric stretching vibrations of methyl C-H bonds and finally

symmetric stretching vibrations of C-H bonds of -CH,- groups™®'>'*,

In the low frequency region multiple bands are found and assignments were made
for the main absorption bands with position 1700, 1603, 1505, 1270, 1020, 888, 810
and 705 cm™. Signals found at 1700, 1603, 1505 and 1270 cm’! are associated with
asymmetric stretching vibrations of -C=C- groups, meaning vibrations of the
aromatic rings”'>'*. The broad band centered at 1700 cm™ is associated with
aromatic rings with multiple substitutions and it is found for hyper cross-linked
polymers with high degree of interconnectivity within the polymeric framework,
specifically in the presence of hindered vibrations of aromatic carbon-carbon bonds
' As it can be seen in Figure 12, by increasing the concentration of FDA in the
synthetic procedure, meaning going from mPAF-1/9 to mPAF-1/30, the relative
intensity between the signals associated with stretching of the aromatic C-H groups
and the band found at 1700 cm™, increases in favor of the latter. The signals found
between 1603 and 1400 cm™' are associated with ortho, meta and para substitution of

1314 The sharp peak at 1505 cm™ is indication of ortho and para

the aromatic ring
substitution of the aromatic rings, while the signal at 1603 cm™ is indication of meta
substitution'*'*. For mPAF-1/9 the band at 1505 cm™ is more pronounced with
respect to the other materials, while for mPAF-1/16 and mPAF-1/30 the relative
intensity between the bands at 1603 and 1505 cm™ increases in favor of the first.
From these observations it can be deduce that the Friedel — Crafts alkylation is not a
regioselective reaction, as it is expected. The signal centered at 1270 cm’™' is assigned

to skeletal -C-C- bond vibrations'*,

In the region between 1020 and 700 cm™ bending modes associated with aromatic
C-H groups are found'>'*. It is interesting to note a decrease of the signal found at
705 cm™ while increasing the cross-linking degree of the polymeric network. In the

range between 900 and 735 cm™ fingerprints associated with the presence of 1,2 /
103



1,3 / 1,4 substitution on the aromatic rings are found'*. For 1,2 (ortho) substitution
absorption bands are typically found in the range between 770 and 735 cm™, for 1,3
(meta) substitution signals are found in the ranges 810 — 750 and 900 — 860 cm™ and
finally 1,4 (para) substitution is characterized by the presence of signals in the range
860 — 800 cm™ "*'*. For mPAF materials it is observed the presence of an intense
band centered at 810 cm™ which falls nicely in the region associated with 1,4 phenyl
substitution. However, by increasing the concentration of FDA in the synthetic
procedure it is seen an increase in the intensity of the band centered at 888 cm™,
already present for mPAF-1/9. This band falls in the range associated with meta
substitution, again confirming the presence of multiple substitution on the aromatic

rings as expected for hyper cross-linked polymers.

In Table 11 the assignments of the main IR absorption bands for mPAF materials are

reported.

Table 11. Assignments of the main IR absorption bands of mPAF materials.

Bands position [cm'l] Assignments3 B13,1415

3055 Vas Aromatic C-H
3033 vs Aromatic C-H
2972 vas Aliphatic C-H (-CH,CH3)
2952 vas Aliphatic C-H (-CHs)
2921 vas Aliphatic C-H (-CHy-)
2871 vs Aliphatic C-H (-CHj3)
2855 vs Aliphatic C-H (-CH;-)

1780 — 1200 and Collective stretching vibrations

900 - 700 of poly-substituted benzene rings
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In Figure 13 the IR spectra of ABT materials are reported.
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Figure 13. Infrared spectra of ABTO1 and ABT02 acquired under vacuum

conditions (10™* mbar) and room temperature. Prior to analysis the samples were treated at

150 °C under vacuum for three hours.

The IR spectra of ABT 