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English Summary

A significant and ongoing challenge of the world is the continuous emission of
carbon dioxide, which is mainly produced from the burning of fossil fuels and
is widely accepted to be the primary contributor to global warming. A cleaner
and sustainable future for the world with the transition of energy dependence
from fossil fuels to more renewable and green energy sources is regarded as
an ideal concept for a long time, however, there are too many obstacles and it
really needs long time before the realization of this goal in practice. One can
foresee that fossil fuels will still be the dominant source of energy for humans
in the near future and it is absolutely and urgently required to explore more
efficient and economical techniques for the reduction of the atmospheric CO,
concentration. As a newly emerging class of advanced porous materials, metal
organic frameworks (MOFs) and covalent organic frameworks (COFs) have
exhibited promising potentials for the application of gas adsorption and
separation due to their unique features and they are now being extensively

studied and explored by both academic and industrial scientists.

In this thesis, we are especially interested in a subclass of covalent organic
frameworks, namely covalent triazine frameworks (CTFs), which exhibit
exceedingly high thermal and chemical stability, high permanent porosity, easy
tunability and functionalities as well as rich CO-philic sites and they are
supposed to be the excellent platforms for the application of carbon capture
and separation. Thus, in this thesis, we designed and prepared different types
of monomers with different types of functional groups as the building blocks
for the construction of porous CTF materials and consequently explored and

evaluated their gas adsorption and separation potentials.

In chapter 1, the background and state-of-art of the field of carbon capture
and separation was given. More specifically, the post-combustion carbon

capture process employing different types of materials was discussed
ii



followed by the detailed description of the history, synthesis and applications

of CTF materials.

In chapter 2, we firstly prepared a novel N-heteroaromatic tetranitrile as the
building block to obtain a set of nitrogen-rich porous CTF materials. The
effects of ZnCl./monomer ratio and temperatures on the structure and porosity
of the materials was systematically examined. All the materials have been
subjected to a comprehensive characterization and gas adsorption study, in
which their performance in terms of adsorption capacity and selectivity is

evaluated.

It has been proven that incorporation of some specific COz-philic sites, such
as fluorine, oxygen and nitrogen, into the networks can significantly affect the
materials’ gas adsorption and separation properties. Therefore, in chapter 3,
straightforward fluorination of the aforementioned N-heteroaromatic tetranitrile
was adapted to synthesize a series of fluorine functionalized CTFs. Although
the defluorination process and the loss of fluorine groups is inevitable during
the synthesis, the resulting fluorinated materials still exhibit much higher gas
adsorption and separation performance than their corresponding non-
functionalized materials. These findings were attributed to the microporosity
and fluorine groups of the materials as well as the structure defects created

during defluorination processes.

In chapter 4, we reported on how the nitrogen functionalities affect the
materials’ properties. Specifically, we employed a novel and nitrogen-rich
hexaazatrinaphthalene-based monomer as the building block to prepare a
class of nitrogen-rich CTFs as the high-performance platforms for efficient
carbon dioxide capture. The synergistic effects of the ultramicroporosity and
abundant CO.-philic nitrogen sites bestow upon the frameworks with superior
CO. and H; adsorption capacity as well as high CO./N, and CO»/CHj, selectivity.
More importantly, the studied materials can be reused for many times without

significant loss of adsorption capacities.
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As discussed in chapter 3, incorporation of fluorine groups into CTF structures
is an efficient approach to improve the materials’ gas adsorption performance,
however, to further improve the carbon capture performance of this type of
materials, introduction of more fluorine groups into the structures seems to be
plausible. As a proof of concept, in chapter 5, we prepared a perfluorinated
building block to obtain a set of fluorine-containing CTFs. The fluorine content
was confirmed by transmission electron microscopy (TEM) and EDX mapping,
X-ray photoelectron spectroscopy (XPS) and solid state nuclear magnetic
resonance (ssNMR). All the materials were subjected to comprehensive
adsorption study and the enhanced hydrophobicity of these materials after

fluorination was confirmed by water vapor adsorption measurements.

In conclusion, this thesis has shown that rational design of novel building
blocks with some task-specific functional groups is a promising approach for
synthesis of porous materials with excellent gas adsorption and separation
properties. In the following years, it may be expected that this research field
will further expand and more task-specific functionalities will be explored and

introduced into the frameworks for a variety of applications.
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Nederlandstalige samenvatting

De excessieve emissies van CO; vormen een grote bedreiging voor onze
maatschappij. Deze CO. emissies zijn grotendeels afkomstig van de
verbranding van koolstofhoudende brandstoffen en worden aanzien als de
primaire bron voor de opwarming van de aarde. Om deze CO. emissies te
reduceren is een verschuiving naar het gebruik van hernieuwbare
energiebronnen noodzakelijk. Dit is echter een proces dat gepaard gaat met
de nodige obstakels en problemen. Er wordt verwacht dat koolstofhoudende
brandstoffen de primaire energiebron zal blijven voor de mens in de nabije
tokomst maar de noodzaak om de CO. concentratie in de atmosfeer te
reduceren dringt zich op. Een nieuwe klasse van poreuze materialen, namelijk
metaal organische roosters (MOFs) en covalent organische roosters (COFs)
bezitten een groot potentieel voor hun gebruik als adorbenten en in de

scheiding van gassen gezien hun unieke eigenschappen.

In deze thesis wordt een welbepaalde klasse van de covalent organische
roosters besproken, namelijk de covalent triazine bevattende netwerken
(CTFs). Deze materialen zijn uitermate interessant omwille van de volgende
eigenschappen: (1) ze bezitten een hoge thermische en chemische stabiliteit,
(2) ze bezitten een hoge porositeit, (3) het is eenvoudig om bepaalde
functionele groepen te introduceren in deze materialen die een hoge affiniteit
hebben voor CO. wat hun uitermate geschikt maakt voor de adsorptie van CO:

en in scheidingen.

In deze thesis worden verschillende nieuwe monomeren gemaakt die diverse
functionele groepen bezitten. Deze monomeren worden vervolgens als
bouwstenen gehanteerd voor de synthese van de desbetreffende CTFs. In een
finale stap worden de verkregen materialen geévalueerd in de adsorptie van
gassen o.a. CO; alsook wordt hun potentieel voor de scheiding van gassen

onderzocht.
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In hoofstuk 1 wordt een overzicht gegeven omtrent de state of the art voor
CO. adsorptie en de scheiding ervan. Hiernaast wordt een gedetailleerd
overzicht gegeven omtrent de historiek, de verschilende synthesemethodes

alsook de diverse toepassingen van CTFs.

In hoofdstuk 2, wordt de synthese van een nieuw tetranitrile gebaseerd
monomeer besproken. Dit monomeer wordt vervolgens aangewend voor de
synthese van een set stikstofbevattende CTF materialen. De invloed van de
ZnClo/monomeer ratio alsook de invloed van de reactietemperatuur op de
verkregen porositeit en structuur worden systematisch onderzocht en de
verkregen CTFs worden onderworpen aan een grondige karakterisatie. Finaal

wordt hun adsorptie capaciteit en selectiveit bepaald.

Hierbij stelde men vast dat de introductie van fluor, zuurstof en stikstof in het
netwerk een positieve invloed had op de adsorptie van CO.. Hoofdstuk 3
vormt een verderzetting op de verkregen resultaten uit hoofdstuk 2, waarbij
een rechttoe rechtaan synthese procedure wordt aangewend voor de synthese
van fluor bevattende CTFs. Hoewel een groot deel van de fluor groepen
verloren ging gedurende de synthese van de CTF materialen wordt een sterk
verhoogde adsorptiecapaciteit vastgesteld alsook een beter scheidend
vermogen in vergelijking met de niet-gefunctionaliseerde materialen. Dit is het
gevolg van de verhoogde microporositeit en de aanwezige fluor groepen
alsook door de aanwezigheid van structurele defecten die gevormd worden

gedurende het defluorinatieproces.

In hoofdstuk 4, wordt de invioed van de stikstof functionaliteiten op de
resulterende materiaal eigenschappen onderzocht. Meer bepaald wordt een
nieuw stikstofrijk hexaazatrinaphthalene-gebaseerd monomeer gebruikt als
bouwsteen voor de synthese van de CTFs. Er werd een duidelijke synergie
vasgesteld tussen enerzijds de ultramicroporositeit van de verkregen CTF en
de hoge CO:. invloedrijke stikstofconcentratie anderzijds die aanleiding gaf tot

een heel hoge CO; en H. adsorptie capaciteit alsook een hoge CO./N, en
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CO./CHs selectiviteit. De onderzochte adsorbentia vertoonden bovendien ook
een hoge regenereerbaarheid zonder een significante afname van de adsorptie

capaciteit.

Na de vaststelling in hoofdstuk 3 dat de introductie van fluor groepen in de
CTF structuur een ideale manier is om de gas adsorptie te verhogen wordt in
hoofdstuk 5, een CTF gemaakt die een hoger fluor gehalte bevat in vergelijking
met het materiaal gemaakt in hoofdstuk 3. In hoofdstuk 5 wordt de synthese
van een perfluorinated bouwsteen besproken alsook de synthese van de
corresponderende CTF. Transmissie-elektronenmicroscopie (TEM) and EDX
element mapping, X-straal —foto-elektronspectroscopie (XPS) and vaste stof
NMR worden aangewend voor de karakterisatie van de CTF materialen. De
toegenomen hydrofobiciteit van de gesynthetiseerde materialen wordt

onderzocht door middel van de adsorptie van water.

Samenvattend, in deze thesis wordt aangetoond dat de synthese van nieuwe
CTF bouwstenen die welbepaalde functionele groepen bezitten, het toelaat om
veelbelovende materialen te maken voor de adsorptie van gassen alsook voor
de scheiding ervan. In de komende jaren kan men dan ook een sterke toename
verwachten in dit onderzoek waarbij er nog veel nieuwe bouwstenen met
specifieke functionele groepen zullen worden geintroduceerd met het oog op

hun gebruik ervan in diverse toepassingen.
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CHAPTER 1. General Introduction and Aim of the Thesis

Introduction

With the ever increasing and development of the society and economy, the
global warming of the earth's atmosphere and surface, also known as the
greenhouse effect, has already become an intractable issue for humankind.
Carbon dioxide (CO.,), regarded as the main anthropogenic greenhouse gas, is
widely accepted to be the primary contributor to global warming.'-2 According
to the U.S. National Oceanic and Atmospheric Administration (NOAA), the CO,
concentration in the earth's atmosphere has increased from approximately 315
to 410 ppm in September, 2018 and is expected to reach more than 550 ppm

by 2050 even if the emission stabilizes (Figure 1.1).35

Atmospheric CO, at Mauna Loa Observatory annual mean growth rate of CO, at Mauna Loa
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Figure 1.1. Atmospheric mean CO, concentration at Mauna Loa Observatory from 1960
to 2018 (left); Annual mean growth rate of the atmospheric CO; (right)*.

This drastic CO; rise can be mainly attributed to human activities, including,
but not limited to, the burning of fossil fuels (e.g. coal, petroleum and natural
gas), which accounts for approximately 86 % of the anthropogenic
greenhouse gas emissions and various chemical processes.® In recent
decades, there is a growing awareness all over the world that anthropogenic
CO, emissions must be reduced and now many countries and institutions are
making attempts to decrease the greenhouse gas levels. The transition of the
energy dependence from fossil fuels to much cleaner and more sustainable

alternatives such as solar energy or hydrogen fuels would be ideal, however,

-9 -



CHAPTER 1. General Introduction and Aim of the Thesis

it is really a long-term goal and many more years are needed before the
realization of sufficiently developed techniques in practical industrial
implementation. Thus, considering that fossil fuels will still be the dominant
source of energy for humans in the foreseeable future, it is beyond all doubt
that exploring cost-effective and scalable technologies to keep the
atmospheric CO, concentration at a safe level is urgently required. To address
this issue, carbon capture & storage (CCS) or carbon capture & utilization (CCU)
(Figure 1.2) have been proposed and deployed as one of the most promising
strategies for reducing CO, emissions, particularly in the stationary point
sources, such as coal-fired power plants and chemical industries.”-8 However,
within both strategies, CO, capture and separation is considered as the most
crucial step, and approximately 70% of the cost of CCS or CCU is associated
with the selective CO, capture from the post-combustion flue gas, which
typically contains CO, (15-16%), a large quantity of N, (73-77%) and other
minor components (e.g. SOy, NOx, H,O, CO). Therefore, the breakthrough of
new materials or techniques with high performance that can capture CO, in a

low-cost, efficient and durable manner is the core for CCS or CCU success.

CCSs

2. Coal- or gas-fired
power station with
CO, capture plant Some CO,

shattmine 1. Mining of fuel

CO,in
atmosphere

2 4::.

v g Iy e ! e
< O, transport 1. Mining of fuel . Coz . ii:i
% ipeline st y utilization SIS 1
N N $ 4
Nt : F‘l’ cycle .

N\ |
N \ \Hﬂ CO, injection l lH

€O,

Supercritical utilization

CO, plume

Buoyant liquid
CO, plume

Figure 1.2. Diagrammatic representation of the CCS (left) and CCU (right) process
(Adapted from &9),

Several technologies have already been extensively explored and studied for
efficient CO, capture sofar, in the following of this chapter, a detailed overview

of the status and technologies in the field of carbon capture will be presented
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CHAPTER 1. General Introduction and Aim of the Thesis

followed by a detailed introduction on covalent triazine frameworks (CTFs) as
well as their potential applications, which is the core of this thesis and this

chapter will end up with the aim of this thesis.

1.1. Introduction to Carbon Capture Strategies

In the global transition to a sustainable low-carbon economy, CO, capture and
storage technologies play a crucial role for deep emission reduction, in
particular, for the stationary sources from the burning of fossil fuels and
industry. In general, three basic CO, capture scenarios can be adopted based
on the fundamental chemical processes involved in the combustion of fossil
fuels, i.e. 1) post-combustion capture; 2) pre-combustion capture and 3)

oxyfuel-combustion (Figure 1.3).1°
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Figure 1.3. Schematic illustration of post-, pre- and oxyfuel-combustion processes
(Adapted from'9).

Post-combustion capture

As shown in Figure 1.3, the post-combustion capture process is to separate
CO, from flue gas after the combustion of fuels before it was released to the
atmosphere. Normally, the flue gas generated in current power plants is mainly

-3-



CHAPTER 1. General Introduction and Aim of the Thesis

comprised of N, (73-77%) and CO, (15-16%) with a CO, partial pressure
equivalent to 0.15 bar and a total pressure of approximately 1 bar. This process
is the most feasible on a short time scale as most of the existing fossil fuel
consuming power plants can be easily retrofitted and the post-combustion flue

gas selective carbon capture will be the main focus of this thesis.
Pre-combustion capture

In the pre-combustion capture, the primary fuel firstly reacts at high pressure
and temperature with O, or air to form the syngas containing CO, CO, and H..
The second stage involves the conversion of CO using a water-gas shift
reactor to produce CO, (25-35 %) and additional H, (30-50 %), in which the
CO; and H; are separated prior to combustion. However, the temperature and

efficiency associated with H,-rich turbine fuel are problematic.
Oxyfuel-combustion

In contrast to post- and pre-combustion capture, oxyfuel-combustion takes
place in a pressurized CO,-rich stream in which N, is excluded through a
preliminary air separation step (Figure 1.3). During oxyfuel-combustion, a
combination of nearly pure oxygen (95%) and recycled flue gas (mainly CO,)
is used for combustion of the fuel. The recycled flue gas is used to control the
flame temperature and make up the volume of the missing N, to ensure there
is enough gas to carry the heat through the boiler. This process forms the basis
for almost zero emission, which seems more promising than the other two
methods. However, this process requires to redesign the turbines, such that
the retrofitting of existing plants is not considered economical and the
stringent requirements for nearly pure O, make the implementation of this

method more challenging.

1.2. Current Carbon Capture Technologies and Materials.

The need for techniques that can be used within CO, capture systems

-4 -
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especially for coal- and gas-fired power plants has prompted the study of
several classes of materials or methods to date. Generally, a diverse range of
routes and materials exists for carbon capture, including aqueous
alkanolamine absorbents, membranes and porous solid materials (e.g. zeolites,
carbon-based materials, metal organic frameworks (MOFs) and covalent
organic frameworks (COFs)). In the following, a detailed description of each

technique will be presented.
1.2.1. Aqueous Alkanolamine Absorbents

From a current point of view, the absorption of CO, into aqueous alkanolamine
solutions is among the most effective technologies and has been widely used
for CO, capture from coal- or natural gas fired power plants for more than 50
years. Figure 1.4 illustrates the CO, capture process using amine scrubbing.
Generally, the flue gas flows countercurrently to the aqueous alkanolamine
solvent in the absorber, where CO; is removed via chemical reaction into the
liquid stream at ~40 °C. This liquid stream then goes to a stripper using water
vapor and operating at 100-120 °C, where the solvent is regenerated and CO,
is released into the gas stream. Then, pure CO, can be produced when water

is condensed out of the gas stream, followed by CO, compression and

storage.!'-12
CO,,
N:‘{'}:T H:0
ABSORBER | DESORBER
o Regenerated
Q Solvent
o
o * Heat Exchanger
[ ]
Flue Gas: .
COa, :
N3, O, 7 Steam
MO, 50,
—_— e e e
CO.-
Loaded

Solvent
»>
Solvent

Figure 1.4. CO, capture from flue gas by aqueous amine in the absorber and solvent
regeneration in the desorber (stripper) (Adapted from ref. 12).
- 5 -
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In particular, monoethanolamine (MEA) is considered as the benchmark
solvent and has been extensively employed and studied in industry since
1930s. It is regarded as a state-of-the-art process with the operating
conditions of 20%-30% (by mass) aqueous MEA, 0.2-0.35 mol-mol-' lean
loading, and inlet temperature of approximately 40 °C. During the CO,

absorption process, two amine molecules react with one CO, molecule to form
a carbamate ion and a protonated amine (i.e., 2MEA + CO, _, MEACOO- +

MEAH-), limiting the loading capacity to 0.5 mol CO, per mol amine. This has
been proposed to occur via a single-step termolecular (direct) or two-step
zwitterion mechanism (Figure 1.5).13'4 However, it still faces numerous
challenges, such as high energy consumption for solvent regeneration, low

capacity to absorb CO,, poor thermal stability and high corrosivity.
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Figure 1.5. Proposed two-step zwitterion mechanism or one-step termolecular
mechanism during CO» capture in aqueous amine solution (Adapted from ref. 12).

To overcome these disadvantages, in the recent years, blending of commercial
solvents has been considered as potential applications in CO, absorption,
such as MEA-MDEA (Methyldiethanolamine), DEA (Diethanolamine)-MDEA or
AMP(2-amino-2-methyl-1-propanol}-PZ (piperazine). The system combines
the advantages of primary/secondary amines (fast kinetics) and
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tertiary/sterically hindered amines (high absorption capacity and low energy

consumption to strip CO,).11. 15

lonic liquids (ILs), a new class of absorbents, have recently attracted much
attention and been referred as green absorbents for gas adsorption and
separation since they are non-volatile, thermally stable, non-flammable, and
reusable and can be used in the process in a wide liquid range and virtually
limitless tunabilities.’® However, in addition to solubility and selectivity, multi-
aspect performance of ILs, such as solvent cost, enthalpy of the reaction,
density, biodegradability and toxicity, transport properties, volume expansion
and micro-structures, inevitably needs consideration before large-scale

applications of ILs.!”

Although aqueous alkanolamine solution has been industrially employed for
more than 50 years and will still be the dominant approach in industry for CO,
capture, there are still many technical and fundamental constraints that need
to be addressed and improved, including decomposition of the amine solvents,

environmental concemns, high energy consumption and equipment corrosion.
Decomposition of the solvent

Solvent degradation is an undesirable operating problem caused by prolonged
exposure of amine solvent to CO,, O,, SO, and fly ash in the flue gas. It
introduces unwanted by-products, such as heat stable salts, heavy
hydrocarbons and particulates into the system. These by-products either
reduce the ability of the solvent to absorb CO, or to strip CO, under typical
regeneration conditions, which may be prevented by adding so-called
inhibitors, lowering the solvent regeneration temperature or reducing residual

SO, content of the flue gas.
Experimental concerns

The current lack of information conceming the details of the chemistry

associated with the degradation products that are associated with the amine
-7 -
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processes is a cause for some concerns, as preliminary results indicate that
many of the degradation products will be harmful to both human health and
the environment. Furthermore, it is known that some amine degradation
products include amides and aldehydes as well as nitrosamines, which are
potent carcinogens. Thus, of the thermophysical properties often considered
in solvent selection for CO, capture, the volatility of the amines is very
important, and should be given significant weight in any solvent design work

in this area.'®
High energy consumption

The energy input required for regenerating the solvent is decisive forthe overall
efficiency of the post-combustion technique. More specifically, CO, capture
and separation requires a continuous supply of heat to the installation for the
sorbent regeneration. The temperature of the heating medium supplied to the
desorber should be heated to 393 K to regenerate the solvents. For examples,
using MEA, the desorption process requires 2-5 MJ of heat per 1 kg of
separated CO,. Further potential savings can be obtained by selecting the
amine solutions, optimal design and switching of the individual unit
components as well as optimisation of the entire system in order to approach

the thermodynamic limit.12. 18
Equipment corrosion

Equipment corrosion is another undesired operating problem in the CO,
capture process using amines. It severely damages equipment, reduces
operation efficiency and increases maintenance expenses. To minimize
damage of plant units, inorganic or organic inhibitors are usually added to the
amine solvent to prevent corrosion. Generally, the vanadium-containing
compounds, especially sodium metavanadate (NaVO,), are the most popular
inorganic ones for CO, capture in MEA-treating plants, since they have less

toxicity compared to other compounds,!" while the most widely used organic

-8-
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inhibitors for avoiding corrosion are the nitrogen-based surfactant inhibitors,

such as imidazolines and their precursors.®

Overall, advanced solvent is of great importance for CO, capture processes,
however, an appropriate selection of an attractive and possible
commercializable solvent is very complex since it involves a series of steps
from experiments in laboratory to pilot plant scales, as well as an accurate

process simulation.
1.2.2. Membranes

The use of membranes for carbon capture and separation (e.g. CO,/CH,,
CO./N,) is arelatively novel technology and has gained significant attention as
an alternative in comparison to traditional carbon capture technologies andis
not being widely explored in detail.20-21 It utilizes the differences in the diffusivity,
solubility, absorption and adsorption abilities of different gases on different
materials for specific gas capture and separation. Efforts to study membranes
for CO, separation have mainly focused on a few different types of materials
including polymers, zeolites and their derivatives, MOFs and COFs. Historically,
polymeric-based membranes have been extensively studied owing to their low
production costs, mechanical flexibility and ease of processability.22 However,
polymeric membranes suffer from short lifetimes and limited thermal and
chemical stability.20. 23 In recent years, MOFs and COFs have received
increasing attention as viable materials for use in membrane-based gas
adsorption and separation processes and considerable achievements have
been made for increasing both the selectivity and permeability parameters in
CO, capture and separation.2t. 2426 |[n 2005, R. A. Fischer and C. Woll reported
on the growth of the first pure MOF membrane, which serves as the basis for
later developments in using MOF membranes for gas separation.2s As this
topic falls beyond the scope of this thesis, the readers are referred to some

critical reviews on this type of materials.2!.27-31
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1.2.3. Porous Solid Materials

Compared to the aforementioned approaches, CO, capture by physical
adsorbents appears to be promising energy-efficient alternatives to the current
state-of-art aqueous amine wet-scrubbing system. For this purpose, many
physical adsorbents, such as zeolites and carbon-based materials, have been
extensively evaluated and explored. Simultaneously, the emerging new
classes of advanced porous materials, including MOFs and COFs, have been
recognized as more promising candidates for carbon capture compared to the
traditional porous adsorbents and have been comprehensively explored and
studied in recent years. A brief description of the exploited porous materials

will be given in the following paragraphs.
Zeolites

Zeolites are a class of crystalline porous aluminosilicates, whose frameworks
are built of a periodic array of TO, tetrahedra (T = Si or Al) and they are amongst
the most widely reported adsorbents for CO, capture in the patent and journal
literature.’® One of the most promising zeolites is 13X exhibiting a CO, uptake
of 2-3 mmol/g at 0.1 bar (288-308 K), which is always regarded as the
benchmark zeolite for CO, capture.32 The gas adsorption and separation
properties of zeolites are heavily dependent on the size, charge density as well
as the chemical composition of cations in their porous structure.2 33 Thus, lots
of research efforts have been directed towards obtaining zeolites with high
surface area, large pore size or altering their composition of Si/Al ratio. Another
research field of zeolites focuses on the exchange with alkali or alkali-earth
cations (e.g. Na+, K+, Ca2+, Mg?*) in the structure of zeolites to enhance their
CO, adsorption performance.3* However, the low selectivity of CO, over other
gases (e.g. N,, CH,, H,, hydrocarbons) and rapid decline of their adsorption
capacities with increasing temperature and presence of moisture and
impurities needs to be addressed before they can be widely applied in

practice.ss
-10 -
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Carbon-based adsorbents

Carbon-based materials received great interest for CO, capture owing to their
wide availability, low cost, high thermal stability and surface tunability.s6-37
However, the weak physical CO, adsorption of carbon materials leads to a
high sensitivity to temperature and relatively low selectivity in operation. As a
consequence, current research of this field mainly focuses on improving the
CO, adsorption performance via two approaches: (1) increasing the surface
area and tuning the pore structure of the carbon materials, either by using
different precursors or forming different structures, such as carbon nanotubes,
carbon molecular sieves; (2) increasing the alkalinity by impregnation of basic
additives or incorporation of basic nitrogen-containing groups. A brief
summary of the current research activities on carbon-based CO, adsorbents

is summarizedin Figure 1.6.

J-CPANHCI

Figure 1.6. A summary of current research activities on carbon-based CO»-adsorbents.
The middle part shows the types of carbon adsorbents that have been studied, the left
part shows the impregnation or grafting of basic additives, and the right part shows the
incorporation of N-containing groups.?
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Metal Organic Frameworks

Metal Organic Frameworks (MOFs), also known as Porous Coordination
Polymers (PCPs), are a rapid growing class of crystalline porous materials that
are built from inorganic units (metal ions or metal clusters) connected by
organic ligands to form an ordered, porous network in one or more dimensions
(Figure 1.7). The flexibility with which the constituents' geometry, size and
functionality can be varied has led to more than 20,000 MOFs being reported
and studied since the pioneer Yaghi reported the first metal organic framework

in 1995.38

Figure 1.7. Schematic build-up of metal-organic frameworks with ligands (rods)
connected through metal ions (circles) (Adapted from reference 29).

A general timeline for the development of MOFs is provided in Figure 1.8,
which is expectedto give the readers a launching point to this vast and rapidly
growing field of materials and corresponding properties. Importantly, the large
surface areas, framework flexibility, tunable pore sizes as well as tailor-made
framework functionalities of this type of materials over the traditional porous
materials empower them as ideal platforms for the development of next
generation selective CO, capture materials. In this regard, since the first
reported MOF, denoted as MOF-2, was explored for CO, adsorption in 199824
significant efforts and extensive achievements have been made in recent years
for improving the gas adsorption and separation performance of metal organic

frameworks. Generally, the gas adsorption and separation performance of
-12 -
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MOFs can be improved by precisely tuning the pore size or incorporation of
task-specific functional groups, doping metals, introduction of weakly basic
nitrogen groups or open metal sites. For example, as far as low pressure CO,
adsorption, Mg-MOF-74 performs the best, exhibiting the CO, uptake of 8.6
mmol/g (37.8 %) at 298 K and 1 bar,* while both MOF-210 and MOF-200
currently hold the CO, storage record with the saturated CO, adsorption
capacity of 2400 mg/g (54.5 mmol/g) at room temperature and 50 bar.4* The
benchmark MOFs for CO, capture at both low and high pressures are listed in

Table 1.1.
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Figure 1.8. A timeline showing some of the breakthroughs in the discovery of MOF

nanostructures.
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Table 1.1. Current benchmark MOFs for CO2 adsorption at both low and high pressures.

Temperature CO; uptake  Pressure Temperature COzuptake Pressure
MOF MOF
(K) (mmol/g) (bar) (K) (mmol/g) (bar)
Mg-MOF-74 238 8.6 1 MOF-210 298 54.5 50
TN O 296 8.0 1 MOF-200 298 545 50
us(BTC)2(H20)15 298 8.4 1 NU-10 298 46.4 40
(hydrated 4 wt%)
Co.MOF.74 508 . 1 MOF-205 298 38.1 50
MAF-X250x 298 71 1 MIL-101 303 40 50
Ni-MOF-74 298 7.1 1 MQF-177 298 35 45

Methane, as the main component of natural gas, is considered to be an
important candidate for clean transportation fuels. The storage of methane by
using adsorbents has been pursued extensively as an alternative to
compressed gas storage at high pressure. However, none of the conventional
adsorbents have afforded sufficient CH, storage to meet the conditions
required for commercial viability. In 2012, the US Department of Energy (DoE)
set the ambitious volumetric storage target for adsorbed natural gas to 263
cm3 (STP) cm? at room temperature and 65 bar.? To achieve higher adsorption
capacity, it is necessary to ensure that micropores with sizes well suited to
methane molecules are densely and uniformly distributed in the porous solid.
MOFs are therefore good candidates as adsorbents for CH, storage because
of their unique features. To our delight, in 2018, a sol-gel monolithic MOF
(monoHKUST-1) was reported and the working capacity of this MOF material can
reach up to 259 cms? (STP) cms,*2 reaching the target of DoE for CH, storage
and holding the highest value reported to date for all kinds of porous

adsorbents (Table 1.2).

Table 1.2. The benchmark MOFs with high CH, adsorption capacity up to 65 bar.
Temperature Total CHs uptake Working capacity

MOF (K) (cm3/cm?3) (cm3/cm3)

DOE target 298 700 cm3/g 263
monoHKUST-1 298 - 259
HKUST-1 298 267 183
UTSA-76a 298 257 187
MFM-115a 298 238 181
UTSA-110a 298 241 190
Al-soc-MOF-1 298 197 169

Working capacity is obtained between 5 bar and 65 bar.

-15 -
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Apart from CO, capture, the separation of CO,/CH, and CO,/N, is also of great
importance in many industrial processes such as natural gas sweetening,
biogas upgrading, oil recovery enhancement and landfill gas purification.43
MOFs, as promising candidates, have been extensively studied for this
application. However, due to the differences of the measurement conditions,
it is difficult to conclude which material shows the best performance. The

readers are referred to some critical reviews for clarification.44-47

As a potential renewable and clean energy source, the use of hydrogen as an
alternative fuel would resultin much lower CO, emission. To advance the move
towards a hydrogen economy, the storage of H, seems to be the most
important step. Among the different adsorbents, the use of MOF materials for
H. storage systems is regarded as particularly promising and few MOFs have
shown exciting results for H, storage.#¢-52 Recently, the group of Farha and
Hupp reported a benchmark study of hydrogen storage in a series of MOFs
under temperature and pressure swing conditions. Remarkably, some of the
tested fourteen MOFs exceeded the volumetric DoE 2025 target (40g/L) and a
reasonable linear correlation between the pore volume and deliverable

gravimetric capacity was observed (Figure 1.9).58
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Figure 1.9. (a) Plot of BET area against pore volume. Roughly 1 cc/g pore volume gives
about 2500 m?/g BET area. (b) Plot of pore volume (red circles) and BET area (blue
triangles) against gravimetric deliverable capacity. capacity with increasing pore volume
(c) Volumetric Hz deliverable capacity of the MOFs studied under different temperature
and pressure conditions (Reproduced from?3).

Covalent Organic Frameworks (COFs)

COFs, firstly discovered by Yaghi and co-workers in 200554 are newly
emerged crystalline porous materials that are constructed with organic
building blocks via strong covalent bonds, whose structures can be precisely
predetermined by molecular building blocks using reticular chemistry.ss A brief
timeline concerning the developments in the field of COFs is provided in Figure
1.10 to give the readers a better understanding on the history of this type of

materials.
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Figure 1.10. A general timeline on the history of COFs, as reproduced from®®.

Until now, there have been several different types of reversible reactions for
the formation of COFs, as summarized in Figure 1.11. Recently, COFs have
been proposed as promising candidates for CO, capture because of the fact
that they process almost all the merits of MOFs having a high CO, adsorption
capacity, great CO, selectivity over other gases, structural diversities, high
permanent porosities, low density as well as high thermal and chemical
stabilities. Since the first report on COFs for CO, adsorption in 2009,% great
efforts have been made to improve the CO, capture performance of this type
of materials and rapid research progress has been achieved. The benchmark
COF for CO, adsorption at low pressure is claimed to be PPF-1, which exhibits
the CO, uptake of 136 cm3/g (5.99 mmol/g) at 273 K and 1 bar,’ relatively
lower than that of MOFs and CTFs, while COF-105 represents the benchmark
COF for H, storage (10 wt% at 77 K and 80 bar).53. 56 However, some aspects
are necessary to obtain significant improvements in this area, including the
construction of 3D COFs with high surface areas and pore volumes for high-
pressure gas storage or precisely tuning the pore size and functionalities of

COFs for efficient gas separation (e.g. CO./N,, CO,/CH, and C3;H¢/C;sH; etc.).

As stated in the review of Zhao et al.s8, taking all the parameters (e.g. gas
adsorption and separation performance and chemical stability) into account,

both imine and triazine-based COFs will tentatively have broader prospects for
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the application of CO, capture. However, there is still a long but prospective

way to go for their further applications in this area.
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Figure 1.11. Diversity of linkages for the formation of COFs (Adapted from %9).

1.3. Covalent Triazine Frameworks (CTFs)

1.3.1. Introduction of Covalent Triazine Frameworks

The polymerization of aromatic nitriles under Lewis acid assisted conditions
can date back to 1960s reported by W. G. Toland and S. Rafael.®0 They

reported on the trimerization of benonitrile and aromatic dinitriles to form
-19 -
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aromatic substituted triazines employing certain metal salts as catalysts, in
which the catalysts, catalyst concentration as well as the reaction time and
temperature have great influence on the polymerization process. In 1973, G.
H. Miller (Texaco Inc.) employed several nitriles as monomers to obtain a set
of highly stable crosslinked polymers and the approach of mixed-ligands was
also applied in this study.6' At that time the term of covalent triazine
frameworks (CTFs) was not coined yet and researchers mainly focused on the
process of polymerization without analyzing the potentially porous nature of
the materials. It took this class of materials more than three decades to achieve
the “scientific breakthrough” and regain attention by the scientific community.
In 2008, the concept of CTFs was firstly adapted and reported by Kuhn,
Thomas and Antonietti.®2 Targeting at the synthesis of polymers with tunable
functionalities and intrinsic porosities, they developed CTFs as a high-
performance class of materials with exceedingly high thermal and chemical
stability, high porosity as well as numerous nitrogen-sites due to the presence
of triazine functionalities within the structures. In this work they introduced five
different monomers to prepare the CTF materials and the first covalent triazine
framework, denoted as CTF-1, was prepared via dynamic trimerization of 1,4-
dicyanobenzene (pDCB) in molten ZnCl, at 400 °C (Figure 1.12). The molten
ZnCl, acts both as Lewis-acidic reaction medium with high solubility for the
monomers and as catalyst for the trimerization reaction during synthesis.62
Here in this thesis we will refer to CTFs as any porous materials which have

been synthesized by the trimerization of aromatic nitriles.
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Figure 1.12. lIdealized schematic formation of CTF-1 by trimerization of 1,4-
dicyanobenzene in molten ZnCl, under ionothermal conditions.

In principle, a huge variety of monomers (building blocks) with varying aromatic
structure elements can be used to give access to a broad range of materials
with tunable properties in terms of steric effects or doping with different
heteroatoms. In this manner, the properties of this type of materials including
porosity, pore size, specific surface area, nitrogen content as well as the
surface functionalities and polarities can be easily adjusted for the task-
specific applications. In addition to these tunable physical and chemical
properties, the exceptionally high stability of these materials in water, acid,
base as well as common organic solvents make them promising candidates
for numerous applications under harsh reaction conditions. Consequently,
considerable efforts have been devoted to rationally design and synthesize
various CTF materials and explore their possible applications. A summary of
the building blocks which have been used for the preparation of CTFs in

literature so far is shown in Figure 1.13.
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1.3.2. Synthesis Strategies of CTFs

For the preparation of triazine-based porous covalent organic polymers,
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various synthesis approaches have been discussed and developed in
literature,®3-64 however, based on the aim of this thesis, in the following we will
mainly discuss the approaches of CTF preparation via trimerization of aromatic
nitriles, including ionothermal synthesis, Bronsted acid synthesis and sulfur-

mediated route (Figure 1.14).

Figure 1.14. CTF synthesis procedures starting from various monomers, comprising (a)
ionothermal synthesis, (b) Brensted acid synthesis and (c) sulfur-mediated route (Adapted
from®4).

lonothermal Synthesis

The concept of ionothermal synthesis was firstly reported by R. E. Morris in
2004 forthe synthesis of zeolite analogues with an ionic liquid instead of water
which acts both as the solvent and the structure directing agent at high
temperature (400 °C) and pressure.® As reported in the first CTF publication
by Antonietti et al., they developed the approach by dynamic trimerization of
nitriles in molten ZnCl, at high temperature, triazine-based materials with high
porosity properties can be obtained that are similar in performance to zeolites
and ZnCl, acts as solvent and catalyst for the trimerization reaction.s2 Typically,
the respective monomer and ZnCl, were transferred into an ampoule, which

was evacuated, sealed and heated at 400 °C for 40/48 h and the black porous
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CTF materials were obtained after further purification steps (Figure 1.15). It
should be noted that most of the reported CTF materials prepared using this
approach are amorphous except for CTF-0%, CTF-162 and CTF-2¢7, which are

crystalline porous frameworks.

P
- 4 )
o i 4
p = ¢ ;
P

Figure 1.15. Representation of the preparation of the porous CTF materials.

In the following, a comprehensive overview of the influence of various reaction
parameters such as the temperature and monomer concentration as well as
the geometry and functionalities of the monomers on the outcome of the
polymerization reaction in terms of chemical nature and porous properties of
the materials is proposed by the same group.® As discussed in this study, high
reaction temperature during the ionothermal synthesis can be employed to
increase the porosity and surface area while it also comes at a cost: irreversible
carbonization taking place leads to a loss of nitrogen, defects in the
frameworks as well as rather undefined surface functionalities, thus the
materials can better be described as nitrogen-doped carbons rather than
triazine-based frameworks. In this manner, so far the highest reported specific
surface area and pore volume for CTFs can reach up to 3300 m2/g and 2.4
cm3/g when a temperature of 600 °C was applied after a preformation step at

400 °C.89
Bronsted Acid Synthesis

In 2012, Cooper et al. reported an alternative approach for the synthesis of
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CTFs.’”o They employed CF;SO;H as the catalyst to trimerize the aromatic
nitriles under both room temperature and microwave conditions, which offered
significant advantages by avoiding ZnCl, residual in the frameworks,
decomposition of nitriles as well as carbonization of the materials. The
resulting porous materials are typically pale yellow or brown in contrast to the
black materials synthesized under ionothermal conditions, making them
attractive for photocatalytic or sensing applications. Due to the mild reaction
conditions, the Bragnsted Acid approach can also be used to synthesize porous
CTF membranes by spreading thin films of the acidic nitrile solution onto flat
glass discs and heating it at 100 °C.”* Nevertheless, some critical drawbacks
of this methodology limit its widespread feasibility, such as high cost of the
catalyst, low synthesis temperature required, unavailability for heteroatomic
monomers, difficulty in handling the reaction due to corrosive and eye irritating
carcinogenic chemicals involved as well as ice cold brine solution necessary

for neutralization.63
Sulfur-mediated Route

Appart from the aforementioned two typical methods, more recently, the group
of Coskun reported that CTFs can be prepared via a sulfur-mediated route
without any catalysts or solvents.”2-73 Within this approach, CTFs are formed
in the presence of elemental sulfur via in-situ vulcanization at 400 °C and the
obtained CTFs show great potential as a cathode material for Lithium-Sulfur
batteries. However, the limited possible applications of this type of obtained

CTF materials hinder its widespread developments.

1.3.3. Applications of CTFs

Since the discovery of CTFs by the group of Thomas in 2008, this type of
materials has been extensively exploited in a wide range of applications,
including gas sorption and separation,’+8¢ heterogeneous catalysis,8o-105

adsorption of toxic organic compounds (e.g. dyes,'6-107 aromatics,8
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surfactants’® or hazardous compounds'?), sensing and detection (e.g.
ammonia," nitroaromatics'2-113) as well as lithium batteries7273. 114115 due to
their remarkable surface area, low skeleton density, exceptional high thermal
and chemical stability as well as enhanced tunability and functionality. Since
the main aim of this thesis is designing novel CTF materials forthe application
of gas adsorption and separation, discussion of each application falls beyond
the scope of this thesis. In the following we will mainly focus on the application
of gas adsorption and separation and for other applications, the readers are

referred to some critical reviews.63-64,116,

Gas Storage and Separation

As mentioned at the beginning of this chapter, CTFs have been recognized as
promising platforms for gas storage and capture owing to the tunable
modification of their pore size and functionalities by selecting the appropriate
building blocks. From the view of the pore structures, it has been shown that
ultramicropores are beneficial for selective CO, capture and for this reason
tremendous efforts have been made to improve the gas adsorption capacities
or selectivities of CTF materials. Lotsch et al. reported on a series of nitrogen-
rich CTF materials as high-performance platforms for selective carbon capture
and storage.’”” With the wide range of sorption data at hand, they proposed
some general trends in the gas adsorption behavior within the CTF familiy and
nitrogen-containing porous polymers in general, revealing the dominant role of
the micropore volume for maximum CO, uptake, while the nitrogen content is
a secondary effect enhancing the CO, adsorption performance. In contrast,
the high CO, over N, selectivities are largely attributed to the nitrogen content.
In the report of Zhong et al., a class of CTFs with ultramicropores and high
nitrogen content were prepared for highly selective CO, capture. Especially,
CTF-FUM-350 exhibited a significantly high CO./N, (102.4) and CO,/CH, (20.5)

selectivity at 298 K.8' The approach of mixed-ligand for the preparation of
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CTFs was reported by Janiak et al., in which the higher CO,-accessible
micropores volume and higher micropore volume fraction (Voi/Vis.) was
assigned to be the dominant factor for the enhanced CO, adsorption
performance.8 On the other hand, from the aspect of chemical composition,
the incorporation of preferential CO,-philic functionalities (e.g. nitrogen,?7. 8¢. 8
oxygen,8. 117 fluorine,’ 8. 118 et al. ) into porous materials to induce strong
electrostatic interactions between the CO, molecules and the material surface
has been regarded as a useful route to improve their CO, adsorption capacities
and selectivities. Jian et al., employed a series of N-heterocyclic phthalazinone
monomers to prepare porous ether-linked phthalazinone-based CTFs
(PHCTFs) with electron-rich N/O atoms (Figure 1.16) and one of the prepared
CTFs (PHCTF-5) exhibited a significantly high CO./N, selectivity of 138.117
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Figure 1.16. Preparation routes of the ideal phthalazinone-based covalent triazine
frameworks (Adapted from™7).

Very recently, Dai et al. reported on an in situ doping strategy for the
preparation of hexaazatriphenylene-based conjugated triazine frameworks
(Figure 1.17). The synergistic effects of ultrananoporosity and rich N/O
codoped CO,-philic sites bestow the framework (HAT-CTF-450/600) with an
exceptionally high CO, uptake (6.3 mmol/g,273 Kand 1 bar), which represents
the highest value for all the reported CTFs until now.83 More importantly, this
material can adsorb up to 3.0 mmol/g CO, at 0.15 bar/273 K, where the

pressure is more relevant to practical carbon capture since flue gas contains
07 -



CHAPTER 1. General Introduction and Aim of the Thesis

approximately 15% CO, at a total pressure of 1 bar.

=N N=
D
N N\ 4
m
NC OMe \LS:. N7 N
0
N
v N /] - N -\
N °N ZnCl, N = )=t? , Q__‘Q\ /
/_e-\ N N N N
N = — N =N N
400~ o N N % M N ‘1 ‘) < :3
\lc()—S’_ Boon -G0%C — ks_ NN \—Q—
- — H N N E {
N N H - - : N N\ N
: 0 : ‘ - -
NC OMe N VY XL H\ /
................ % B
-OMe in-situ Decomposition 0
HAT-3CN

O-doped HAT-CTFs
Figure 1.17. Synthesis route of the proposed O-doped HAT-CTFs (Adapted from?3).

In search of a particular functionality for some task-specific applications,
fluorine groups have been regarded as a suitable candidate because of the
fact that (1) the high electronegativity of F can further promote CO, adsorption
through electrostatic interaction; (2) F groups can effectively reduce the
micropore size to < 0.5 nm, thus facilitating CO, uptake and CO,/N, separation
by kinetic selectivity and (3) the hydrophobic C-F bonds can upgrade the
materials tolerant to water. Along this line, Han et al. reported on the first
perfluorinated covalent triazine-based framework (FCTF-1) for selective CO,
capture by using tetrafluoroterephthalonitrile as the monomer (Figure 1.18).74
Remarkably, the material of FCTF-1-600 exhibited a significantly high CO,
uptake of 5.53 mmol/g at 273 K and 1 bar and an exceptional CO./N,

selectivity of 77 under kinetic flow conditions.
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Figure 1.18. Reaction schemes and ideal structures of FCTF-1-600 synthesized through
the trimerization of tetrafluoroterephthalonitrile (Reproduced from™4).
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Furthermore, Liu et al. reported on a set of fluorinated microporous organic
polymers (F-MOPs), showing a twofold increase in the CO, adsorption
capacity in comparison to the corresponding non-fluorinated MOPs due to the
electrostatic interactions with the polar C-F bonds in the skeleton.’® As a
potential renewable and clean energy source, hydrogen storage remains
challenging and the use of adsorbent materials for H, storage offers an
appealing alternative to current H, transport technologies. Thomas et al.,
examined for the first time the H, storage potential of CTFs on DCBP (DCBP =
4,4’-biphenyldicarbonitrile) network, which can adsorb 1.55 wt% H, at 77 K
and 1 bar.®2 Janiak et al., employed a novel tetranitrile as the monomer to
obtain a porous CTF material (PCTF-1) with high surface area (2235 m2/g) and
significantly high H, uptake (1.86 wt% at 77 K and 1 bar)."® A fluorene based
covalent triazine framework (fl-CTF-400) with the H, adsorption capacity of
1.95 wt% was reported by Lotsch et al.”s, who reported later on a series of N-
rich CTFs with exceptionally high H, uptake (2.1 wt% at 77 K and 1 bar).”” In
the report of Giambastiani et al., the synthesis and characterization of four CTF
samples obtained from 1,3-dicyanobenzene (1,3-DCB) and 2,6-
dicyanopyridine (2,6-DCP) at high temperatures were described (Figure 1.19)
and more interestingly, the material of CTF-py"T exhibit the H, adsorption
capacity of 2.63 wt% (13.02 mmol/g) at 77 K and 1 bar, which represents the

highest value among all the CTF materials reported in literature up to now.8
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Figure 1.19. Schematic representation of the synthesis of CTFs (left); H, adsorption
isotherms of the studied CTF materials measured at 77 K (right) (Adapted from&5).

A systematical comparison of the gas adsorption capacities and selectivities
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of the reported CTF materials in literature is summerizedin Table 1.3.

Table 1.3. A summary of selected state-of-the-art CTF materials for carbon dioxide
capture and separation (up to 1 bar).

CO:2 uptake H: uptake

Seer Qs ™ CO2/No®  CO2/CH4®
Samples (mmol/g) (wt%)
(m?/q) (kd/mol)  Selectivity Selectivity
273K 298K 77K
HATCTF450/600 1090 6.3 4.8 - 271 126 -
F-DCBP-CTF-1 1574 5.98 3.82 1.77 33.1 31 -
CTF-py"™ 3040 5.97 422 2.63 271 29 -
Bipy-CTF-600 2479 5.58 2.95 2.1 344 37 -
HATN-CTF-2 1684 5.57 3.53 1.74 32.6 33 7.8
F-CTF-1-600 1535 5.53 3.41 - 32 19° -
F-DCBP-CTF-2 1126 5283 3.16 - - 22 -
CTF-py 1239 5.08 3.79 1.63 351 45 -
CTF-BI-11 1549 4.93 2.63 - - 34.3° -
TPC-1 1940 4.9 247 2.02 32 38° 5°
MM2 1360 4.77 3.13 1.74 32 23° 5°
FCTF-1 662 4.67 3.21 - 35 31° -
PCTF-4 1404 4.66 2.86 1.3 31.5 56 20°
lut-CTF400 968 4.55 272 1.36 375 63 -
CTF-ph 1991 4.54 3.05 1.87 33.2 20 -
FCTF-20-400 2060 4.54 2.67 1.88 29 21 5.6
CTF-ph"T 2675 417 2.69 2.46 254 11 -
fl-CTF-400 2862 413 1.97 1.95 30.7 15 -
PHCTF1c 1845 3.89 2.27 1.92 16 12 12°
CTF-FUM-350 230 3.49 2.55 - 58.1 1024 20.5
CTF-20-400 1458 3.48 2.09 1.5 22 19 -
bpim-CTF-400 786 2.85 2.46 - 31 32° -
CTF-1 746 247 1.41 - 27.5 20° -

a. The selectivity is calculated at 298 K by Henry Model; b. The selectivity is calculated by
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Henry Model at 273 K; c. The selectivity is calculated by Ideal Adsorbed Solution Theory
(IAST).

1.4. Aim of the Thesis

With the booming growth of economy, the global climate changes caused by
burning of fossil fuels and emission of greenhouse gases (mainly CO,) have
become a severe problem. To address this issue and keep the CO,
concentration at a safe level, exploring more cost-effective and scalable
techniques for reducing CO, concentration is challenging and urgently
required for human beings. As a new emerging class of advanced porous
materials, CTFs have exhibited exceptionally high chemical and thermal
stabilities under harsh conditions in addition to high surface areas, large pore
volumes and diverse structural tunabilities and functionalities. Compared with
other traditional adsorbents (e.g. zeolites or activated carbons), this type of
materials have been regarded as promising and potential adsorbents for the
application of carbon capture and separation. As reported in literature,
incorporation of strong CO,-philic sites (such as N, O and F) into the structures
of porous materials is an efficient approach to achieve remarkable carbon
capture and separation performances. Along this line, the overall aim of this
thesis is adopting this efficient approach to prepare novel CTF materials by
designing and synthesizing a set of unique nitrogen- or fluorine-rich building
blocks and systematically investigates their gas adsorption and separation

properties.

In Chapter 2, we aimed to synthesize a novel N-heteroaromatic tetranitrile as
the building block for the preparation of nitrogen-rich CTF materials, which
serve as high-performance platforms for carbon capture and separation. The
influence of several parameters such as the ZnCl,/monomer ratio and reaction
temperature on the structure and porosity of the resulting frameworks were
systematically examined. It is well known that the incorporation of fluorine

groups into MOFs can significantly improve the materials' gas adsorption
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performance and it has been extensively studied, however there are only
limited few reports conceming fluorinated CTFs. In Chapter 3, we attempted
to obtain a series of fluorine functionalized CTFs via the introduction of fluorine
groups into the aforementioned tetranitrile building block to further improve
the gas adsorption and separation properties of the obtained CTF materials.
The aim of Chapter 4 was to explore how the CO,-philic sites (nitrogen sites)
affectthe materials' gas adsorption and separation performance. Thus, a novel
nitrogen-rich hexaazatrinaphthalene-based nitrile was prepared for the first
time as the building block for the synthesis of novel hexaazatrinaphthalene-
based CTF materials, which were thoroughly characterized and examined for
carbon capture and separation. In Chapter 5, we aimed to obtain a
perfluorinated hydrophobic CTF materials by functionalization of the monomer
of 4,4’-biphenyldicarbonitrile and the effects of fluorine groups on the gas

adsorption and separation properties were studied in detail.

In Chapter 6, the most important results obtained in this thesis were
highlighted and discussed. Suggestions for further research are proposed,
including perspectives on improving the CO, adsorption and separation

performances and possibility for practical and realistic applications.
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Abstract

In this chapter, a set of novel CTF materials have been designed and prepared
via trimerization of 4,4 ' 4 " ,4"-(1,4-phenylenebis(pyridine-4,2,6-triyl))-
tetrabenzonitrile in molten ZnCl, under ionothermal conditions. The influence
of several parameters such as the ZnCl,/’monomer ratio and reaction
temperatures on the structure and porosity of the resulting frameworks was
systematically examined. After a thorough characterization, their performance
in CO. and H. adsorption as well as their selectivity of CO, over N, was
assessed. Notably, the CTF obtained using 20 molar equiv. of ZnCl, at the
reaction temperature of 400 °C (CTF-20-400) exhibits an excellent CO,
adsorption capacity of 3.48 mmol/g at 1 bar and 273 K as well as a significantly
high H; uptake of 1.5 wt % at 1 bar and 77 K. In addition, one of the obtained
CTFs (CTF-5-400) also presents a relatively high CO2/N. selectivity (up to 36

at 298 K), making it promising adsorbents for gas sorption and separation.
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2.1. Introduction

Carbon dioxide, mainly produced from human activities including, but not
limited to, the burning of fossil fuels (e.g. coal, petroleum and natural gas), has
been widely accepted to be the primary contributor to global warming.'2
Considering that fossil fuels will still be the dominant source of energy for
humans in the foreseeable future, it is beyond all doubt that exploring more
cost-effective and sustainable materials for carbon capture from emission
sources remains challenging and urgently required.®® In terms of gas
adsorption and separation applications, an ideal porous material should exhibit
a significantly high CO. uptake and selectivity at low pressures as well as an
excellent resistance to water and acid gases.® To address the issue of carbon
capture, a new advanced class of porous and tunable materials including
MOFs’*® and COFs'*'" have demonstrated promising potential because of their
high surface area, intrinsic porosity, low mass density, high physicochemical
stability as well as diverse structural tunability. However, the poor chemical
stability of most MOFs limits their practical applications.'>™ In contrast, a
subclass of COFs, namely CTFs, have emerged as promising candidates for
gas capture and storage due to their high stability and porosity in addition to
their high intrinsic nitrogen content.? *'¢ Generally, CTFs can be prepared via
trimerization of aromatic nitriles either under ionothermal conditions using
ZnCl, as the catalyst' or using strong Brensted acid (CFsSOzH)'®. However,
the strong Breonsted acid approach cannot be applied to all types of monomers
and for this reason its widespread application is limited. Since the pioneering
work of Thomas et al. in 2008, who developed the first CTF materials, namely
CTF-1, tremendous efforts have been made to design and synthesize CTF
materials with the goal of enhanced gas capture (CO,) and storage (CH.+ and
H.)."®2° From the view of pore structures, it has been proven that
ultramicropores are beneficial for selective CO, capture. In the report of Lotsch

et al., a series of nitrogen-rich CTFs were synthesized and the gas adsorption

- 44 -



CHAPTER 2. Newly Designed Covalent Triazine Framework Based on Novel N-heteroaromatic Building Blocks for
Efficient CO2 and H2 Capture and Storage

results revealed the dominant role of ultramicropores for efficient and selective
CO; capture.” From the aspect of the building blocks of CTFs, the
incorporation of preferential CO-philic sites (e.g. N, O and F) into the
frameworks to induce strong electrostatic interactions between CO, molecules
and the material surface is expected to significantly improve their CO.
adsorption performance. With the aforementioned consideration in mind, we
present in this chapter the use of a novel heteroaromatic tetranitrile,
4,4'4",4"'-(1,4-phenylenebis(pyridine-4,2,6-triyl))tetrabenzonitrile  as  the
building block to synthesize a set of stable porous CTFs by varying the
ZnCl,/monomer ratio and synthesis temperature. The influence of several
parameters such as the ZnCl,/monomer ratio and reaction temperature on the
structure and porosity of the resulting frameworks was systematically
examined. After a thorough characterization, the obtained CTFs were explored
for their CO. and H. adsorption properties. In addition, their selectivity of CO.

over N> was also assessed for potential gas separation applications.

2.2. Results and Discussion

The CTF materials were typically prepared under ionothermal conditions using
molten ZnCl. both as the Lewis acidic trimerization catalyst and reaction
medium.'” As previous reports already demonstrated, the ZnCl./monomer ratio
as well as the reaction temperature have great influence on the structural and
porous properties of such networks.?'22 Therefore, in the present study, we
followed the typical ionothermal procedure wusing 4,4'4".4'"'-(1,4-
phenylenebis(pyridine-4,2,6-triyl))tetrabenzonitrile as the monomer to prepare
a series of CTFs by varying the reaction temperature and the amount of
employed ZnCl, (Figure 2.1). The obtained CTFs are denoted as, CTF-mol
equiv. ZnCl,-temperature, in the following (e.g. CTF-5-400 is prepared at 400
°C with 5 mol equiv. ZnCl.).
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mol. equiv. ZnCIz;

400°C or 500°C

Figure 2.1. Schematic illustration of the ideal synthesis of the CTF materials discussed in
this work.

The crystallinity of all the synthesized materials was examined by means of
powder X-ray diffraction (Figure 2.2). As expected, all the CTF materials are
amorphous. A broad peak at 26 = 24° is observed for the samples synthesized
at 500 °C, indicating a generally amorphous structure along with a few

graphitic two-dimensional layers.?
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Figure 2.2. Powder X-ray diffraction measurements of the present CTFs, indicating that
all the CTFs are amorphous.

The successful trimerization reaction was confirmed by FT-IR measurements
(Figure 2.3). For the CTF-5-400 and CTF-10-400, the characteristic band of

cyano group at 2230 cm™ can be clearly observed, indicating a low degree of
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trimerization. This might be attributed to the high mass of the monomer and
the employed amount of ZnCl, is not sufficient enough in such a reaction
mixture to completely dissolve the monomer and the produced oligomers. In
contrast, when 20 mol equiv. ZnCl, was used or the reaction temperature was
increased to 500 °C, the carbonitrile band at 2230 cm™ completely disappears,
indicating the successful completion of the trimerization. At a synthesis
temperature of 400 °C, the characteristic bands for the triazine rings at 1548
cm™ and 1360 cm™ are visible, while at a higher reaction temperature (500 °C)
these vibrations are rather featureless, which might be attributed to the partial

carbonization of the materials.™1°

Monomer
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Figure 2.3. FT-IR spectra of the monomer and all the obtained CTFs discussed in this
work.

Elemental analysis results indicate a relatively lower nitrogen content in
comparison to the theoretically expected values for all the obtained CTFs. It is
mainly due to the carbonization process and formation of irreversible C-C
bonds during the synthesis reactions. Additionally, a significantly enhanced
C/N ratio was observed when the reaction temperature and the amount of the
employed ZnCl, was increased (Table 2.1), which can be attributed to the
higher nitriles cleavages in the structure as well as to the decomposition of the
triazine rings during the trimerization process at higher reaction temperature

or high ZnCl, concentration which is in accordance with previous studies. 2>
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24 It should be noted that the total amount of elements (C, H, N) determined by
element analysis is always lower than 100%, the deviation might be due to the
trapped metal salts and water molecules in the pores, which could not be
completely removed.?%-26

Table 2.1. Elemental Analysis results of all the obtained CTFs.

Calculated (%) Found (%)
C H N C/N C H N C/N
CTF-5-400 83.02 3.77 13.21 6.28  78.29 3.59 5.15 15.2

Materials

CTF-10-400 83.02 3.77 13.21 6.28 82.14 3.69 5.33 15.4
CTF-20-400 83.02 3.77 13.21 6.28  82.33 3.02 4.07 20.2
CTF-5-500 83.02 3.77 13.21 6.28 78.34 1.95 4.18 18.7
CTF-10-500 83.02  3.77 13.21 6.28  84.22 1.91 4.16 20.2
CTF-20-500 83.02 3.77 13.21 6.28  87.21 1.44 3.46 25.2

The SEM images, presented in Figure 2.4, showed that all the CTFs display

the general morphology of aggregates of irregular lump having different sizes.

Figure 2.4. SEM images of (a) CTF-5-400; (b) CTF-10-400; (c) CTF-20-400; (d) CTF-5-
500; (e) CTF-10-500; (f) CTF-20-500.

The thermal stability of the obtained CTFs was confirmed by TGA analysis
under air atmosphere (Figure 2.5). For the samples synthesized at 400 °C, the
framework starts to decompose at around 440 °C, while the CTFs prepared at

a higher temperature are stable up to 500 °C, demonstrating their high thermal
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stability.
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Figure 2.5. TGA curves of all the obtained CTF materials measured at a heating rate of
10 °C/min under an air flow.

Gas sorption properties.

The permanent porosity properties of all the obtained CTFs were studied by

N2 sorption measurements at 77 K (Figure 2.6).
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Figure 2.6. N, adsorption (closed symbols) and desorption (open symbols) isotherms of
all the studied CTF materials measured at 77 K.

All the studied samples were activated at 150 °C for 3 hours under vacuum
prior to the measurements. As can be seen from Figure 2.6, all the CTFs show
a steep increase of N uptake in the low P/P, region, indicating the

microporous character of the materials and the existence of a slight hysteresis
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loop of the isotherms suggests the presence of mesopores. More specifically,
with the increase of the reaction temperature and the amount of ZnCl,, the
Brunauer-Emmett-Teller (BET) surface area and pore volume of the CTF
materials increased from 802 m?/g and 0.48 cm?®/g for CTF-5-400 to 1563 m?/g
and 0.94 cm?®/g for CTF-20-500, respectively. The higher porosity of the latter
samples might be assigned to the presence of extra defects in the structure
created at higher temperatures or when more ZnCl, is used.'® '° The detailed

porosity parameters for all the CTF materials are presented in Table 2.2.

Table 2.2. BET surface areas, pore volumes, CO, and H, adsorption uptakes, CO,
adsorption of isosteric heat (Qs) and CO./N; selectivities of the presented CTFs

CO2
uptake H2 Qst for
SBET @ Vmicro(b) Vtot(c) COZ/ Nz(d)
Sample (mmol/g)  uptake CO: o
(m?/g) (cm3/g) (cmd/Q) ————— Selectivity
273 298 (Wi%) (kJ/mol)
K K
CTF-5-400 802 0.37 048 225 151 0098 25.5 24
CTF-10-400 1033 0.50 059 290 1.68 1.21 27.9 14
CTF-20-400 1458 0.73 0.84 348 2.09 1.0 221 19
CTF-5-500 853 0.34 047 3.02 191 1.13 26.4 36
CTF-10-500 1251 0.7 078 320 1.90 1.34 25.7 18
CTF-20-500 1563 0.82 0.94 321 192 1.48 25.4 20

@ BET surface area was calculated over the relative pressure range of 0.01-0.05 at 77 K; ®
Vmicro, Micropore volume was calculated by N2 adsorption isotherm using t-plot method; © V
1ot, total pore volume was calculated at P/Po = 0.98; @ The selectivity was calculated by Henry
Model.

The unique N-heteroatom framework, the high surface area as well as the
microporous nature of the studied CTF materials prompted us to further
explore their gas sorption properties at atmospheric pressure. To this aim, CO,
adsorption isotherms were recorded at 273 K and 298 K (Figure 2.7 and Figure
2.8). As shown in both figures, when using the same equiv. of ZnCl.,, increasing
the synthesis temperature from 400 °C to 500 °C results in the materials
exhibiting a higher CO, uptake, while at the same synthesis temperature (400

°C), applying more equiv. of ZnCl, results in CTFs having a higher CO;
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adsorption capacity. Nevertheless, when the synthesis temperature is 500 °C,
the amount of employed ZnCl. has little effect on the material’s CO. adsorption
capacity as the CO, uptake is almost the same for all the samples obtained at

500 °C.
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Figure 2.7. CO, adsorption (closed symbols) and desorption (open symbols) isotherms of
the studied CTF materials measured up to 1 bar at 273 K.
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Figure 2.8. CO, adsorption (closed symbols) and desorption (open symbols) isotherms of
the studied CTF materials measured up to 1 bar at 298 K.

Among all the obtained CTFs, CTF-20-400 exhibits the highest CO. adsorption
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uptake of 3.48 and 2.09 mmol/g at 273 K and 298 K, respectively. The CO:
uptake of CTF-20-400 is much higher in comparison to numerous CTFs
measured at 273 K such as CTF-1 (2.47 mmol/g)?, CTF-DCN-500 (2.7
mmol/g)'®, PCTF-1 to 3 (2.02-3 mmol/g)?” and CTF-0 (1.54-2.34 mmol/g)'®. The
isosteric heat of CO. adsorption (Qs) is considered as a rough estimate of the
interaction energies. Thus, to get a better insight in the CO. adsorption of the
CTFs, we calculated the Qs for all the CTFs by employing the Clausius-
Clapeyron equation to fit the CO. adsorption isotherms at 273 K and 298 K
and plotted the Qs as a function of the adsorbed CO. uptake (Figure 2.9). At
low CO. coverage, the Qs values are calculated to be 22-28 kd/mol, which is
much higher than the heat of liquefaction of bulk CO, (17 kd/mol)?® and similar
to the isosteric heat of CO, adsorption on activated carbon.?® These results
indicate relatively strong interactions between CO. molecules and the network,

explaining the overall high CO; uptakes of the CTFs.
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Figure 2.9. Isosteric heat of CO, adsorption (Qg) of all the studied CTF materials.

Moreover, the incorporation of nitrogen sites into CTFs not only afforded
significant CO. uptakes but also resulted in more preferential CO, adsorption
over Ny, i.e., higher CO./N. selectivity, another crucial factor for realistic carbon
capture. Thus we further calculated the CO./N. selectivity at 298 K of all the
studied CTFs using the Henry model based on the CO. and N, adsorption
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isotherms (Figure 2.10) and the detailed values are listed in Table 2.2. The
highest CO2/N; selectivity was observed for CTF-5-500 (36 at 298 K), which is

in line with the fact that smaller pores are more favorable for CO. adsorption.
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Figure 2.10. CO, and N, adsorption isotherms measured on all the presented CTF
samples up to 1 bar at 298 K.

As a potential renewable and clean alternative to current fossil fuels, hydrogen
storage remains the major obstacle for its widespread applications and the
development of safe and efficient ways of H, storage remains urgent and
challengeable. Recently, adsorptive hydrogen storage in MOFs and COFs has
been explored as a plausible approach for hydrogen storage.®®®*' Thus, we
further carried out H, adsorption measurements on all the obtained CTFs up
to 1 bar at 77 K (Figure 2.11). In contrast to CO, adsorption, H. uptakes mainly
depend on the materials’ surface area and the H, adsorption capacities varied
from 0.98 to 1.5 wt % (Table 2.2). The highest H, adsorption capacity was
found for CTF-20-400 (1.5 wt%), this value is comparable to that reported for
DCBP-CTF (1.55 wt%)'” and is only slightly lower than PCTF-1 (1.86 wt%)%
and fl-CTF-400 (1.95 wt%)®.
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Figure 2.11. H, adsorption (solid symbols) and desorption (open symbols) isotherms for
the CTFs synthesized at 400 °C (left) and 500 °C (right) measured at 77 K.

2.3. Conclusion

In conclusion, in this chapter we have employed a novel heteroaromatic
building block to prepare a set of highly microporous and nitrogen-rich CTFs
as high-performance platforms for gas sorption and storage. The effects of
several synthesis parameters including the reaction temperature and molar
ratios of ZnCl, on the structure and porosity properties of such networks was
comprehensively studied. Notably, the microporosity together with the rich
CO.-philic N sites results in the framework with excellent CO. (3.48 mmol/g, at
273 Kand 1 bar) and H; (1.5 wt%, 77 K and 1 bar) uptakes. These values are
among the top levels for all the reported CTFs measured under identical
conditions. In addition, the obtained CTFs also exhibit relatively high CO2/N.
selectivities (up to 36) as calculated by Henry Model at 298 K. These properties
together with their good thermal and chemical stability render the studied
CTFs promising candidates as prospective carbon capture and hydrogen

storage materials.

2.4. Experimental Section

Materials and analytical techniques. All the chemicals were bought from
commercial suppliers and used as such without further purifications. Powder-

X-ray diffraction (PXRD) patterns were recorded on a Thermo Scientific ARL
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X'Tra diffractometer (Cu-K« radiation (A = 1.5406 A) at 40 kV and 30 mA).
Fourier Transform Infrared Spectroscopy (FT-IR) measurements were carried
out on a Thermo Nicolet 6700 FT-IR spectrometer using a KBr beam splitter
and a MCT detector. Elemental analysis were obtained using a Thermo
Scientific Flash 2000 CHNS-O analyzer. Thermogravimetric analysis (TGA)
curves were recorded under an air flow with a heating rate of 10 °C/min in the
range of 25-800 °C on a Netzsch STA-449 F3 Jupiter-simultaneous TG-DSC
analyzer. The Scanning Electron Microscopy (SEM) images of the CTFs
materials were recorded on a JEOL JSM 7600F FEG/SEM. A Belsorp Mini
instrument was employed to obtain the N, adsorption isotherms at 77 K,
whereas for the CO, and H. isotherms, an iSorb-HP gas sorption analyzer
(Quantachrome) was used. All the materials were dried at 150 °C under

vacuum for 3 h before the gas adsorption measurements were performed.

Synthesis of CTFs. The monomer, 4,4'4",4"'-(1,4-phenylenebis(pyridine-
4,2 ,6-triyl))tetrabenzonitrile, was synthesized following the procedure reported
by Zhang et al .3 In a typical CTF material synthesis, the ampoule was charged
with the monomer (318 mg, 0.5 mmol) and various amounts of anhydrous
ZnCl; (ranging from 340 mg, 2.5 mmol to 1360 mg, 10 mmol) in the glovebox.
Hereafter, the ampoule was evacuated, flame-sealed and slowly heated to the
desired temperatures (400 °C or 500 °C) with the heating step of 1 °C/min for
48 h. Hereafter, at room temperature, the ampoule was opened and the crude
material was grounded and stirred in water for 6 h, filtrated and washed
thoroughly with distillated water. Afterwards, the obtained black solid was
stirred in HCI (1M) overnight, followed by successive washing with water, THF
and acetone. Hereafter, the resulting CTF materials was activated at 150 °C

under vacuum overnight prior to further analysis.
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Abstract

In this chapter, a new fluorinated microporous CTF material has been
synthesized via straightforward incorporation of fluorine groups into the
building block. The resulting fluorinated CTFs show nitrogen- and fluorine-rich
environments, significantly high surface area (up to 2060 m?/g) and pore
volume of 1.06 cm®/g as well as high physiochemical stability, exhibiting
excellent promise for efficient CO. capture and H. storage. Remarkably, the
CO; adsorption capacity of F-CTF-20-400 can reach up to 4.54 mmol/g at 273
K and 1 bar, which is much higher than that of corresponding non-
functionalized CTF (3.48 mmol/g) and higher than most of other reported CTF
materials except few examples. Furthermore, the material of F-CTF-20-400
also exhibits superior H, adsorption capacity of 1.88 wt%, which surpasses
most of the reported CTF materials in literature. Additionally, the fluorinated
CTFs also feature quite high CO. selectivity over N, (28) and CH. (5.6) at room

temperature.
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3.1. Introduction

In chapter 2, we have reported on a novel N-heteroaromatic-based covalent
triazine framework, which was evaluated as platforms for efficient CO. and H:
adsorption.” The gas adsorption capacities of the studied materials were
higher than lots of reported CTF materials,>* however, there is still room for
improvement, compared with the benchmark CTF materials.>® Incorporation
of functional groups into the frameworks of porous materials is considered as
an efficient approach for improving their gas adsorption performance®” and in
search of a particular functionality for the application of gas adsorption and
separation, fluorine groups are regarded as a suitable candidate owing to the
strong electronegativity of F and hydrophobicity of the fluorine groups.®'° Han
et al. reported a perfluorinated covalent triazine framework (FCTF-1) by using
tetrafluoroterephthalonitrile as the building block. Remarkably, the material of
FCTF-1 exhibits a significantly high CO, uptake of 4.67 mmol/g at 273 K and
1 bar, which is much higher than that of non-functionalized CTF-1 (2.47mmol/g

under identical conditions)."

In this chapter, we report on the fluorination of the aforementioned tetranitrile,
which is then employed as the building block to prepare a set of fluorinated
CTF materials. The presence of fluorine and corresponding fluorine content in
the obtained CTF materials was determined by TEM and EDX mapping and
F1s XPS measurements. Afterwards, the gas adsorption and separation
performances on all the obtained fluorinated CTFs were systematically

evaluated.

3.2. Results and Discussion

The synthesis of the fluorinated CTFs is carried out under the typical
ionothermal conditions through ZnCl, catalyzed trimerization of the nitriles

(Figure 3.1). Generally, the trimerization of the fluorinated tetranitrile with
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ZnClz/monomer ratio of 5, 10 and 20 at 400 °C yielded FCTF-5-400, FCTF-10-
400 and FCTF-20-400, respectively.

CN

mol. equiv. ZnCl,

400°C

NC

Figure 3.1. Schematic representation of the ideal structure of the FCTF materials.

The obtained black powders are not soluble in water, acids, bases and organic
solvents, indicating that fully condensed networks were formed. The
synthesized materials were evaluated with respect to their crystallinity by
powder X-ray diffraction (Figure S3.1). As expected, all the samples were
amorphous. FT-IR measurements were carried out to confirm whether the

trimerization reaction was completed or not.

FCTF-20-400

FCTF-10-400

Intensity (a.u.)

-CN
FCTF-5-400 2240 cm™
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Figure 3.2. FT-IR spectra of the studied fluorinated CTF materials.
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As shown in Figure 3.2, the characteristic band of nitriles for FCTF-5-400 and
FCTF-10-400 at 2240 cm™' can be clearly observed, suggesting the incomplete
trimerization process, which is mainly attributed to the high mass of the
monomer and the employed amount of ZnCl, for both synthesis is not enough
to catalyze the trimerization reactions,’ while the trimerization is completed for
FCTF-20-400, as the characteristic peak of the nitrile groups is absent. The
triazine moieties can be assigned to the bands around 1540 and 1360 cm™'
(highlighted grey).® '> To obtain a more detailed picture of the composition of
the resulting CTF materials, elemental analysis was performed on all the
studied samples. As shown in Table 3.1, with the increase of the
ZnCl,/monomer ratio from 5 to 20, the content of C gradually increased, while
the content of H and N was noted to the opposite tendency. The overall lower
absolute nitrogen and carbon content compared to the theoretical values is
likely caused by the residual water and metal salts entrapped in the pores that

can’t be completely removed even after extensive washing.>'

Table 3.1. Elemental analysis and pore characteristics of the studied fluorinated CTFs.

Elemental analysis (%) Seer®  Viicro? Vior©
C H N Fd (m2/g) (cm%g) (cm?/qg)
FCTF-5-400 73.6 3.18 9.78 1.44 987 0.46 0.52
FCTF-10-400 754 2.83 7.98 0.87 1897 0.89 0.93
FCTF-20-400 80.8 240 7.62 0.45 2060 0.96 1.06
Theoretical value 74.57 2.84 1186 10.72 - - -
a. BET surface area calculated over the pressure range 0.01-0.05 P/Py at 77 K; b. Vnmicro,
pore volume at P/Py = 0.1 at 77 K; c. Vi, total pore volume calculated at P/P, = 0.98; d.
determined by XPS.

Sample

The presence of fluorine groups in the materials was confirmed by high angle
annular dark field scanning-transmission electron microscopy (HAADF-STEM)
and corresponding energy dispersive X-ray spectroscopy (EDX) mapping
images (Figure 3.3 and Figure $3.2-S3.3). It is clear that C, N and F elements
are well dispersed and homogeneously distributed throughout the materials. It
should be noted that the theoretical fluorine content is much lower than that

of carbon and nitrogen and the defluorination process is inevitable during the
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synthesis, resulting in almost complete fluorine loss for the samples of FCTF-
FCTF-20-400 (0.45 % out of theoretical value of 10.72 %, determined by XPS
measurements), this observation is in accordance with previous reports and
explains the almost absence of F species in FCTF-20-400."" '* The
defluorination process and created defects of the frameworks possibly
accounts for the generation of extra micropores, resulting in higher surface

areas.

MGl ————— 2.0 pm

2.0 pm CK =20 pm NK ————————2.0pm FK

Figure 3.3. High angle annular dark field scanning-transmission electron microscopy
(HAADF-STEM) and corresponding energy dispersive X-ray spectroscopy (EDX) mapping
images of carbon (blue), nitrogen (green) and fluorine (red) for the sample of FCTF-5-400.

Additionally, X-ray photoelectron spectroscopy (XPS) measurements were
performed to further investigate the chemical state of various elements in the
adsorbents. XPS C1s spectra of all the fluorinated CTFs were fitted using five

peaks with the binding energies of 285.00 + 0.05 eV (C-C), 286.30 + 0.05 eV
(C-O/C-N), 287.70 = 0.05 eV (C=N), 289.10 + 0.05 eV (O-C=0) and 291.20 =

0.05 eV (C-F). The results show that the deconvolution of the N1s peak can be
divided into four peaks: pyridinic (398.8 = 0.1 eV), pyrrolic (400.2 + 0.1 eV),
quaternary (401.3+ 0.1 eV) and oxidized N-O (403.4+ 0.2 eV) (Figure 3.4). It can
be clearly see that the higher ZnClo/monomer ratio will lead to the formation of

more pyrrolic products (5-ring aromatics) and less pyridinic products (6-ring
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aromatics) due to the presence of more defects in the structure. The N-O
chemical shift appears mainly because of the exposure of the samples in the
open air or the existence of water or other solvents in the as-synthesized

monomer, which are too difficult to be completely removed.

FCTF-5-400 FCTF-5-400

=== Composite spectrum

—Composite spectrum
ridinic
oo Py "
pyrralic
C-O/C-N

C=-N/C=0

quaternary

N-O
0-C=0

CF

406 404 402 400 398 396
294 292 290 288 286 284 282
FCTF-10-400 FCTF-10-400
294 2092 290 288 286 284 282 -
406 404 402 400 308 396
FCTF-20-400 FCTF-20-400
29 292 290 288 286 28. 282
* ¢ 406 404 402 400 308 306

Figure 3.4. Deconvoluted C1s (left) and N1s (right) spectra of the FCTF materials.

The single peak at 687.8 eV in the F 1s spectra of the FCTF materials
corresponds to the aromatic C-F species'® (Figure 3.5). It should be noted that,
for the samples of FCTF-10-400 and FCTF-20-400, this typical peak is too
weak to distinguish and it is mainly because of the fact that ZnCl. is able to
induce and accelerate the defluorination process,” thus resulting in the
prominent loss of the fluorine groups, which is also in accordance with the
observation from TEM and EDX mapping images. The content of fluorine
calculated from XPS measurements ranged from 1.44 % for FCTF-5-400 to
only 0.45 % for FCTF-20-400 (out of theoretical value of 10.72 %). The detailed

chemical composition obtained from XPS survey scans for all the CTF
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materials is summarized in Table S3.1. Thermogravimetric analysis (TGA)

measured under air flow indicated that the all the samples are stable up to 400

< (Figure S3.4).
Fis
FCTF-5-400
FCTF-10-400
FCTF-20-400
694 692 690 688 686 684 682
Figure 3.5. Deconvoluted F1s spectra of all the studied FCTF materials.
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Figure 3.6. N, adsorption and desorption isotherms of the studied fluorinated CTF

materials.

The permanent porosity of all the studied fluorinated CTFs is investigated by

nitrogen adsorption measurements at 77 K, after activation at 150 € for 3 h

(Figure 3.6). As shown in Figure 3.6, all the N» adsorption isotherms exhibit

typical type | behavior, characteristic of microporous materials and with the

increase of ZnCl,/monomer ratio, the materials exhibit higher N, uptakes,

indicating its significantly larger porosity. The Brunauer-Emmett-Teller (BET)

surface area and pore volume of FCTF-20-400 can reach up to 2060 m?/g and

1.06 cm?/g, which is much higher than that of CTF-20-400 (1458 m?/g and 0.84
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cm?/g, respectively)'. The detailed calculated surface areas and pore volumes

of all the materials were summarized in table 3.1.

Given the high porosity as well as the nitrogen- and fluorine-rich features of
the FCTF materials, single-component CO,, CH, and N, gas adsorption
isotherms were recorded up to 1 bar at different temperatures to evaluate their

performance in selective gas adsorption (Figure 3.7).
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Figure 3.7. CO, adsorption isotherms of all the studied materials measured at 273K and
298K up to 1 bar, respectively.

As shown in Figure 3.7, at both 273 K and 298 K, CO; uptakes in these studied
materials increase gradually with the increase of the ZnCl,/monomer ratio from
5 to 20, without saturation in uptake observed in the studied pressure region.
The CO. adsorption capacity for these fluorinated CTFs at 273 K and 298 K
and 1 bar ranges from 3.15 and 1.92 mmol/g (FCTF-5-400) to 4.54 and 2.67
mmol/g (FCTF-20-400).
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Figure 3.8. Comparison of the CO, adsorption isotherms of CTF-20-400 and FCTF-20-
400 measured at 273K and 298K, respectively.
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Table 3.2. Summary and comparison of the gas adsorption performance of the studied
fluorinated CTFs and some of the reported CTF materials.
CO: uptake  H: uptake CO2/N2 CO2/CHa

Sample (mmol/g) (wt%) Selectivity  Selectivity kJ(/)St | Ref.
273K 298K 77 K 298K 298K mo
FCTF-5-400 3.15 1.92 1.30 28 5.6 29.5
This
FCTF-10-400 425 2.48 1.86 19 47 25.0
work
FCTF-20-400 454 2.67 1.88 21 5.1 27.5
PCTF-1 321 1.84° 1.86 ; 38 - 15
FCTF-1 467 3.21 ; 310 ; 35.0 11
lut-CTF400 455 2.72 1.36 63 ; 37.5 12
CTF-5-400 225 1.51 0.98 24 ; 25.5 1
CTF-10-400 290 1.68 1.21 14 ; 27.9 1
CTF-20-400  3.48 2.09 150 19 ; 22.1 1

a. Gas uptake at 293K; b. CO2/N: selectivity was calculated by Ideal Adsorption Solution Theory (IAST).

Notably, the CO. adsorption uptake is much higher than that of the pristine
CTFs.' For example, the CO, adsorption capacity is found to be 3.48 mmol/g
for CTF-20-400, while FCTF-20-400 exhibits the CO, uptake of 4.54 mmol/g
under the same conditions (Figure 3.8 and Table 3.2), which outperforms most
of the reported CTF materials (Table 1.3). The isosteric heat of CO, adsorption
(Qs) for all the FCTF materials was calculated from fitting the isotherms by
Clausius-Clapeyron equation and the values were found to be 25-29.5 kd/mol
for the FCTF materials (Figure S3.5), slightly higher than that of non-
functionalized CTFs (22.1-27.9 kd/mol). These findings indicate the strong
interactions between the framework and the CO, molecules. In sharp contrast
to the high CO. adsorption capacities, CHs and N. adsorption capacities of the
FCTF samples are much lower and in view of the significant differences of the
CO,, CH4 and N. adsorption performance of the studied materials, we further
estimated their potential for the separation of CO./CHs and CO./N.. Thus, the
corresponding selectivities were calculated by the henry model according to

their corresponding single gas adsorption isotherms (Figure 3.9).
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Figure 3.9. CO,, CH, and N, adsorption isotherms of the studied FCTF materials
measured at 298K.

The detailed values for all the samples were listed in Table 3.2. The highest
adsorption selectivity of CO»/CHs4 (5.6) and CO»/N; (28) was found for FCTF-5-
400, and for all the fluorinated CTFs, significant improvement was observed
compared with those of non-functionalized CTFs. All the observed results
indicate that incorporation of fluorine groups into the frameworks of CTFs
exhibit great benefits not only for improving gas adsorption capacities, but also

for enhancing the selectivity of CO, over CH, and N in the low pressure region.

To further examine the effect of fluorine groups on the materials’ gas
adsorption performance, we performed hydrogen storage measurements of all
the studied materials and compared with the non-functionalized CTF materials.
Figure 3.10 shows the H, adsorption isotherms recorded at 77 K up to 1 bar
and the detailed H, uptakes are summarized in Table 3.2. Typically, the higher
surface area of the samples, the higher H, adsorption capacity. In line with the
general claim for CO. adsorption, FCTF-20-400 exhibits the highest H. uptake.
Noteworthy, the H. adsorption uptakes for the fluorinated CTFs were
significantly enhanced compared with those of non-functionalized ones. For
example, CTF-20-400 exhibited the H, adsorption capacity of 1.5 wt% at 77 K
and 1 bar, while this value was observed to be 1.88 wt% for FCTF-20-400,
which is higher than most of the reported CTF materials, comparable to that
of PCTF-1 (1.86 wt%)'® and only slightly lower than that of the benchmark CTF
(fl-CTF-400) synthesized at 400 € (1.95 wt%).1°
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Figure 3.10. H, adsorption isotherms of all the studied FCTF materials and comparison
of the H, adsorption isotherms of CTF-20-400 and FCTF-20-400.

3.3. Conclusion

In conclusion, we have succeeded in the preparation of a set of fluorinated
CTF materials. The presence of fluorine groups in the materials was confirmed
by TEM and EDX mapping measurements, while only 10% of theoretical
fluorine groups was reserved in the frameworks due to the defluorination
process determined by XPS measurements. Interestingly, compared with the
non-functionalized CTFs, the fluorinated CTF materials exhibit much higher
CO. adsorption capacities (4.54 mmol/g versus 3.48 mmol/g at 273 K and 1
bar) and exceptionally high H., adsorption uptakes (1.88 wt% versus 1.50 wt%
at 77 K and 1 bar). This approach not only enables superior CO, adsorption
and separation performance but also facilitates new possibilities for the

rational design and synthesis of porous CTF materials.
3.4. Experimental Section

The 'H and F NMR spectra of the monomer were recorded on a Bruker
Advance 300 MHz/500 MHz spectrometer using mesitylene or trifluorotoluene
as the internal standard. Powder X-ray diffraction (PXRD) patterns were
collected on a Thermo Scientific ARL X'Tra diffractometer, operated at 40 kV,
30 mA using Cu-K, radiation A\ = 1.5406 A). Fourier Transform Infrared

Spectroscopy (FT-IR) in the region of 4000-800 cm™ were performed with a
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Thermo Nicolet 6700 FT-IR spectrometer equipped with a nitrogen-cooled
MCT detector and a KBr beam splitter. Elemental analyses (C, H, N) were
carried out on a Thermo Scientific Flash 2000 CHNS-O analyzer equipped with
a TCD detector. Thermogravimetric analysis (TGA) were performed on a
Netzsch STA-449 F3 Jupiter-simultaneous TG-DSC analyzer in a temperature
range of 20 - 800 °C under air atmosphere and a heating rate of 5 °C/min. High
angle annular dark field scanning-transmission electron microscopy (HAADF-
STEM) and corresponding energy dispersive X-ray spectroscopy (EDX)
mapping measurements was performed on a JEOL JEM-2200FS high
resolution scanning transmission electron microscope equipped with an EDX
spectrometer with a spatial resolution of 0.13 nm, image lens spherical
aberration corrector, electron energy loss spectrometer (filter) and an emission
field gun (FEG) operating at 200 KeV. X-ray photoelectron spectroscopy (XPS)
measurements were performed using a Thermo Scientific K-Alpha+ X-ray
Photoelectron Spectrometer. All samples were analyzed using a microfocused,
monochromated Al K a X-ray source (1486.68 eV; 400 um spot size). The K-
Alpha+ charge compensation system was employed during analysis to prevent
any localized charge buildup. The samples were mounted on conductive
carbon tape and resulting spectra analyzed using the Avantage software from
Thermo Scientific. N2 adsorption isotherms were obtained using a Belsorp Mini
apparatus measured at 77 K, whereas CO, CH. and H. adsorption
measurements were carried out on a Quantachrome iSorb-HP gas sorption
analyzer. Water adsorption isotherms were measured on a Quantachrome
Autosorb-iQ-TPX machine at 298 K. Prior to all the gas sorption measurements,
the materials were activated by slowly heating up the samples with a heating

rate of 5 °C/min up to 150 °C under vacuum for 3 h.

Synthesis of the building block. Generally, a solution of p-cyanacetophenon
(20mmol), 2,3,5,6-tetrafluoro-1,4-Benzenedicarboxaldehyde (5 mmol) and

NaOH (20 mmol) in 60 mL ethanol was stirred for 16h at room temperature
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after which aqueous ammonia (20 mL) was slowly added and stirred at room
temperature for another 24 h. The obtained solid was filtered and thoroughly
washed with ethanol. The targeted orange color product was obtained after
drying under vacuum at 80 °C overnight. 'H-NMR (DMSO-ds, 300MHz):6 8.07-
8.09 (8H), 6 8.38-8.41(4H), 6 8.50-8.54 (8H) (Figure S3.6); °F NMR (DMSO-ds,
500MHz), 6 = -141.9 ppm (s,4F) (Figure S3.7); FT-IR spectrum: (KBr, cm™):
2240 (s), 1683 (s), 1595 (s), 1544 (s), 1480 (s), 1389 (s) (Figure S3.8).

Synthesis of CTFs. The CTF materials were synthesized according to
previously reported procedure with slight modification.' Typically, the quartz
ampoule was charged with the monomer (354 mg, 0.5 mmol) and different
ratios of anhydrous ZnCl, (5-20 equiv.) in the glovebox under N. atmosphere.
Afterwards, the ampoule was evacuated, flame-sealed and heated to 400 °C
with a heating rate of 1 °C/min for 48 h. After cooling down to room
temperature, the obtained crude product was grounded and washed
thoroughly with water to remove the residual salt. Afterwards, the crude
material was stirred in diluted HCI overnight and then stirred in THF for another
24 h at room temperature. The resulting black powder was successively
washed with water and acetone and then dried under vacuum at 150 °C

overnight.

3.5. Supplementary Information

The supplementary figures and tables appeared in this chapter are listed in this

section.
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Figure S3.1. PXRD patterns of all the studied fluorinated CTF materials.
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Figure S3.2. High angle annular dark field scanning-transmission electron microscopy
(HAADF-STEM) and corresponding energy dispersive X-ray spectroscopy (EDX) mapping
images of carbon (blue), nitrogen (green) and fluorine (red) for the sample of FCTF-10-400.
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Figure S3.3. High angle annular dark field scanning-transmission electron microscopy
(HAADF-STEM) and corresponding energy dispersive X-ray spectroscopy (EDX) mapping
images of carbon (blue), nitrogen (green) and fluorine (red) for the sample of FCTF-20-400.
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Table S3.1. Chemical composition obtained from XPS survey scans for the studied
FCTF materials.

Samples C (at%) O (at%) N (at%) F (at%)

FCTF-5-400 84.2 7.27 7.05 1.44
FCTF-10-400 87.3 4.14 7.69 0.87

FCTF-20-400 87.7 5.1 6.73 0.45

100
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Figure S3.4. TGA curves of the studied CTF materials measured at a heating rate of 5
°C/min under an air flow.
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Figure S3.5. Isosteric heat of CO, adsorption (Qg) for the studied FCTF materials.
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Figure S3.6. '"H NMR spectrum of the building block.
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Figure S3.7. '®F NMR spectrum of the building block.
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Figure S3.8. FT-IR spectrum of the monomer.
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The results of this chapter were published in:

G.-B. Wang, N. Tahir, I. Onyshchenko, N. De Geyter, R. Morent, K. Leus and
P. Van Der Voort, Novel hexaazatrinaphthalene-based covalent triazine
frameworks as high-performance platforms for efficient carbon capture and

storage (In preparation)
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Abstract

In this chapter, we present for the first time the design and synthesis of a novel
and nitrogen-rich hexaazatrinaphthalene-based CTF materials under typical
ionothermal conditions. Notably, the synergistic effects of ultramicroporosity
and rich CO»-philic nitrogen sites empower the networks with superior CO.
adsorption capacity (56.57 mmol/g at 273 K and 1 bar), outperforming most of
the reported covalent triazine frameworks in literature and with significantly

high CO»/N. and CO»/CHjs selectivities at room temperature.
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4.1. Introduction

In the field of carbon capture and separation, one of the most important criteria
for adsorbents is the capacity and selectivity of CO, adsorption. To achieve
higher CO, adsorption performance, the incorporation of CO.-philic sites or
functionalities into the skeleton of the adsorbents is considered as one of the
most promising and efficient strategies. Along this line, the existence of
nitrogen atoms in the porous skeleton or introduction of nitrogen functionalities
into the networks have been proven to be beneficial to improving CO:
adsorption capacities on the materials.”* Recently, Dai et al. reported an in-
situ doping strategy for the generation of a novel family of
hexaazatriphenylene-based conjugated triazine frameworks. Interestingly,
HAT-CTF-400 only exhibited the CO. uptake of 2.7 mmol/g at 273 Kand 1 bar,
while HAT-CTF-450/600 exhibited an exceptionally high CO. uptake of 6.3
mmol/g at the same conditions, which represents the highest value for all the
reported CTF materials until now.? As a rigid and planar aza-based
heteroaromatic scaffold, haxaazatrinaphthalene (HATN) derivatives exhibit
excellent electron-deficient property and high n-mt stacking tendency, which
makes them ideal building blocks for the construction of supramolecular
architectures and functional porous materials.® However, to the best of our
knowledge, there are still no reports on this type of building blocks for the

construction of porous materials.

In this chapter, we describe the rational design and synthesis of a novel
covalent triazine framework with intrinsic ultramicropores and abundant
surface COz-philic nitrogen sites for potential applications in gas adsorption
and separation. More specifically, we for the first time prepared
diquinoxalino[2,3-a:2',3'-c]phenazine-2,8,14-tricarbonitrile (HATN-3CN) as the
building block for the construction of hexaazatrinaphthalene-based covalent

triazine frameworks (HATN-CTFs) using the typical ionothermal synthesis
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conditions (Figure 4.1). The resulting materials were characterized thoroughly
and extensive gas adsorption studies were carried out and discussed on the
obtained HATN-CTFs with the gases N., CO,, CH. and H.. Moreover, their
CO./CH4 and CO./N; selectivities were also assessed towards their potential

use in gas adsorption and separation applications.
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Figure 4.1. Schematic representation of the ideal structure of the HATN-CTF materials.

4.2. Results and Discussion

Trimerization of HATN-3CN under typical ionothermal conditions with
ZnClo/monomer ratios of 5 and 10 at 400 °C yielded HATN-CTF-1 and HATN-
CTF-2, respectively. The details of the synthesis are summarized in Table S4.1.
The Fourier transform infrared spectroscopy (FT-IR) measurements were
performed to evaluate the trimerization process (Figure S4.1). The weak band
at 2240 cm™ for HATN-CTF-1 revealed the incomplete trimerization of the
nitrile groups due to the high mass of the monomer, while this characteristic
band completely disappeared for HATN-CTF-2, indicating the completion of

the trimerization reaction. It should be noted that the characteristic bands for
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the triazine units are difficult to distinguish because of the partial carbonization
of the CTFs, which is in accordance with previous reports.®’ As confirmed by
the powder X-ray diffraction (PXRD) measurements, the studied HATN-CTFs
were amorphous (Figure S4.2). Additionally, X-ray photoelectron spectroscopy
(XPS) measurements were conducted to obtain more insights into the
frameworks. XPS C1s spectra of HATN-CTF-1 and HATN-CTF-2 were fitted
using four peaks (Figure 4.2) with the binding energies of 285.00 + 0.05 eV (C-

C), 286.40 + 0.05 eV (C-O/C-N), 288.00 + 0.05 eV (C=N/C=0) and 289.20 +

0.05 eV (O-C=0). The summary of the chemical states of C1s peak (Table S4.2)
reveals two factors: (1) C-C bond is the main component of C1s peak (more
than 80%) and (2) HATN-CTF-2 has less amount of ester and ether groups in
comparison to HATN-CTF-1.
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3 |

8

—

=

m 4

=

2 .

£

4 0O-C
T T T T T T T N 1
290 288 286 284 282
Binding energy (eV)

HATN-CTF-2 Cc-C

=: .

8 |

2

[71]

@ )

3

£

T T I T T T N 1
290 288 286 284 282
Binding energy (eV)

Figure 4.2. Deconvoluted C1s spectra of HATN-CTF-1 and HATN-CTF-2.
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The results show that the deconvolution of the N1s peak can be done with the
same set of four components: pyridinic (398.8 + 0.1 eV), pyrrolic (400.2 + 0.1
eV), quaternary (401.3 = 0.1 eV) and oxidized N-O (403.70 + 0.15 eV) (Figure
4.3).28 The pyridinic nitrogen species amount decreased by 3.5% (Table S4.3)
for HATN-CTF-2 in comparison to HATN-CTF-1, while the pyrrolic compound
demonstrated an opposite trend: as it increased by 3.2%. The quaternary and
oxidized nitrogen also exhibit the same tendency that HATN-CTF-1 materials
process more quaternary species and less oxidized nitrogen species with a
difference of approximately 2%. The N-O chemical shift appears mainly due
to the exposure of the samples to the open air and the possible existence of
the trapped solvents in the newly synthesized building blocks. The detailed
chemical composition obtained from XPS survey scans for both HATN-CTFs

is summarized in Table S4.4.
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Figure 4.3. Deconvoluted N1s spectra of HATN-CTF-1 and HATN-CTF-2.
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The elemental composition of the HATN-CTFs was also determined by means
of Elemental Analysis (EA). As can be seen in Table 4.1, HATN-CTF-1 and
HATN-CTF-2 have a nitrogen content up to 20.42% and 21.81 % respectively
(out of theoretical value of 27.80 %), which is accordance with the XPS results
that HATN-CTF-2 has slightly higher N content than HATN-CTF-1. The

experimentally observed lower nitrogen content of the HATN-CTFs is mainly

Table 4.1. Elemental analysis and pore characteristics of the studied HATN-CTFs.

Elemental analysis

Sample (Experimental %) (iiE/T;) (\émmicg;’;) (c\:;();;g)
C H N C/N
HATN-CTF-1 58.91 2.44 20.42 2.88 575 0.24 0.25
HATN-CTF-2 63.45 2.70 21.81 2.91 1684 0.76 0.79
Calculated. 71.53  0.67 27.8 2.57 - - -

a). BET surface area calculated over the pressure range 0.01-0.05 P/Py at 77 K; b). Vimicro,
micropore volume was calculated by N, adsorption isotherms using the t-plot method; c).
Viot,, total pore volume calculated at P/Po = 0.98.

due to the elimination of the nitriles and the decomposition of the triazine units
during the synthesis.® The high nitrogen content is supposed to be one of the
preferential binding sites for the adsorption of more CO. molecules in the
frameworks. It should be noted that the overall lower element contents
compared to the theoretical values are likely because of the trapped metal
salts and water molecules in the networks, which could not be completely
removed." ' Thermogravimetric analysis (TGA) was performed to assess the
thermal stability of the HATN-CTFs (Figure S4.3). As shown in Figure S4.3, the
obtained HATN-CTFs exhibit remarkable thermal stability up to 400 °C, while
the loss of the weight for HATN-CTF-1 below 200 °C is attributed to the loss

of trapped water and solvents in the pores of the materials.
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Figure 4.4. N, adsorption and desorption isotherms of HATN-CTF-1 (black) and HATN-
CTF-2 (red) measured at 77K.

The N. adsorption isotherms of the synthesized HATN-CTF materials were
subsequently recorded at 77 K to determine the permanent porosity of the
networks. As shown in Figure 4.4, both HATN-CTF-1 and HATN-CTF-2 exhibit
type | isotherms featuring sharp N, uptakes at low relative pressure, indicating
the characteristic microporosity of the materials. The Brunauer-Emmett-Teller
(BET) surface areas of HATN-CTF-1 and HATN-CTF-2 are calculated to be 575
m?/g and 1684 m?/g and their corresponding pore volumes are 0.25 cm?®/g and
0.79 cmd/g, respectively (Table 4.1). Considering the high microporosity as well
as the nitrogen-rich feature of the framework, they are expected to be
promising candidates for selective carbon capture and separation. To verify
this, single-component CO;, N> and CH, adsorption isotherms were recorded

at 273 Kand 298 K up to 1 bar. (Figure 4.5a and Figure S4.4-34.5).
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Figure 4.5. (a) CO, adsorption and desorption isotherms of HATN-CTF-1 and HATN-CTF-
2 measured at 273 K and 298 K up to 1 bar; (b) The isosteric heat of CO, adsorption (Qs)
of HATN-CTF-1 and HATN-CTF-2; (c) H. adsorption isotherms of HATN-CTF-1 and
HATN-CTF-2 measured at 77 K; (d) Five cycles of CO, adsorption measurements at 273
K on the HATN-CTF-2 sample.

As presented in Figure 4.5a, HATN-CTF-1 exhibits the CO. uptake of 3.95 and
2.73 mmol/g at 273 K and 298 K, respectively, while an impressively high CO.
adsorption capacity is observed for HATN-CTF-2 reaching up to 5.57 mmol
and 3.53 mmol/g under identical conditions. To the best of our knowledge,
these values are amongst the highest ever reported in literature for the entire
family of CTF materials, as summarized in Table 4.2. More importantly, the
CO.-philic N sites of the CTFs have much more significant effect on the CO;
adsorption performance in the low-pressure region, where the adsorption
process is more relevant to the practical CO, capture.” For example, HATN-
CTF-2 exhibits remarkable CO. adsorption capacity of 1.98 mmol/g at 0.15 bar
and 273 K. Moreover, the isosteric heats of CO. adsorption (Qs) were
calculated by fitting the CO. adsorption isotherms at 273 K and 298 K and

applying the Clausius-Clapeyron equation to provide a better understanding
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of the CO, adsorption performance (Figure 4b). The Qs value at low coverage
for HATN-CTF-1 (26.8 kd/mol) is slightly lower than that of HATN-CTF-2 (32.6
kd/mol), which is in accordance with the CO, adsorption results and also
indicates the strong interactions between CO. molecules and the frameworks.
Excellent reuse of the HATN-CTFs was demonstrated over five cycles of CO,
adsorption and desorption measurements without significant changes in the
CO. adsorption capacity for HATN-CTF-2, indicating complete desorption
during each regeneration cycle and suggesting the high potential for its
application in CO, capture (Figure 4d). By contrast, the CH, and N, uptakes of
the HATN-CTFs are much lower (Figure S7-8), which encourages us to
evaluate the potential of these materials for CO, separation over N, and CH..
Accordingly, the CO2/N; and CO./CHj, selectivities of the studied HATN-CTFs
were calculated by the ratio of the initial slopes of the respective CO,, CH, and
N2 adsorption isotherms in the Henry region (Figure S4.6-4.9). The calculated
CO2/N; and CO./CHs selectivity of HATN-CTF-1 can reach up to 53 (39) and
9.8 (8) at 273 (298) K, respectively, while the corresponding CO./N. and
CO./CH. selectivity of HATN-CTF-2 is calculated to be 46 (33) and 9.6 (7.8) at
273 (298) K. The high selectivity can be ascribed to the rich nitrogen sites in
the framework, which may facilitate the interaction with the CO. molecules
through dipole-quadrupole interactions.? As potential renewable and clean
energy source, hydrogen storage remains challenging and solid adsorbents
have been regarded as promising candidates. For this reason, the H.
adsorption isotherms of the HATN-CTFs were recorded to explore their
potential storage application. As shown in Figure 4c, the H. adsorption
capacities of HATN-CTF-1 and HATN-CTF-2 can reach up to 1.38 and 1.74
wt% respectively at 77 K and 1 bar, which outperforms most of the reported
CTFs and which are only slightly lower values than those of CTF-py"T (2.63
wt%)'®, Bipy-CTF-600 (2.1 wt%)', fl-CTF-400 (1.95 wt%)'* and PCTF-1 (1.86
wt%)'.
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Table 4.2. Summary and comparison of the gas adsorption performance of the studied
HATN-CTFs and some of the reported CTF materials.
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a. Gas uptake at 293K; b. CO./N; selectivity was calculated by Ideal Adsorption Solution
Theory (IAST).
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4.3. Conclusion

In summary, we have designed and synthesized a novel and nitrogen-rich
hexaazatrinaphthalene-based covalent triazine framework for efficient CO-
adsorption and separation. Remarkably, the CO, adsorption capacity of
HATN-CTF-2 can reach up to 5.57 mmol/g at 273 K and 1 bar (1.98 mmol/g at
0.15 bar) due to the synergistic effects of ultramicroporosity and rich CO»-philic
N sites. Furthermore, HATN-CTF-2 also exhibits significantly high H:
adsorption capacity of 1.74 wt% at 77 K and 1 bar. The CO./N. and CO,/CH.
selectivities of the studied HATN-CTFs were calculated by the Henry model
and the CO./N; selectivity of HATN-CTF-1 can reach up to 39 at 298 K. These
impressive results render the studied HATN-CTFs as promising candidates for

efficient carbon capture and storage.
4.4. Experimental Section

Materials and methods. All the chemicals were obtained from commercial
suppliers and used as received without further purification. The 'H NMR
analysis of the nitrile linker was performed on a Bruker Advance 300 MHz
spectrometer using mesitylene as internal standard. Powder X-ray diffraction
(PXRD) patterns were collected on a Thermo Scientific ARL XTra
diffractometer, operated at 40 kV, 30 mA using Cu-K, radiation (A = 1.5406 A).
Fourier Transform Infrared Spectroscopy (FT-IR) in the region of 4000-800 cm-
' was performed with a Thermo Nicolet 6700 FT-IR spectrometer equipped
with a nitrogen-cooled MCT detector and a KBr beam splitter. Elemental
analyses (C, H, N) were carried out on a Thermo Scientific Flash 2000 CHNS-
O analyzer equipped with a TCD detector. XPS measurements were performed
on a PHI Versaprobe Il spectrometer equipped with a monochromatic Al Ka X-
ray source (hv = 1486.6 eV) with a beam size of 100 pm and operating at 25.8

W. Survey scans and detailed C1s and N1s spectra were recorded with a pass
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energy of 187.85 eV and 23.5 eV respectively at a take-off angle of 45° relative
to the sample surface in a vacuum of at least 107 Pa to identify and quantify
the chemical composition and the different carbon/nitrogen groups
respectively. The atomic elemental composition was calculated from XPS
survey spectra using Multipak (v 9.6.1) software. A spectrum calibration (C-C:
285.0 eV) was done prior to analysis and an iterated Shirley background was
applied to determine the elemental composition using the relative sensitivity
factors supplied by the manufacturer. Curve peak fitting of the individual high-
resolution peaks was also performed making use of Multipak software after
applying a Savitzky-Golay smoothening procedure. Peaks were deconvoluted
using Gaussian-Lorentzian peak shapes, keeping the FWHM below 1.8 and
2.0 eV and the x2 below 7 and 0.2 for C1s and N1s peaks respectively.
Thermogravimetric analysis (TGA) was performed on a Netzsch STA-449 F3
Jupiter-simultaneous TG-DSC analyzer in a temperature range of 25 - 800 °C
under air atmosphere and a heating rate of 5 °C/min. N, adsorption isotherms
were obtained using a Belsorp Mini apparatus measured at 77 K, whereas all
the other gas (CO;, CH., N> and H) adsorption measurements at 273 K and
298 K were carried out on a Quantachrome iSorb-HP gas sorption analyzer.
Prior to all the gas sorption measurements, the materials were activated by
slowly heating up the samples under vacuum with a heating rate of 5 °C/min

up to 150 °C for 3 h.

Diquinoxalino[2,3-a:2',3'-c]phenazine-2,8,14-tricarbonitrile  (HATN-3CN)

synthesis.

Typically, a mixture of hexaketocyclohexane octahydrate (312 mg, 1 mmol)
and 3, 4-diaminobenzonitrile (532.6 mg, 4 mmol) in deoxygenated acetic acid
(60 mL) was added into a Schlenk flask, which was purged by argon and
equipped with a magnetic stir bar. The mixture was refluxed under argon for

40 h. After cooling down to room temperature, the mixture was poured into
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water and the greenish yellow suspension was filtered and thoroughly washed
with water to give the greenish yellow solid of HATN-3CN, which was dried
under vacuum before further synthesis. '"H NMR (300 MHz, DMSO dg): 6 = 8.48-
8.52 (3H, Ar-H), 8.78-8.82 (3H, Ar-H), 9.28-9.30 (3H, Ar-H) (Figure S 4.10).

Synthesis of HATN-CTFs. In a typical CTF synthesis, the ampoule was
charged with HATN-3CN (275.4 mg, 0.3 mmol) and different molar ratios of
anhydrous ZnCl; (5 and10 equiv.) in a glovebox, then the ampoule was taken
out and evacuated, flame-sealed and heated at 400 °C for 48 h. After cooling
down to room temperature, the ampoule was opened and the crude material
was grounded and thoroughly washed by water. Afterwards, the black material
was subsequently stirred in 1M HCI and THF for 24 h, filtered and washed with
water and acetone. Finally, the black powder was dried at 150 °C under

vacuum overnight.

4.5. Supplementary Information

The supplementary figures and tables appeared in this chapter will be listed in

this section.

Table S4.1.0verview of the detailed synthesis parameters used for the studied HATN-
CTFs.

Monomer ZnCl. ZnCl./monomer Tempera Time
Samples
(mg) (mgq) molar ratio ture (°C) (h)

HATN-CTF-1 275.4 408 5 400 48
HATN-CTF-2 275.4 816 10 400 48
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Figure S4.1. FT-IR spectra of HATN-CTF-1 and HATN-CTF-2
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Figure S4.2. Powder X-ray diffraction patterns of the obtained HATN-CTFs, indicating the
amorphous feature of the materials.

Table S4.2. Relative concentrations of the different carbon groups present on HATN-CTF-
1 and HATN-CTF-2 as obtained from C1s curve fitting.

Samples C_C (%) C_O/C' CEN/C:O O—C:O

0, V)
NOO g R
HATN-CTF-1 80.3 14.3 3.8 1.5
HATN-CTF-2 82.4 11.9 4.3 1.4
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Table S4.3. Relative concentrations of the different nitrogen groups present on HATN-

CTF-1 and HATN-CTF-2 as obtained from N1s curve fitting.

Pyridinic Pyrrolic Quaternary N-O

SamPes o) (%) %) (%)
HATN-CTF-1 58.4 26.0 13.9 1.7
HATN-CTF-2 54.9 29.2 11.9 4.0

Table S4.4. Chemical composition obtained from XPS survey scans for the studied

HATN-CTFs.
Samples C(at%) O (at%) N (at%)
HATN-CTF-1 74.9 11.3 13.9
HATN-CTF-2 75.1 7.0 17.9
100
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——HATN-CTF-2

80
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Figure S4.3. TGA curves of the studied HATN-CTFs measured at a heating rate of 5 K/min

under an air flow.

HATN-CTF-1-298K

HATN-CTF-1-273K

Gas uptakes (mmol/g)
Gas uptakes (mmol/g)

T T T T
0.4 0.6 0.8 0.2 0.4

Pressure (bar)

T
0.6

0.8

Pressure (bar)

Figure S4.4. CO,, CH, and N, adsorption isotherms of HATN-CTF-1 measured at 273 K

and 298 K up to 1 bar.
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Figure S4.5. CO,, CH, and N, adsorption isotherms of HATN-CTF-2 measured at 273 K
and 298 K up to 1 bar.
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Figure S4.6. Henry plots of HATN-CTF-1 as obtained from CO, and CH, isotherms at 273
K and 298 K, respectively.
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Figure S4.7. Henry plots of HATN-CTF-2 as obtained from CO, and CH, isotherms at 273
K and 298 K, respectively.
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Figure S4.8. Henry plots of HATN-CTF-1 as obtained from CO, and N, isotherms at 273
K and 298 K, respectively.
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Figure S4.9. Henry plots of HATN-CTF-2 as obtained from CO, and N, isotherms at 273
K and 298 K, respectively.
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Figure S4.10. "H NMR spectrum of HATN-3CN.
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Abstract

In this chapter, a set of fluorine functionalized covalent triazine frameworks
have been designed and synthesized with 2,2°,3,3°,5,5’,6,6’-octafluoro-4,4’-
biphenyldicarbonitrile (F-DCBP) as the monomer under typical ionothermal
conditions. Notably, the synergistic effects of polar C-F bonds and rich CO-
philic N sites bestow upon the framework an excellent H, uptake (1.77 wt%,
77 K and 1 bar) as well as a significantly high CO. adsorption capacity (5.98
mmol/g, at 273 K and 1 bar), surpassing all related CTF materials measured
under identical conditions that have been reported in literature to date and the
material also exhibits a high CO./N. selectivity of 31. Additionally, the
hydrophobicity of the CTF materials has been significantly enhanced owing to
the incorporation of the hydrophobic fluorine groups, which was further

confirmed by ambient water vapor sorption.
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5.1. Introduction

In chapter 3, we have shown that the incorporation of CO.-philic fluorine
groups into the structure of CTFs can significantly improve their corresponding
gas adsorption and separation performances. However, both the theoretical
and experimental fluorine content in the studied structures was relatively low
and compared with the benchmark CTF materials,'? the gas adsorption (CO.,
H.) uptakes of these materials were not that remarkable, and we believe that
increasing the fluorine contents in the structure should be possible to achieve

the improvement of the materials’ gas adsorption and separation performance.

Thus, in this chapter, we prepared a perfluorinated building block, namely,
2,2’,3,3',5,5,6,6’-octafluoro-4,4’-biphenyldicarbonitrile (F-DCBP), in which
every hydrogen of 4,4’-biphenyldicarbonitrile (DCBP) was replaced by fluorine
and the theoretical fluorine content (43 %) is much higher and we expect that
the obtained CTFs can exhibit much higher CO. adsorption performance. As a
proof of concept, we prepared a set of fluorine-containing covalent triazine
frameworks, identified as F-DCBP-CTFs, by trimerization of F-DCBP via
typical ionothermal synthesis conditions at 400 ©°C wusing different
ZnCl,/monomer ratios (Figure 5.1). The obtained F-DCBP-CTF materials were
comprehensively characterized by solid state NMR, XPS, TEM and EDS
mapping, SEM, PXRD, FT-IR, TGA, EA, gas adsorption and H.O vapor
adsorption measurements. Remarkably, the resulting fluorinated CTF
materials exhibit relatively large surface areas and pore volumes, exceptionally
high CO, and H. adsorption capacities as well as high CO./N. selectivity,
outperforming most of the reported POPs to date. Furthermore, water vapor
adsorption measurements confirmed significant enhancement of the
hydrophobicity of the materials in comparison to the non-functionalized

analogues.

-102 -



CHAPTER 5. A Fluorine-Containing Hydrophobic Covalent Triazine Framework with Excellent Selective CO2 Capture
Performance

CN .

CN

ZnCl, 400°C, 48 h
PR

Figure 5.1. Reaction scheme and schematic ideal structure of F-DCBP-CTFs.

5.2. Results and Discussion

Synthesis and characterization of the CTF materials

The porous materials were prepared at 400 °C under typical ionothermal
conditions using molten ZnCl. as Lewis acid catalyst.® The obtained F-DCBP-
CTFs were identified as F-DCBP-CTF-1 and F-DCBP-CTF-2 when a
ZnCl,/monomer ratio of 5 and 10 was applied, respectively. For comparison,
non-functionalized CTFs based on 4,4’-biphenyldicarbonitrile (DCBP) as the
monomer were also prepared and will be referred to as DCBP-CTF-1 and
DCBP-CTF-2 in the following. It should be noted that at a high temperature,
the fluorine groups will be partially decomposed, confirmed by the gas release
while opening the glass ampoules. Such gas release was also observed in the
earlier reported FCTF-1 and the as-formed gases were identified as CF4, C.F.4
and F..* The crystallinity of the synthesized materials was examined by powder
X-ray diffraction (Figure S5.1). As expected, all the CTFs are amorphous. The
successful trimerization reaction was indicated by FT-IR measurements
(Figure S5.2). The weak band at 2230 cm™ for F-DCBP-CTFs points to the
incomplete polymerization of the nitrile groups, while the characteristic weak
bands at 1560 and 1380 cm™ can be assigned to the triazine rings.>*® Elemental

Analysis (EA) revealed that the nitrogen and carbon contents for the
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synthesized DCBP-CTF materials are in accordance with the literature.® As
outlined in Table 5.1, a ZnCl./monomer ratio of 5 resulted in the CTF materials
with higher nitrogen content, surface area and porosity in comparison to the
materials obtained using a ZnClo/monomer ratio of 10. More interestingly, the
obtained F-DCBP-CTF materials have a much higher nitrogen content in
comparison to the non-functionalized DCBP-CTF compounds, which are
supposed to be one of the beneficial binding sites for enhanced CO.
adsorption uptake in this framework. In all cases, the total amount of elements
determined by EA is always lower than 100%, the residue mass can be
assigned to trapped metal salts and water in the pores, which could not be

removed completely.®®

Table 5.1. Elemental analysis and pore characteristics of all the synthesized CTF

materials.

Elemental analysis Seer Vo b Viot.©
Sample (Calculated/Experimental) 2 ‘3) cm?’/

C H N F mrg . emig g
DCBP-CTF-1 82.3/84.4 3.92/2.75 13.7/6.55 - 2437 1.41 1.48
DCBP-CTF-2 82.3/79.4 3.92/2.83 13.7/4.96 - 2036 1.51 2.26
F-DCBP-CTF-1 48.3/59.7 -/1.24 8.05/11.3 43/4.20¢ 1574 0.51 1.50
F-DCBP-CTF-2  48.3/59.4 -/1.97 8.05/10.2 43/3.13¢ 1126 0.34 1.56

a). BET surface area calculated over the pressure range 0.01-0.05 P/Po at 77 K; b). Vo.1, pore volume at
P/Po = 0.1 at 77 K; c). Vi, total pore volume calculated at P/Po = 0.98; d) determined by XPS.

137 ppm

»

172 ppm
‘.

*

F-DCBP-CTF-2
*

*

F-DCBP-CTF-1

T T T T T T T T T T T
250 200 150 100 50 0 -250 -200 150 -100 -50 0
Chemical Shift / ppm Chemical Shift / ppm

Figure 5.2. Solid state magic angle spinning '*C NMR and '°F NMR spectra of DCBP-
CTFs and F-DCBP-CTFs. (Asterisks denote spinning sidebands and triangle symbol
represents the background).
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To obtain more detailed information about the structure of the materials, solid
state cross-polarization magic angle spinning (CP/MAS) *C and F NMR
experiments were performed on all the CTF materials (Figure 5.2). As shown in
Figure 5.2, the broad peak at 126 ppm corresponds to the aromatic carbons.
It is however difficult to distinguish the positions of the various aromatic
carbons owing to the partial graphitization, previously reported.®” The
presence of fluorine groups in the structure was confirmed by °F NMR
measurements, since the signal for carbon-fluorine at approximately 137 ppm
was clearly detected.®® Additionally, X-ray photoelectron spectroscopy (XPS)
measurements were also carried out to get more insights into the chemical

states of the elements in the CTFs materials (Figure 5.3 and Figure S5.3-S5.5).

399 eV
N1s . F1s L 687.66V

T T T T T T : T T T T
280 282 284 286 288 290 292 294 396 398 400 402 404 406 680 682 684 686 688 690 692 694
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 5.3. C1s, N1s and F 1s XPS spectra of F-DCBP-CTF-1.

For F-DCBP-CTF-1, the C 1s spectrum can be deconvoluted into three peaks.
The dominant peak at 284.8 eV is related to the aromatic sp? carbon and the
peak at 286.1 eV can be assigned to the triazine or nitrile carbon. The less
pronounced peak at 288.1 eV is associated with carboxyl groups.* '° The N1s
spectrum is divided into three peaks as well. The first peak at 399 eV is related
to the nitrile species, the peak at 400.5 eV is attributed to pyrrolic/pyridonic-N
species and the peak at 403.2 eV is assigned to the oxidized N-O species.* '*
" The single peak at 687.6 eV in the F 1s spectra of the F-DCBP CTFs
corresponds to the aromatic C-F bond."”? The fluorine content was also
determined by XPS measurements. We note that the synthesized F-DCBP-
CTFs only contain about 10 percentage of the theoretical fluorine atoms.

Specifically, the fluorine content amounts 4.20 % for F-DCBP-CTF-1 and 3.13 %
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for F-DCBP-CTF-2, which is much lower than the theoretical value (43%). The
much lower F content is mainly because of the elimination of fluorine and the
slight difference between F-DCBP-CTF-1 and F-DCBP-CTF-2 is due to the
fact that ZnCl, is able to induce and accelerate the defluorination process,

thereby generating different materials under different ZnCl, concentrations.®

13

High angle annular dark field scanning-transmission electron microscopy
(HAADF-STEM) and corresponding energy dispersive X-ray spectroscopy
(EDX) mapping images of F-DCBP-CTF-1 (Figure 5.4) and F-DCBP-CTF-2
(Figure S5.6) show that C, N and F elements are well dispersed and

homogeneously distributed throughout the materials.

e 2.0 pm IMG1(framel) c———""2.0 pm

= 2.0 pm CK ¢ 2.0 pm NK C© 120 pm FK

Figure 5.4. High angle annular dark field scanning-transmission electron microscopy
(HAADF-STEM) and corresponding energy dispersive X-ray spectroscopy (EDX) mapping
images of carbon (red), nitrogen (green) and fluorine (blue) on the sample of F-DCBP-CTF-
1.

Scanning electron microscopy (SEM) images show that all the CTF materials
are composed of tiny particles with irregular shapes and sizes (Figure S5.7 and
Figure S5.8). The thermal stability of all the studied CTF materials was
determined by thermogravimetric analysis (TGA) of which results indicate that

the F-DCBP-CTF materials are stable up to 400 °C, thus slightly lower than the
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DCBP-CTF materials (Figure S5.9). This can be attributed to the strong

electron withdrawing effect of the fluorine atoms in the framework.
Gas sorption properties

The porosity of all the obtained CTF materials was determined by nitrogen
adsorption measurements collected at 77 K (Figure 5.5). At relative low
pressure, all the isotherms exhibit a high N. uptake, indicating typical
microporous character. Notably, for DCBP-CTF-2, a type IV isotherm with a H
hysteresis loop in the desorption branch is obtained, typical for mesoporous
materials according to the IUPAC classification. In contrast to DCBP-CTF-2,
the F-DCBP-CTF materials give rise to the type | isotherms with a steep rise of
the isotherms at high relative pressure (P/Po > 0.9), indicating meso-
/macropores presence to be attributed to interparticulate voids that exist
between the highly aggregated particles.” As summarized in Table 5.1, the
Brunauer-Emmett-Teller (BET) surface area and pore volume for DCBP-CTF-1
is calculated to be 2437 m?/g and 1.48 cm?®/g, respectively. In contrast, the F-
DCBP-CTF-1 exhibits a slightly lower surface area and pore volume of 1574

m?/g and 1.5 cm?®/g, respectively.

1600
{ ——/——DCBP-CTF-1

1400
| ——/—C—DCBP-CTF-2

12004 _o/—— F-DCBP-CTF-1

10004 —9@—/—-—F-DCBP-CTF-2
800

600

3
N, uptake / {cm’/g)

a00- 87

200 4

05 T T T T T T J T T
0.0 0.2 0.4 0.6 0.8 1.0

Figure 5.5. N, adsorption (solid symbols) and desorption (open symbols) isotherms of all
the obtained CTF materials measured at 77 K.
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Table 5.2. Summary and comparison of the gas sorption properties of the studied
materials and the reported CTF materials.
H2

CO2 uptake uptake N2 uptake Ref
(mmol/g) (mmol/g) Qgt ™2 CO2/N2 -
Sample (wt%) (kJ/mol)  Selectivity
273K 298K 77K 298K
F-DCBP-CTF-1 5.98 3.82 1.77 0.28 33.1 31
F-DCBP-CTF-2 5.23 3.16 - 0.29 - 22 This
DCBP-CTF-1 3.65 2.07 - 0.24 24.1 13 work
DCBP-CTF-2 3.31 1.84 - 0.13 - 21
FCTF-1 4.67 3.21 - - - 312 4
lut-CTF400 4.55 2.72 1.36 0.20 37.5 63 5
F-CTF-1-600 5.53 3.41 - - - 192 4
Bipy-CTF-600 5.58 2.95 2.1 0.28 34.4 37 5
CTF-py"T 5.97 4.22 2.63 0.25 27.1 29 2
HAT-CTFs 6.3 4.8 - 0.44 27.1 126 1

a). CO./N; selectivity was calculated by Ideal Adsorption Solution Theory (IAST).

| —e—/—0— DCBP-CTF-1-273 K
64 ——/——DCBP-CTF-1-298 K
—a— [/ —0— F-DCBP-CTF-1-273 K
| —e— / —o— F-DCBP-CTF-1-298 K

CO, uptake / (mmol/g)

- : . , -
0.0 0.2 0.4 0.6 0.8 1.0
Pressure / bar

Figure 5.6. CO, adsorption (solid symbols) and desorption (open symbols) isotherms of
DCBP-CTF-1 and F-DCBP-CTF-1 at both 273 K and 298 K, respectively.

The porous nature and high nitrogen content along with the introduction of
fluorine groups into the F-DCBP-CTF materials make them promising
candidates for gas sorption and separation. Accordingly, the CO, adsorption
isotherms for both DCBP-CTFs and F-DCBP-CTFs up to 1 bar at 273 K and
298 K were recorded (Figure 5.6 and Figure S5.10-5.11). In general, the
materials synthesized with the ZnCl,/monomer ratio of 5 show a better

performance in CO. adsorption compared to those prepared with a
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ZnCl,/monomer ratio of 10, due to the higher microporosity, nitrogen content
and fluorine groups of the materials (Table 5.2). Noteworthy, F-DCBP-CTF-1
exhibits a significantly high CO. adsorption capacity of 5.98 and 3.82 mmol/g
at 273 Kand 298 K and 1 bar, respectively (Table 5.2, entry 1). To the best of
our knowledge, this value represents the highest CO, adsorption capacity for
all the CTF materials synthesized at 400 °C reported thus far, as summarized
in Table 5.2 and Table 1.3. It should be noted that direct comparison of the
materials’ CO, adsorption capacities remains difficult as they are synthesized
under different conditions and will partially or completely carbonize at high
temperatures, hence they are not CTFs anymore and normally called triazine-
based porous carbon materials. More importantly, the realistic flue gas
generally contains approximately 15 % CO. at a total pressure of 1 bar,® thus,
the adsorption of CO, at ~0.15 bar is more relevant to the realistic CO. capture.
Remarkably, at 0.15 bar and 273 K, F-DCBP-1 can adsorb 2.15 mmol/g COx,
while at 298 K, this capacity only decreases moderately to 1.19 mmol/g,
remaining significantly higher than most of the reported porous organic
polymers.'®'” The remarkable enhanced CO. adsorption capacity for F-DCBP-
CTF-1 can be attributed to the strong electrostatic interactions between CO.
molecules and the polar C-F bonds in the skeleton. Additionally, incorporation
of nitrogen in POPs materials has already been proven to enhance the
adsorption capacity of CO,, an observation in line with our findings that F-
DCBP-CTFs have a much higher nitrogen content and for this reason a higher
CO, adsorption capacity compared to the DCBP-CTF materials. The
outstanding CO. uptake at both low and moderate pressure together with the
remarkable water tolerance and high thermal and chemical stability of the
perfluorinated CTFs make them promising adsorbents for CO, capture from
flue gas. To provide a better understanding of the CO. adsorption in the
studied CTFs, we have also calculated the isosteric heat of CO, adsorption
(Qs) for both DCBP-CTF-1 and F-DCBP-CTF-1 materials using the Clausius-

Clapeyron equation to fit CO. adsorption isotherms at 273 K and 298 K and
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plotted it as a function of the capacity of adsorbed CO:; (Figure S5.12). The Qs
value at low CO. adsorption uptake was calculated to be ~33.1 kd/mol for F-
DCBP-CTF-1, indicating the strong dipole-quadrupole interactions between
CO. molecules and the framework of F-DCBP-CTF-1. Additionally, the lower
Qst value also means much lower regeneration cost of this material compared
to conventional amine solutions.'® The incorporation of fluorine groups into
CTF materials not only resulted in enhanced CO, adsorption capacities but
also afforded more preferential adsorption of CO, over Ny, i.e., higher CO2/Nx
selectivity, another crucial factor for realistic CO, capture. We calculated the
selectivity of all the CTF materials using the ratio of the initial slopes in the
Henry region of the CO, and N, adsorption isotherms at 298 K. (Figure 5.7).
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Figure 5.7. N, and CO, uptakes measured on all presented CTF samples up to 1 bar at
298 K.

The calculated values are listed in Table 5.2 and a remarkable CO./N.
selectivity of 31 was achieved by F-DCBP-CTF-1, much higher than that of
DCBP-CTF-1 (13). The higher CO»/N. selectivity further emphasizes the

synergistic effects of microporosity and rich CO2-philic sites (N and F) within
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these polymeric networks. As such, given the exceptionally high CO.
adsorption capacity and the intrinsic high thermal and chemical stability, these
materials seem to be plausible adsorbents for practical application in a

postcombustion CO, capture.

As a potential renewable and clean alternative to current fossil-fuel, hydrogen
storage remains a major obstacle for its widespread implementation.™
Recently, adsorptive hydrogen storage in porous materials (e.g. MOFs, COFs)
has been explored as a possible approach for hydrogen storage.??' For this
reason, we further performed H. adsorption measurements at 77 K up to 1 bar
with those materials that showed higher CO. uptake capacities (Figure 5.8 and
Table 5.2). As shown in Figure 5.8, the H. adsorption capacity of DCBP-CTF-
1 reaches 1.6 wt%, comparable to the previously reported result.® Notably, F-
DCBP-CTF-1 exhibits a higher H. uptake of 1.77 wt%, surpassing most of the
reported CTF materials and ranking only slight below fl-CTF-400 (1.95 wt%)?

and PCTF-1 (1.86 wt%)?® measured under identical conditions.

1.8 1

1.5

1.2

0.9 1
—o— DCBP-CTF-1

H, uptake / (wt%)

—o— F-DCBP-CTF-1

00 T T T T T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

Pressure / bar

Figure 5.8. Low pressure H, adsorption isotherms for DCBP-CTF-1 (black) and F-DCBP-
CTF-1 (red) measured at 77 K.

Water vapor sorption

To date, there are only few studies on the water sorption characteristics of
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Figure 5.9. Water vapor adsorption (solid symbols) and desorption (open symbols)
isotherms of F-DCBP-CTF-1 (red) and DCBP-CTF-1 (black) measured at 293 K.

CTFs.> ¥ The hydrophobicity of the fluorine groups prompted us to explore the
potential of the CTFs materials for water vapor sorption (Figure 5.9 and Figure
S5.13). As shown in Figure 5.9, both CTF materials exhibit a type V isotherm,
in which water molecules are only slightly adsorbed at low relative pressure,
revealing the hydrophobic character of the pores, followed by a steep increase
of water uptake at high relative pressures. A total water adsorption capacity of
630 cm3/g (0.51 g/g) for DCBP-CTF-1 is obtained whereas the F-DCBP-CTF-
1 only exhibits an adsorption capacity of 253 cm?®/g (0.21 g/g) at P/P, = 0.9
and 293 K.

5.3. Conclusions

In summary, a class of robust and hydrophobic fluorine-containing covalent
triazine-based frameworks with large surface areas was synthesized under
ionothermal conditions. Trimerization of the perfluorinated monomer and
subsequent defluorination carbonization process of the network results in a
significant loss of fluorine and carbon, yielding nitrogen-rich materials. The
obtained porous materials display exceptionally high CO, and H. uptake

capacities. The H. uptake for F-DCBP-CTF-1 can reach 1.77 wt% at 77 K and
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1 bar, while the maximum CO. adsorption capacity for F-DCBP-CTF-1 is up to
5.98 mmol/g at 273 K and 1 bar (2.15 mmol/g at 273 K and 0.15 bar),
exceeding most of the reported POPs materials in the literature to date. The
perfluorinated CTFs also exhibit relatively high CO2/N. selectivity compared to
the non-functionalized CTFs. Moreover, in comparison to the DCBP-CTF
materials, the hydrophobicity of the F-DCBP-CTF materials has been
significantly enhanced due to the hydrophobic nature of the C-F bonds,
confirmed by ambient water vapor sorption measurements. This highly
fluorinated hydrophobic porous materials are not only of great interest for gas
sorption and separation, but they also can be used for a wide range of
applications including water/oil separation, capture of bio-renewable

resources from water.
5.4. Experimental Section

General experimental methods

The ®C and F NMR spectra of the monomer were recorded on a Bruker
Advance 400 MHz/500 MHz spectrometer using the peaks of TMS or residual
solvent as standards. Trifluorotoluene (PhCF;, 6 = —63.72 ppm) was used as
the internal standard in ®F NMR spectra. Powder X-ray diffraction (PXRD)
patterns were collected on a Thermo Scientific ARL X’Tra diffractometer,
operated at 40 kV, 30 mA using Cu-K, radiation (\ = 1.5406 A). Fourier
Transform Infrared Spectroscopy (FT-IR) in the region of 4000-800 cm™" were
performed with a Thermo Nicolet 6700 FT-IR spectrometer equipped with a
nitrogen-cooled MCT detector and a KBr beam splitter. Elemental analyses (C,
H, N) were carried out on a Thermo Scientific Flash 2000 CHNS-O analyzer
equipped with a TCD detector. Thermogravimetric analysis (TGA) were
performed on a Netzsch STA-449 F3 Jupiter-simultaneous TG-DSC analyzer
in a temperature range of 20 - 800 °C under air atmosphere and a heating rate

of 2 °C/min. Scanning electron microscopy (SEM) images of the CTFs
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materials were measured on a JEOL JSM 7600F FEG/SEM. High angle annular
dark field scanning-transmission electron microscopy (HAADF-STEM) and
corresponding energy dispersive X-ray spectroscopy (EDX) mapping
measurements was performed on a JEOL JEM-2200FS high resolution
scanning transmission electron microscope equipped with an EDX
spectrometer with a spatial resolution of 0.13 nm, image lens spherical
aberration corrector, electron energy loss spectrometer (filter) and an emission
field gun (FEG) operating at 200 KeV. All solid-state MAS NMR experiments
were collected on an Agilent DD2-500 MHz spectrometer. *C MAS NMR
spectra were acquired at 125.69 MHz using a 4 mm MAS NMR probe with a
spinning rate of 8 kHz and a pulse width of 2.5 ps for a /4 pulse, and 1800-
2700 scans were accumulated with a 4 s recycle delay. ®F MAS NMR spectra
were acquired at 470.24 MHz using a 3.2 mm MAS NMR probe with a spinning
rate of 20 kHz and a pulse width of 1.2 ps for a /4 pulse, and 300 scans were
accumulated with a 5 s recycle delay. X-ray photoelectron spectroscopy (XPS)
measurements were performed using a Thermo Scientific K-Alpha+ X-ray
Photoelectron Spectrometer. All samples were analyzed using a microfocused,
monochromated Al K a X-ray source (1486.68 eV; 400 um spot size). The K-
Alpha+ charge compensation system was employed during analysis to prevent
any localized charge buildup. The samples were mounted on conductive
carbon tape and resulting spectra analyzed using the Avantage software from
Thermo Scientific. N2 adsorption isotherms were obtained using a Belsorp Mini
apparatus measured at 77 K, whereas CO; and H., adsorption measurements
were carried out on a Quantachrome iSorb-HP gas sorption analyzer. Water
adsorption isotherms were measured on a Quantachrome Autosorb-iQ-TPX
machine at 293 K. Prior to all the gas sorption measurements, the materials
were activated by slowly heating up the samples with a heating rate of 5 °C/min

up to 150 °C under vacuum for 3 h.

Synthesis procedures
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All the chemicals were obtained from commercial sources and used as

received without further purification.

General procedure for the preparation of the monomer F-DCBP. The
monomer was synthesized according to the literature procedure with slight
modification.?* Typically, pentafluoro-benzonitrile (2.5 g, 13 mmol) as the
starting material, 10 mL of anhydrous diethyl ether as the solvent was added
to a 100 mL Schlenk flask, which was purged by Argon and equipped with a
magnetic stir bar, the mixture was cooled with ice and maintained at 0 °C. To
this, anhydrous ether solution (15 mL) of hexaethyl phosphorous triamide (1.6
g, 6.5 mmol) was added dropwise in 25 mins. Then the reaction mixture was
allowed to stir at room temperature until the completion of the reaction
(monitored by TLC). Afterwards, 10 mL of 1 M HCI aqueous solution was
added to the mixture to quench the reaction. The mixture was filtrated and the
filtrate was washed by CH.ClI, the organic layers were collected, dried over
anhydrous MgSOQ., evaporated and the title compound was obtained as a
white crystalline solid by washing with cold diethyl ether. *C NMR (400 MHz,
CDCls) 6 148.8 (m), 146.0 (m), § 145.3 (m), 142.7 (m), 111.9 (m), 106.5 (s), 97.3
(m) ppm (Figure S5.14). F NMR (470 MHz, CDCls) 6 -129.6 to -129.8 (m, 4F),
-133.4 to -133.5 (m, 4F) ppm (Figure S5.15). FT-IR (cm™, KBr pellet): v 2250,
1656, 1488, 1289, 1260, 1007, 975 (Figure S5.16).

Synthesis of CTFs. The CTF materials using 4,4’-biphenyldicarbonitrile
(DCBP) as the monomer was synthesized according to the previously reported
procedure with slight modification.® Typically, the quartz ampoule was charged
with DCBP (0.192 g, 1 mmol) and different ratios of anhydrous ZnCl, (0.68 g,
5 mmol for DCBP-CTF-1 and 1.36 g, 10 mmol for DCBP-CTF-2) in the
glovebox under N. atmosphere. Afterwards, the ampoule was evacuated,
flame-sealed and heated to 400 °C with a heating rate of 1 °C /min for 48 h.
After cooling down to room temperature, the obtained crude product was

grounded and washed thoroughly with water to remove the residual salt.
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Afterwards, the crude material was stirred in diluted HCI overnight and then
stirred in THF for another 24 h at room temperature. The resulting black
powder was successively washed with water and acetone and then dried
under vacuum at 150 °C overnight. F-DCBP-CTFs was synthesized by

following the same procedure except F-DCBP was used as the monomer.
5.5. Supplementary Information

The supplementary information and figures of this chapter are listed in this

section
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Figure S5.1. PXRD patterns of the DCBP-CTFs and F-DCBP-CTFs. Asterisks denote the
background of the sample holder.
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Figure S5.2. FT-IR spectra of the DCBP-CTFs and F-DCBP-CTFs.
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Figure S5.3. C1s, N1s and F 1s XPS spectra of F-DCBP-CTF-1
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Figure S5.4. C1s and N1s XPS spectra of F-DCBP-CTF-1
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Figure S5.5. C1s and N1s XPS spectra of F-DCBP-CTF-2
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Figure S5.6. High angle annular dark field scanning-transmission electron microscopy
(HAADF-STEM) and corresponding energy dispersive X-ray spectroscopy (EDX) mapping
images of carbon (red), nitrogen (green) and fluorine (blue) on the sample of F-DCBP-CTF-
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Figure S5.9. TGA curves of the obtained CTF materials measured at a heating rate of 2
°C/min under air flow.
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Figure S5.10. CO, adsorption (solid symbols) and desorption (open symbols) isotherms
of DCBP-CTF-2 measured at 273 K and 298 K up to 1 bar.
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Figure S5.11. CO, adsorption (solid symbols) and desorption (open symbols) isotherms
of F-DCBP-CTF-2 measured at 273 K and 298 K up to 1 bar.
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DCBP-1 (red symbols).
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Figure S5.13. H,O adsorption (solid symbols) and desorption (open symbols) isotherms
for DCBP-CTF-2 (blue) and F-DCBP-CTF-2 (pink) measured at 20 °C.
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Figure S5.14. '3C NMR spectrum of the monomer of F-DCBP.
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Figure S5.16. FT-IR spectrum of the monomer of F-DCBP
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6.1. General Discussion

Since the discovery of the first CTF material in 2008, this new type of advanced
porous materials have been extensively investigated in a variety of applications
such as gas adsorption and separation, catalysis, membranes and electronic
devices due to their high surface area, low skeleton density, extremely high
physicochemical stability as well as diverse structural tunability and
functionalities. Among all the possible applications, gas adsorption and
separation is still one of the major research fields for CTF materials with the
focus on the adsorption and separation of CO., CH4, H>. and hydrocarbon
compounds. The diverse structural tunability and functionality is an important
feature of CTFs, which can be controlled by the selection of the building blocks,
the zinc chloride concentration and the synthesis temperatures. Another key
element of this type of materials is their nitrogen functionalities, both from the
triazine rings formed in situ and from the N-heterocycles used as the building
units. These are able to bind carbon dioxide molecules through quadrupole-
dipole and quadrupole-induced dipole interactions, which is beneficial for
carbon capture and storage. In search of a particular functionality for some
task-specific applications, fluorine groups are promising candidates because
of the fact that (1) the high electronegativity of F can further promote CO-
adsorption through electrostatic interaction; (2) F groups can effectively reduce
the micropore size to < 0.5 nm, thus facilitating CO. uptake and CO»/N.
separation by kinetic selectivity and (3) the hydrophobic C-F bonds can
strongly improve the hydrophlic stability. This knowledge is crucial for the
tailored design of CTF materials for efficient carbon capture and separation.
To date, the benchmark CTFs for CO. capture is found to be HAT-CTF-
450/600 (prepared at 600 °C), exhibiting the CO. adsorption capacity of 6.3
mmol/g at 273 Kand 1 bar, while CTF-py performs the best among all the CTFs
synthesized at 400 °C (5.08 mmol/g at 273 K and 1 bar). Along the same line,
CTF-py"'T (prepared at 750 °C) exhibits the highest H. adsorption capacity of
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2.63 wt% at 77 K and 1 bar, while fl-CTF-400 represents the highest value
(1.95 wt%) for all the reported CTFs synthesized at 400 °C.

In this thesis, four new CTF materials based on a set of nitrogen- and fluorine-
functionalized building blocks were designed and systematically evaluated as
the high-performance platforms for the application of gas adsorption and
separation. Significantly, the studied CTF materials in this thesis exhibit
exceptionally high gas adsorption and separation performances (Figure 6.1),
they are expected to be promising as the high-performance platforms for

further possible realistic applications.

e - C20-400
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Figure 6.1. A summary of the reported CTF materials for CO, adsorption at 273 K and 1
bar. (The CTFs prepared at 400 °C in this thesis (blue); the CTFs prepared at 600 °C in
literature (pink); the reported CTFs prepared at 400°C in literature (grey).

6.2. Detailed Conclusions

In this thesis, we focus on the rational design and synthesis of novel CTF
materials by employing a series of building blocks with abundant CO.-philic
functionalities and explore their potential for the application of gas adsorption

and separation.

In Chapter 2, we described the design and synthesis of a novel N-
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heteroaromatic tetranitrile, 4,4' ,4",4"-(1,4-phenylenebis(pyridine-4,2,6-triyl))

tetrabenzonitrile, which was further used as the building block for the
preparation of a set of nitrogen-rich CTF materials. In this chapter, the
influence of several parameters, such as the ZnCl./monomer ratio and reaction
temperatures, on the structure and porosity of the resulting frameworks was
systematically examined. We found that the higher ZnCl.,/monomer ratio and
higher synthesis temperature can lead to the materials with higher porosity and
surface area, while the gas adsorption capacities are more related to the
accessible micropores as well as the nitrogen content of the CTF materials.
More specifically, for the CTFs synthesized at 400 °C, increasing the
ZnCl,/monomer ratio can significantly improve their corresponding gas
uptakes, while at 500 °C, the ZnCl,/monomer ratio almost has no effect on
their gas adsorption performances. These observations provided us crucial

information for the following research.

In Chapter 3, we incorporated the CO.-philic fluorine groups into the
aforementioned tetranitrile to expect to improve the materials’ gas adsorption
and separation performances. As confirmed by TEM and EDX element
mapping and F1s XPS measurements, the remaining fluorine groups are
homogeneously distributed in the CTF materials. Remarkably, compared with
the non-fluorinated CTF materials (chapter 2), the fluorinated CTFs exhibit
much higher CO, adsorption capacity (4.54 mmol/g at 273 K and 1 bar) and
show exceptionally high H, adsorption capacity (1.88 wt% at 77 K and 1 bar),
which is only slightly lower than the benchmark CTF materials (1.95 wt% under
identical conditions). Furthermore, the studied materials also exhibit higher
CO./N; and CO,/CH;, selectivities than those of corresponding non-fluorinated
ones. Our findings confirmed that incorporation of CO.-philic fluorine
functionalities into the frameworks of CTFs is an efficient and straightforward

approach to achieve better gas adsorption and separation performances.

Hexaazatrinaphthalene (HATN) derivatives are ideal building blocks for the
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construction of supramolecular architectures and functional materials due to
their excellent electron-deficient property, high n-n stacking tendency and
abundant nitrogen content. As a proof of concept, in Chapter 4, we for the
first time prepared a set of nitrogen-rich hexaazatrinaphthalene-based CTFs
and evaluated their carbon capture and separation properties. We found that
nitrogen content of the obtained CTF materials was significantly high (up to
21.8% out of the theoretical value of 27.8%), which is almost the highest value
for all the reported CTF materials. More importantly, the materials exhibit
extremely high CO. adsorption capacity (5.57 mmol/g at 273 K and 1 bar),
surpassing the benchmark CTF materials synthesized at 400 °C (5.08 mmol/g
at 273 K and 1 bar). Furthermore, the materials also show superior H.
adsorption capacity of 1.74 wt% and significantly high CO./N; (up to 53) and
CO,/CH. (up to 9.8) selectivities. We believe that these impressive results
render the studied CTF materials as promising candidates for efficient CO-

capture and separation.

We are interested in fluorine groups not only because of the fact that the strong
electronegativity of F can promote CO. adsorption through electrostatic
interactions but also the hydrophobic nature of F, which can improve both the
materials’ stability and performances under moisture conditions. In Chapter 5,
we presented the design and synthesis of a perfluorinated nitrile by replacing
every hydrogen atom of 4,4’-biphenyldicarbonitrile by fluorine atoms, which
was then used as the building block for the preparation of hydrophobic
fluorinated CTFs. Interestingly, as confirmed by XPS measurements, most of
the fluorine groups were decomposed and only 10% of theoretical fluorine
groups was reserved in the structure, which is in accordance with the findings
of chapter 2. However, this fluorine-containing CTF material exhibit
exceptionally high CO, adsorption capacity (5.98 mmol/g at 273 K and 1 bar),
which is higher than all the reported CTFs synthesized at 400 °C and only
slightly lower than that of HAT-CTF-450/600 (6.3 mmol/g under the same

-130 -



CHAPTER 6. Conclusions and Outlook

conditions, synthesized at 450 °C and 600 °C). Its outstanding CO, adsorption
capacity, high tolerance to water and good reusability makes them promising
candidates for selective CO. capture from flue gas and other relevant

applications.

From this dissertation work, we can conclude that incorporation of both
nitrogen sites and fluorine sites into the structure of CTFs can have a beneficial
effect on their gas adsorption and separation properties. Although it is not easy
or proper to directly compare and determine which functional groups are
better and more efficient, concerning the environmental issues, nitrogen sites
seems more friendly than fluorine sites, as some fluorine species will be formed

and released after the synthesis.

In summary, this thesis is an original and inspiring research in the exploration
of efficient porous adsorbents for the application of gas adsorption and
separation. CTFs, being in general more stable than the majority of MOFs and
more tunable than zeolites and activated carbons, are quite stable and
attractive platforms for various applications. This field is currently growing and

it is easy to foresee a rapid further development in the coming years.
6.3. Future Perspectives

CTFs represent a very well tunable and expandable platform for various
applications. The materials’ physical and chemical properties can be tailor-
made and fine-tuned towards the desired applications, while the numerous N-
moieties and functionalities can provide the possibility to bind more gas
molecules or coordinate more catalytically active sites. Their superior tunability,
chemical and thermal stability, porosity and specific surface areas compared
to the traditional solid adsorbents render them highly promising for possible
practical applications. However, it does not mean this type of materials is
perfect and there is still room for improvements from the view of both science

and industry. In my opinion, maybe one can expect to improve and expand the
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potential applications of this type of materials in the following aspects.

Until now, most researchers focus on CTFs synthesized via the ionothermal
approach to induce high porosity and specific surface areas in sealed
ampoules. However, almost all the CTF materials are amorphous dark
materials with strong absorbance in the spectral range of many common
spectroscopic techniques. These features make the characterization of these
materials difficult and hamper a better understanding of their structural and
chemical properties. The actual or real structural properties are therefore still
literally hidden within a “black box” and substantial research efforts to unravel
the true nature and structure of CTF materials are urgently needed in this newly

developed and emerging field.

Although CTFs are remarkable materials, it has to be mentioned that their
synthesis is somewhat tedious. Due to the high temperatures applied, the
reaction has to be conducted in evacuated and sealed glass or quartz
ampoules. In this respect care has to be taken that the organic monomers are
not decomposing or that the (hygroscopic) ZnCl, is applied in a dry state, as
any evolving gases increase the pressure in the ampoule and will explode. It is
therefore recommended to fill the ampoules with salt and monomer in a glove
box and to have a very diligent glass blower available for sealing them, which
limited the large-scale CTF synthesis and possible realistic applications.
Furthermore, the batch to batch reproducibility for the synthesis of CTFs is
somewhat doubtful. As the synthesis and side reactions under high
temperatures are uncontrollable, it is not that easy to obtain the completely
same batches of materials. Thus, exploring other mild, cost-effective and
scalable synthesis approaches for the preparation of (crystalline) CTFs and
combination of modelling and theoretical calculations should be promising for

future possible industrial implementation.

Up to date, all the applications of CTFs are confined to the laboratory under

“ideal” conditions and it is too early to say or predict the possibility of industrial
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implementation. To evaluate the potential of CTFs for realistic applications, it
will be of great importance and necessary for scientists to carry out the
experiments under simulated or real industrial conditions and the researchers
are ought to pay more attention to the following aspects, including but not
limited to sustainability, mechanical stability, scalability, economic potential

and lifetime of the CTF materials.

Furthermore, at this moment researchers mainly focus on CO. adsorption and
the investigation of their separation selectivities by calculations according to
the single gas adsorption isotherms. However, breakthrough measurements
are necessary to evaluate the possible realistic separation properties of the
materials. To the best of my knowledge, there are almost no reports on CTF
materials for other kinds of gas adsorption and separation (e.g. SO,, NOx,
CsHe/CsHs), thus it will be really interesting for researchers to pioneer and

investigate these applications.

Nonetheless, these examples only represent some of the challenges, any
newly developed and emerging field has to go through and which most likely
be tackled within the development of this field. Overall, we can foresee a rapid

and promising development of this field in the coming years.
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