Porous Framework Materials for Gas
Separation and Catalysis

A Thesis
Submitted in Partial Fulfilment of the Requirements

for the Degree of

Doctor of Philosophy
By
Debanjan Chakraborty
ID: 20153365

NG

IISER PUNE

Indian Institute of Science Education and Research (I1ISER) Pune




Dedicated to
my father
Late Subhas Ranjan Chakraborty




\‘_‘I INDIAN INSTITUTE OF SCIENCE EDUCATION AND RESEARCH (lISER), PUNE
(An Autonomous Institution, Ministry of Human Resource Development, Govt. of India)
IISER PUNE 900 NCL Innovation Park, Dr. Homi Bhabha Rd., Pashan, Pune - 411 008

Dr. R. Vaidhyanathan
Associate Professor, Chemistry

Certificate

This is to certify that the work incorporated in the thesis entitled “Porous Framework Materials for
Gas Separation and Catalysis” submitted by Debanjan Chakraborty has been carried out by the
candidate at the Indian Institute of Science Education and Research (IISER), Pune, under my
supervision. The work presented here or any part of it has not been included in any other thesis
submitted previously for the award of any degree or diploma from any other University or

Institution.

Date:

Place: Dr. R. Vaidhyanathan
(Research Supervisor)

Tel.: +91-20-2590 8073 Fax: +91-20-2589 9790 E-mail: vaidhya@iiserpune.ac.in



Declaration

I, hereby declare that the thesis entitled “Porous Framework Materials for Gas Separation and
Catalysis” submitted for the degree of Doctor of Philosophy in Chemistry at Indian Institute of
Science Education and Research (IISER), Pune has not been submitted by me to any other
University or Institution. This work was carried out at Indian Institute of Science Education

and Research (IISER), Pune, India under the supervision of Dr. R. Vaidhyanathan.

Date: Debanjan Chakraborty



Acknowledgements

I would like to express my gratitude to my PhD guide Dr. Ramanathan Vaidhyanathan for his
support throughout my journey in IISER Pune. He has introduced me to the real challenges of
a researcher and taught how to overcome the hurdles of research life. He has held my hands
when | gave up and motivated me to go forward to achieve the triumph. | have not only
improved my scientific knowledge under his guidance but also learnt other professional and
communication skills of international standards. | feel fortunate to be a part of his esteemed
research team and consider it as one of the finest parts of my life. | sincerely thank you for

being a wonderful mentor.

| thank my research Advisory Committee (RAC) members, Dr. R. Boomi Shankar and Dr. C.
P. Vinod for the scientific inputs during the RAC meetings. | am thankful to our collaborators,
Dr. K. Sreekumar (NCL Pune), Dr. P. Thallapally (PNNL USA), Prof. Satish Ogale (IISER
Pune), Prof. Tom K. Woo (University of Ottawa, Canada), Dr. Dinesh Kabra (II'T Mumbai),
Prof. R. Murugavel (IIT Mumbai) for their valuable inputs in the scientific projects. I am
indebted to my lab mates, Dr. Shyamapada Nandi, Dr. Shalini, Dr. Dinesh Mullangi, Dr.
Aparna Banerjee, Dr. Kaleeswaran, Dr. Sreenu, Rahul, Sattwick, Rinku, Himan, Pragalbh,
Deepak, Shubhangi, Vamshi, Suchit, Hemkalyan, Aksara, Aiswarrya and Krishna for their
constant support in the lab. | thank Dr. Rajkumar Misra, Dr. Arunabha Maity, Dr. Santosh K
Singh, Mr. Rajith for helping me during various instrumentation and data analysis. | am grateful
to all the faculty members and staffs of the department for their support in miscellaneous
matters. | would like to thank Dr. Umeshareddy Kacherki (deputy librarian) and Mrs. Anuradha
for library support, Mr. Parveen Nasa for technical support, Mr. Mayuresh Kulkarni, Mr.
Tushar Kurulkar and Mrs. Sayalee Damble for academic and official support. I am very much
thankful to my all batchmates particularly Soumendu, Rajarshi, Rahul, Rahi and Samraj for
their irresistible support during the ups and downs. | am grateful to Prof. Jayant B. Udgaonkar,
director, Prof. K. N. Ganesh, former director and Prof. H. N. Gopi, chair Chemistry for proving
outstanding research facilities in the department. | thank DST-INSPIRE and CSIR for the
financial supports. Above all, | feel proud to be a student of Indian Institute of Science
Education and Research Pune (IISER Pune).

| take a vow to express my gratitude my teachers who have shaped me for the future endeavour.
I would like to thank my teachers, Mr. Shibesh Adhikari, Mr. Ganapati Das, Mr. Samrat Dey,
Mr. Jiban Saha, Mr. Krishnendu Roy, Mr. Suvendu Mujherjee, Mr. Tapan Brahma, Dr. Rajesh

Das, Prof. Samaresh Bhattacharjee and Dr. Partha Roy. | am really lucky to have friends like



Acknowledgements

Arindam, Mainak, Ranadhir, Puspita, Sandip, Dipanjan, Debashis, Tirtha, Pritam, Sayan and
Sudipta for supporting me in every part of my life. | would thank Dr. Bibhuti Bhushan Sow to
guide me during my M.Sc. project and motivating me to peruse research in material science. |
acknowledge Raiganj Coronation High School and Jadavpur University for providing
indigenous knowledge during my student life.

Now, its time to thank my family members who have recognized my potentials and supported
me to fulfil my dreams. | am indebted to my mother Mrs. Annapurna Chakraborty to believe
in me. 1 am thankful to Mrs. Chandana Chakraborty, Mrs. Aparna Chakraborty and Mr. Ratan
Kumar Chakraborty for their endless support to shape my career. It would have been impossible

for me to achieve success without their constant sustenance.

Finally, 1 would pay tribute to my beloved father Late Subhas Ranjan Chakraborty who had
inspired me to be a researcher and work for mankind. His words inspire me in every moment

and empower to climb up to new summits of life. Thank you.

Debanjan Chakraborty



Synopsis

Chapter 1: Porous framework materials for Xe/Kr separation and organo-catalysis

Separation of two molecules is always challenging and researchers have come up with novel
techniques to achieve these targets. Introduction of porous materials generates a new research
topic for such applications. Development of new porous materials as well as modifying the
existing ones are the hallmarks of the porous fields. The porous materials are associated with
a number of unique properties like high surface area, tunable porosity, high thermal and
chemical stability etc. which make them the desired candidate for a diverse range of
applications. They are applied for gas separation/storage, catalysis, optics, batteries and
supercapacitors etc. Mainly two distinct classes of porous materials exist, metal-based and
organic. Zeolites, metal organic frameworks (MOFs), metal organic cages, porous metal oxides
belong to this class, whereas porous organic frameworks (POFs), covalent organic frameworks
(COFs), organic cages, porous carbon, hydrogen-bonded organic frameworks (HOFs) etc. are
the organic porous materials. In this regard, we have systematically studied the synthesis and
characterization of MOF, POF, COF and porous carbon. They have been utilized for gas

sorption (noble gas) and catalysis (organic and electrocatalysis).
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Scheme 1: Different porous materials. MOFs, POFs, COFs and porous carbon are discussed here for
their potential application in gas storage and catalysis.

Part 1: Xe/Kr separation using Porous Frameworks.

Chapter 2: Hyper-Crosslinked Porous Organic Frameworks with Ultra-micropores
for Selective Xenon Capture

The UNF is associated with humidity, harsh condition and it is desired that the materials would

be able to retain their capacity at the harsh condition. However, MOFs face disadvantages in
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terms of thermal, chemical stability, purity at large scale preparation, applications at humid
atmosphere etc (UNF contains moist air). In this regard, we have investigated hyper-crossed-
linked porous polymers for selective Xe capture. The C-C bonding in the polymeric backbone
brings exceptional stability to the materials. The polymers are prepared by simple Friedel-Craft
reaction between two aromatic moieties. They are extremely stable to thermal and chemical
treatments. These polymers have permanent porosity, high BET surface area (645-800 m?/g)
and ultra-microporous networks. The polymers are able to capture Xe selectively over Kr
(s(Xe/Kr)) = 6.7, 6.3, 6.3) at 298K and 1 bar pressure. The UNF stream contains an
infinitesimally small amount of Xe along with other gases. These polymers can adsorb Xe over
N2 and CO2 with a high degree of selectivity (Xe/N2 (s(Xe/N.)) = 200, 180, 160 at 298K and 1
bar) and Xe/CO: selectivity (s(Xe/COy)) = 5.6, 7.4, 5.6) for a 1:99 composition of
Xe:N2/Xe:COz). The polymers exhibit higher/comparable performance with other benchmark
materials like porous carbon and MOFs. Breakthrough experiments are performed to
demonstrate the kinetic separation of Xe from the UNF and the polymers show the significant
Kinetic separation of Xe from the gas mixture. This work exhibits the importance of stable

porous polymers for noble gas capture which can withstand the harsh condition of UNF.
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Figure 1: Schematic representation of the preparation of porous polymers The N isotherms at 77K
of the polymers after harsh chemical treatment. The polymers exhibit selective Xe capture from Xe/Kr
mixture.

Chapter 3: Ultra-microporous Metal Organic Framework for Exceptional Xe
Capacity

Emerging energy demand in the developing world is resulting in the depletion of the

conventional fuel sources mainly fossil fuel. The alternate clean energy source is now
becoming mandatory for economic development and national security. Along with other
alternative energy sources, nuclear energy is considered one of the most effective processes

because it has high energy density. However, during nuclear fission process many radioactive
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wastes particularly (Xe, Kr) are being released (Used Nuclear Fuel; UNF; 1300 ppm Xe, 130
ppm Kr, 78% N2, 21% O2, 0.9% Ar, 0.03% COz2). The nonradioactive isotope Xe is very useful
for different kind of applications in medical, lightening sectors etc. It is very important to
selectively capture and store Xe from its analogous noble gas Kr. Currently, cryogenic
separation is an industrially opted process for separating Xe/Kr from UNF by utilizing the
difference in their boiling points, (Xe = -108.1°C and Kr = -153.2°C) although this is energy
demanding as well as explosion hazardous process. Adsorptive separation could be a potential
alternate where Xe is adsorbed selectively at ambient temperature and pressure. Solid-state
sorbents like porous carbon, zeolites, metal organic frameworks (MOFs), organic cages are
being investigated for selective Xe capture. MOFs being crystalline coordination polymers
with high surface area and tunable pores serve as a potential candidate for Xe capture. The
benchmark MOF for high capacity of Xe is SBMOF-1, but a very low surface area. This
provides a room to develop and study MOFs having higher capacity and selectivity. [ISERP-
MOF2 (Ni-PYC) has been chosen and compared with SBMOF-1. Both of the MOFs have pore
size ~4 A but differ in surface area (SBMOF-1: 145 m?%g and Ni-PYC: 470 m?/g). When Ni-
PYC is subjected to Xe adsorption, it has been found that the Xe uptake (3.2 mmol/g at 298K
and 1 bar) in two times higher than SBMOF-1. Computational modelling is employed to
determine the Xe/Kr selectivity as 18.6 which is also better than the SBMOF-1 (16.23). Thus,
in this chapter, it has been demonstrated that the surface area of a MOF along with optimal

pore size can enhance the Xe capacity significantly.
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Figure 2: The higher Xe capacity of ISERP-MOF2 compared to other benchmark porous materials
which is rationalized by the favourable interaction of Xe with the framework.
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Part 2: Organo-catalysis using Porous Framework Supported Nanoclusters.

Chapter 4: Resorcinol-phenylenediamine Based COF for Selective Capture and
Chemical Fixation of CO»

Rising amount of CO> in the atmosphere is causing global warming and climate change. The
only technology to reduce CO: is carbon capture and sequestration (CCS). The liquid amine-
based sorbents are industrially used for the CO, capture but they are associated with high
energy inputs. Solid sorbents like Zeolites, MOFs, porous polymers, COFs are important
materials for CO; capture and extensive studies have been done on these materials. However,
utilization of adsorbed CO> could bring novelty into the process of CO, sequestration. COz is
a small C1 building block for the synthesis a variety of organic molecules, including
heterocyclic molecules. But COz is reluctant to react due to its inherent stability and inertness.
Developing active catalyst is necessary to react CO> generating value-added products like
methanol, formic acid, cyclic carbonated etc. Here, a resorcinol-phenylene diamine-based COF
is being investigated for the CO> capture and fixation study. The COF possesses high BET and
Langmuir surface area (BET SA: 1230 m?/g and Langmuir SA: 1540 m?/g) with a micropore
of 12 A. The pore wall of the COF is decorated with heteroatoms which can interact with the
guest within the pore. The COF shows quite significant CO> uptake of 2.5 mmol/g at 298K, 1
bar with a saturation uptake of 15 mmol/g at 195K. The heat of adsorption (HOA) at zero
coverage is calculated as 32 kJ/mol which is optimal for the facile regeneration of CO,. The
value of HOA suggests that there is a dipole-quadrupolar interaction between CO and the
framework heteroatoms. Ideal Adsorption Solution Theory (IAST) has predicted the CO2/N>
(15:85) and CO2/CHj4 (50:50) selectivities as 65 and 9.3 at 298K, 1 bar which is better than
other COF based materials. The breakthrough separation data reveals that the COF has the
ability to selectively capture CO> under dynamic condition. The COF can accommodate small-
sized Ag nanoparticles. This is due to the presence of heteroatoms in the pore that hold the nps
tightly without leaching out from the framework. This composite is utilized for the CO. fixation
into cyclic carbonates with propargyl alcohols. The Ag nps interacts with the propargyl
alcohols and the COF adsorbs CO., thus the composite is able to fix CO> with a yield of >90%.
Recyclability of the catalyst has been demonstrated with five consecutive cycles and the
integrity of the catalyst has been proven by several analytical techniques. This chapter shows
the importance of the ordered porous structure of a COF for favourable host-guest interaction.
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Figure 3: Selective CO; capture by resorcinol-phenylene diamine-based COF. Silver nanoparticle
supported COF catalyses the chemical fixation of CO, with propargyl alcohols.

Chapter 5: Cu/Cu20O Nanoparticles Supported on a COF for heterogeneous Glaser-
Hay Hetero Coupling

In the previous chapter, it has been documented that the COFs are suitable candidates for the
growth of small-sized active nanoparticles. The abundance of heteroatoms in the ordered pore
is the driving force for favourable host-guest interaction. In this chapter, we have explored the
ability of a COF to host small Cu/Cu20 nps and catalyse the challenging Glaser-Hay coupling
yielding hetero-coupled product selectively. The COF has a high surface area (1171 m?/g) and
micropores (13A). The presence of phenolic -OH group brings exceptional stability in the
framework by keto-enol tautomerism as well as microporosity. The COF is able to support
small-sized Cu nps (av. 3 nm) on it. The composite is studied for the Glaser-Hay (GH) hetero
coupling. GH reaction is the C-C coupling between two unactivated alkynes catalysed by
metals. Most importantly, the hetero-coupled core is present in various medicinal and natural
products. Despite their broad successes in homo-coupled products, preparation of
unsymmetrical 1,3-diynes is challenging due to poor selectivity. Here, our COF composite
provides a novel approach to perform the GH hetero coupling with high yields (>70%; reaction
between aromatic alkynes and the propargyl alcohols). The TOFs and TONSs of the catalytic
reaction are quite high and a detailed substrate scope is studied with different substitution in
the aromatic alkynes and propargylic part. The redox mechanism of the coupling is established
from XPS studies of the frozen catalysts at different time segments of the reaction. The
prominent change in the satellite peak during the course of the reaction establishes the redox
pathway. The coupling proceeds via oxidative addition and reductive elimination of the Cu
centre in presence of terminal alkynes. Further, theoretical calculations (DFT) reveal that there

is a hydrogen bonding interaction between the propargyl alcohol and the -OH groups of the



Synopsis

COF. This interaction stabilizes the hetero configuration within the COF pore and results in
hetero-coupled product. The cyclability and the post catalysis integrity is studied. This work
presents the ability of the COF to provide an optimal environment for the challenging reaction

through its pore architecture.

p R2 _ACu (0)/()
Reductive 7 '47‘ CHCI;+Dioxane+TMEDA
elimination 7/ . ™ Oxidative

addition

Figure 4: Catalytic transformation involving oxidative addition and reductive elimination of the Cu
cluster supported by COF.
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Chapter 1

1. Introduction:

Porous materials have been an emerging topic of research for the last few decades. Their
modular pore architecture, accessible design strategies and diverse applications lead to a
revolution in the development of target-specific porous solids.! Several aspects of porous
materials such as the kinetics and thermodynamics of gas adsorptions within their pores, the
diffusion kinetics of different gases have been investigated in-depth using a variety of
experimental and theoretical approaches. However, the fact that these parameters still are
significantly different for every new designed porous solid, there is a lot of room for
understanding new gas sorption phenomenon in them, which provide insights for further
material developments. Thus, there is a huge scope of development of porous solids in terms
of advanced application and commercialization. Porous materials carry several advantages.>*
They possess high surface area, nano-porous to macroporous architecture which can be
controlled by synthetic strategies. These porous networks exert high thermal and chemical
stabilities depending on their covalent linking and architectures.>*! They are capable of hosting
different guests into their functional pores which provide room for diverse applications starting
from gas capture/storage and purification,*?® catalysis,'>?* optics,?*" energy®“® to the
biological regime.*® Porous materials can be divided into two distinct classes — (i) porous
materials having inorganic backbones and (ii) porous materials with pure organic backbones.
The former one includes zeolites, porous metal oxides/nitrides, porous silica and inorganic-
organic hybrid materials namely Metal-Organic Frameworks (MOFs) (Scheme 1.1).5%%% On
the other hand, organic materials comprise of porous polymers (POFs),’1#!8 Covalent Organic
Frameworks (COFs),'*?° Hydrogen-Bonded Frameworks (HOFs),%4% porous organic

cages'*8 etc.
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Scheme 1.1. Different classes of porous materials.

Porous organic materials are typically constructed by covalent linking of small organic building
blocks. The most important feature of the porous organic materials is the absence of metal ions
in the backbone. The covalently bonded network provides extreme chemical and thermal
stability. The organic framework can be tuned to have lowered affinity to humidity or water,
which are known to attack these materials, a well-established drawback of the inorganic porous
materials like zeolites. Judicious choice of building blocks renders into different structures with
a range of pores (micro to mesoporous structures). Their intrinsic pores can be functionalized
to render favourable interactions with the guests. Depending upon the building block selection
and reaction conditions, the organic materials could be amorphous or crystalline in nature.
Crystallinity helps study the structure-property relationship of the porous materials in detail
using a range of diffraction experiments and computational modelling. The porous organic
materials are used in gas separation, storage®’-" catalysis,'®2*"2-8 energy storage,>®42 817 fyel

cell application,*”*® photo-catalysis,®® drug delivery,* solar cells® etc.

Metal-Organic Frameworks (MOFs) are built from the self-assembly of metal ion/cluster with
organic building units.®”-% This imparts an extraordinary degree of crystallinity, high surface
area, tunable pore architecture, and flexibility into the backbone. Depending on the pore
dimensions, MOFs are being classified into three types, Ultra-microporous: pore size < 6 A;
Microporous: pore size 6-20 A; Mesoporous: pore size > 20 A.1°1-1% Ultra-microporous MOFs
are suitable candidates for gas separation and capture.l%! However, gas storage,!!?-11
catalysis,*1%12% photoluminescence,'?*123 sensing,'?*12° proton conductivity,'?¢1?8 and energy

storage & conversion*?*13! are the widely studied applications using MOFs.

In this chapter, different porous materials such as Hyper-Cross-Linked polymers (HCPs)®8/132-
135 Metal-Organic Frameworks (MOF) and Covalent Organic Frameworks (COFs), 16142 are
briefly discussed. They are conferred with seminal examples where the materials are

investigated for gas separation and catalysis.
1.1. Hyper-Cross-Linked Polymers (HCPs):

Hallmark of HCPs is their high degree of cross-linking and stability towards chemical and
thermal treatment. The cross-linked polymeric structure results in the robustness and high
surface area, micro-porosity and the all-organic framework confers low density. Typically, they

are amorphous in nature. Many HCP are prepared by Friedel-Craft reactions which enable cost-
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effective multigram scale synthesis. The main three approaches to prepare HCPs are direct
polycondensation of monomers, post-cross-linking of polymeric species and use of external
crosslinkers.®*® The direct polycondensation is executed by the condensation of the monomeric
units into the polymer in a suitable solvent.’3* In post-cross-linking technique, the polymeric
chains are immersed in solvents and further crosslinked. The spaces occupied by the solvents
are then stabilized by the crosslinking and thus it generates the porous networks.**® The use of
external cross-linker was first shown by Tan and co-workers, where an external linker was
employed for knitting the aromatic framework to develop special functionality and desired
morphology for an application.

1.1.1. Tetraphenylethylene based HCP for CO: capture:

The HCPs were prepared via Friedel Craft reaction of Tetraphenylethylene (TPE)/ 1,1,2,2-
tetraphenylethane-1,2-diol (TDP) with formaldehyde dimethyl acetal and FeCls as catalyst.'4®
The building blocks were mixed in a particular molar ratio to obtain the ideal material for post-
combustion CO> capture application (Figure 1.1). The polymers were not soluble in the
traditional organic solvents and they exhibited thermal stability up to 250°C under N>
atmosphere. The presence of methylinic linkage in the framework reduced the thermal stability
compared to the pure aromatic porous frameworks. FT IR spectra provided the evidence of the
cross-linking where the -C-H stretching vibration occurs at 2920 cm™. The polymers were
highly porous in nature and possess a high BET surface area. However, a trend had been
observed in the surface area of the mixed linker-based polymers. The polymer having TPE
exhibited the highest BET surface area of 1980 m?/g, but the value dropped with the increasing
ratio of TDP. The polymer with 100% TDP displayed a BET surface area of 618 m?/g.}* The
pore size distribution was also affected by the relative composition ratio of the two linkers. In
general, all the networks had microporous structure (11 to 16 A), however, a significant amount
of mesopores were present in the structure. On increasing the TDP concentration, the
mesoporous nature was condensed, and the polymer made of 100% TDP didn’t have any
mesoporous contribution in its structure. The reason behind the modulation of the surface area
and pore size remains in the chemical bondings of the monomers. TPE had a double bond,
whereas TDP carried a single bond, which imposes flexibility in the framework leading to the
lowered surface area. However, the hydroxyl groups of TDP linker occupy a fraction of the

pore, minimizing the formation of mesopores. The CO, separation capabilities of these HCPs
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have been investigated. As expected, the network-1 (with 100% TPE) had the highest CO>
capacity (3.63 mmol/g at 1 bar at 273K) compared to the other networks.**® The network-7
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Figure 1.1. (A) Synthetic scheme. (B) Hz and CO. adsorption isotherms collected at different
temperatures. (C) N2 77K isotherms of the polymer, which shows that the effect of mixed linker strategy
on the porous architecture. (D) The heat of Adsorption (HOA) for the polymers, network-7 is having
the highest HOA due to microporous nature. (Adopted from ref. 143 from the Royal Society of Chemistry
with permission).

(with 100% TDP) exhibited the lowest CO> uptake (1.92 mmol/g at 1 bar at 273 K) (Figure
1.1). This trend observed in the CO2 uptakes correlated with the trend of surface area and pore
volume of the polymeric networks. Ideal Adsorption Solution Theory (IAST) was employed to
calculate the CO2/N2 selectivity (0.15 CO2/ 0.85 N>). The network-1 showed a selectivity of 33
whereas, network-7 showed 119 at 1 bar at 273K. The heat of adsorption has been evaluated
from Virial model where 28.2 and 23.3 kJ/mol HOA are obtained for network-1 and network-
7, respectively, which corroborated with the observed selectivities of the networks (Figure 1.1).
The network-7 has -OH groups which have a favourable interaction with polarizable CO>
molecules giving rise to relatively higher HOA values.'*® Thus, the chemical modulation in the

monomeric unit can modify the CO> capture ability of these porous networks.
1.1.2. Effect of crosslinking in HCPs on selective CO; capture:

The extent of cross-linking and the cross-linker length play a significant role in gas separation
and storage. To express this, Sun and co-workers have prepared three different HCPs by the
Friedel Craft condensation of 2,4,6-Tris(chloromethyl)-mesitylene (TCM), p-dichloroxylene
(DCX) and 4,40-bis(chloromethyl)-1,10-biphenyl (BCB). The three polymers involved in this
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study were named as follows, NUT-5: self-condensation of TCM, NUT-6: polymerisation of
TCM with DCX and NUT-7: polymerisation of TCM with BCB. All three polymers showed
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Figure 1.2. (A) Facile synthetic routes of the polymers. (B) CO, adsorption isotherm of the polymers
at two different temperatures, 273K and 298K. (D) IAST selectivity for 15CO,/85N, mixture at 273K
and 298K. (Adopted from ref. 144 from the Royal Society of Chemistry with permission).

micro porosity, but their surface area followed the order: NUT-6 > NUT-7 > NUT-5 (BET
surface area: 1137, 987, 771 m?/g, respectively) (Figure 1.2).14* The main reason behind this
surface area trend remained in the extent of cross-linking and the linker length. NUT-5 having
no crosslinking exhibit diminished porosities compared to the other polymers, this was despite
they having very similar pore size distribution. The pore volumes for the NUT-5, 6 and & are
0.4, 0.7, 0.6 cm®g. CO,, CH4 and N, adsorption studies were carried out with these
microporous polymers at different temperature (273 and 298K) (Figure 1.2). The polymers
possessed significant CO> uptakes. But they did not adsorb CH4 or N2 at room temperature
(CO2 uptake: 58.2, 164.1, and 92.4 m?/g at 1 bar at 298K).1** It was evidenced from the CO;
uptakes of the polymers that a balance between the surface area and pore volumes was an
important parameter. NUT-6 was optimized with a cross-linker of right length which yielded a
pore environment highly suited for CO2 sorption, particularly in comparison to the other NUTSs.
IAST selectivities were also influenced by the crosslinker modification (Figure 1.2). The IAST
selectivities for CO2/N2 and CO2/CH4 for the NUT-6 are 541.4 and 48, respectively, at low
pressure and 273K which was much higher than the NUT-5 and NUT-7. This selectivity
corroborated well with previous observations. The isosteric heat of adsorptions followed the
same order as the surface area i. e. NUT-6 > NUT-7 > NUT-5 (14.4, 21.8, and 19.0 kJ/mol)

(Figure 1.2).1* The design and choice of the cross-linking moieties played a significant role in
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polymer preparation. When TCM had been crossed-linked with a small linker DCX, the
resulting polymer had more surface area and pore volume than the self-condensed TCM
polymer. When the length of cross-linker had been increased, it forms longer chains in the
polymeric backbone which affected the textual properties of the polymers. Whereas, NUT-6
had an optimal surface area, pore volume and textual characteristics enabling the best
performances among the three polymers. Further, excellent COz cyclic performance had been
demonstrated by NUT-6 in this report.*44

1.1.3. Heteroatom incorporated in HCPs for selective CO. capture:

CO2 can have favourable interactions with the polarising moieties in the frameworks. The
aromatic groups present in the HCPs are known to interact well with CO which reflect in their
selectivity and heat of adsorption values. In this example, the micropores of the HCPs have
been decorated with heteroatoms to gain improved CO. adsorption characteristics. Three
polymers are prepared via the condensation of 2,4,6-tri(thiophene-2-yl)-1,3,5-triazine (TTPT)
and thiophene in different ratio with FeClz (1:1 for HMC-1, 1:2 for HMC-2, and 2:1 for HMC-
3) (Figure 1.3). The two-step reaction (first reflux in chloroform and then solvothermal at
150°C) led to the formation of amorphous polymers which are microporous in nature.*> The
BET surface area for HMC-1, 2 and 3 were 855, 425, and 566 m?/g, respectively. The TTPT
did not produce a polymer with a high surface area as the thiophene ring is reluctant to crosslink
with the electron-deficient triazine ring. The two-step condensation seems critical to generate
sufficiently high surface area polymers. Here, chloroform is templating and co-polymerising
the monomers to render better cross-linking hence better surface area. 1:1 ratio favours the co-
polymer formation and yields the polymer with the highest surface area. NLDFT model yielded
a pore size of ~ 15 A and the pore volumes are 0.2968, 0.1920, and 0.1618 cc/g for HMC-1, 2
and 3, respectively.*> Microscopic studies revealed that the polymers possessed a ribbon-like
morphology due to cross-linking. The presence of a peak at 50.9 ppm in the solid-state 3C
NMR spectra revealed that CHCIs also takes place in the polymerisation. The polymers
exhibited high thermal and chemical stability due to C-C linkages. The polymers exhibited
quite satisfactory CO> uptakes ranging from 10.5 to 14.2 mmol/g and 1.9 to 2.6 mmol/g at 273
and 298K (Figure 1.3). HMC-2 exhibited the highest CO> capacity among the polymers. The
isosteric heat of adsorption for the polymers was remarkably high, for example, HMC-2 has
HOA value ~60 kJ/mol which indicated that the nitrogen atoms in the triazine groups and the

sulphur atoms from the thiophene groups were having a significant polarising effect on CO..
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HMC-3 exhibited the highest CO> capacity which has been attributed to the higher sulphur
content of the polymer than the other two.'*® CO, cycling experiments up to five cycles
confirmed the reproducible physisorptive capacity of the polymers. The CO2/N. selectivity
values have been calculated at 273K from the initial slope method. The values were recorded
as 72:1, 70:1, 23:1 for HMC-1, 2, 3, respectively. Thus, it has been observed that there would
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Figure 1.3. (A) Synthesis of heteroatom incorporated polymers. (B) CO, adsorption isotherms of the
polymers recorded at 273K and 298K up to 3 bar. (Adopted from ref. 145 from the American Chemical

Society with permission).

be a serious implication if the heteroatoms are doped in the hyper-crossed-linked polymers
with a judicial selection of the building blocks.#

1.1.4. Microporous HCP for methane storage:

Methane is a natural fuel which provides a cleaner combustion route. The practical use of

methane is limited by the safer storage of the gas at high pressure (30-40 bar). Physisorption
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processes are employed to store methane. MOFs and activated carbons have been used for the
same purpose, but they face real-life challenges, such as less volumetric capacity due to low
packing density of the materials, stability issue of the MOFs. Activated carbons show quite
satisfactory performance, but the reproducibility is a concern. To overcome the challenges,
Cooper and co-workers reported microporous polymers for methane storage. The polymers
were prepared in the monolithic form to reduce the volumetric storage issues. The Friedel Craft
condensation of monomers dichloroxylene (DCX), and 4,4’-bis(chloromethyl)-1,10-biphenyl
(BCMBP) led to the formation of microporous polymers (Figure 1.4). The relative ratio of the
monomers has been varied to generate a set of networks with different surface area and pore
volumes. Self-condensation of pure DCX and BCMBP formed the networks with higher
surface area, pore volume and densities. The polymers were amorphous in nature and they had
a hierarchical porosity. The optimal pore size for methane was considered to be 7.6 A.24 It has
been observed that there was a significant difference in the adsorption of powdered polymers
to that of monolithic phases. The monolithic polymer samples exhibited type-1 N2 isotherm at
77K, while the powdered samples had mesoporous characters with a pore-filling at higher
pressures. This indicated that the monolithic polymers were a better contender for gas storage
due to their enhanced microporous volumes. The BCMP polymer showed the highest CH4
uptake (5.2 mmol/g) at 20 bar at room temperature which was correlated to the highest surface
area of the polymer (1904 m?/g).}*¢ The monolithic polymer exhibited 4.3 mmol/g methane
uptake at 15 bar which is similar to the BCMP powder (4.4 mmol/g) (Figure 1.4). Although
the surface area of the monolithic polymer (1366 m?/g) was lower than that of BCMP powdered
polymer the pore volumes were similar resulting into the similar methane uptakes for both
forms (0.55 and 0.54 cm®/g respectively). A rigorous theoretical simulation study had been
employed to understand the methane storage of the polymers and the isosteric heat of
adsorption was calculated for the modelled structures. It was in good agreement with the
experimentally determined isosteric heat of adsorption (Modelling: 22 kJ/mol vs experimental:
20.8 kJ/mol). This heat of adsorption value was much greater than the MOFs and activated
carbons (~16 kJ/mol) due to their improved pore-confinement and larger surface areas. Also,
high HOA rationalized the storage capacity of the polymers and this could be improved by
simply changing the pore volume/surface area. The polymers were remarkably stable, could be
synthesized in multigram scale as monolithic blocks. These features made them promising

candidates for selected industrial application over MOFs and activated porous carbons.!#’
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Figure 1.4. (A) Nz isotherm at 77K of BCMBP polymer (Black curve is for powder and the red curve
is for monolithic block). Inset shows the monomers and visual image of the monolithic polymer. (B)
CH. storage isotherms of the polymers at 298K (Blue: p-DCX, Red: monolithic BCMBP, Black:
BCMBP/ p-DCX). (Adopted from ref. 147 from the Wiley Online Library with permission).

1.1.5. Hydrogen adsorption and storage by microporous HCP:

Hydrogen is an important clean-burning fuel with the highest gravimetric energy density. But
the usage of hydrogen as a fuel is limited by its safer storage and transportation. In recent years,
different porous materials are being used for storing hydrogen via adsorption-based techniques.
Some of these porous materials include zeolites,*® porous carbons,'*® MOFs.1%-152 Byt these
materials do not simultaneously meet the criteria of safe storage, cost, optimal pore-size for
high capacity and selectivity, and regeneration kinetics. This opens up a new window for the
researchers to develop tailor-made materials for hydrogen storage. In the porous polymer

family, initially, the polymers with intrinsic microporosity (PIMs) were investigated for
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Figure 1.5. (A) The synthetic strategy of the polymer. (B) Permanent porosity of the polymer is
observed from N isotherm at 77K. Inset shows the pore size distribution, the polymer has an average
pore of 0.8 nm. (C) H; adsorption isotherm at 77K. (Adopted from ref. 155 from the Royal Society of
Chemistry with permission).
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hydrogen storage. However, they were ruled out because the storage capacity was a mere ~1.7
weight % at 77 K and 10 bar (US DOE target is 6.5 wt%). The surface area of the PIMs was
low which explained the low storage capacity. HCPs could be the ideal candidate to deliver a
high surface area and pore volume to serve this purpose. The HCP was prepared via Friedel
post-cross-linking of polymerized vinyl benzene chloride using dichloromethane as solvent and
FeCls as the catalyst (Figure 1.5). The permanent porosity of the polymer was confirmed by
the N isotherm at 77K and the BET surface area was found to be 1466 m?/g. The polymer
possessed micropores in its structure. The pore diameter and the pore volume were 8 A and
0.48 cc/g (Figure 1.5). The hydrogen storage was studied at 77K, 15 bar pressure and it was
found that the material can adsorb 3.04% of hydrogen at 15 bar. The adsorption was repeated
several times to ensure the reproducibility. Interestingly, the HCP had higher H; capacity
compared to the other congener of the polymer family (PIMs) at a pressure >5 bar. However,
the capacity was almost similar to PIMs at 1 bar. The H» adsorption at 77K showed a small
hysteresis, which was occurring due to the distribution of pore size in case of the polymers.
Also, the hydrogen capacity was comparable and better than some of the MOFs and activated
carbons. 31> For instances, IRMOF-13 showed an H; capacity of 2.75 wt% having a similar
surface area of the HCP (1551 m?/g), but MOFs were not chemically and thermally stable
(Figure 1.5). The problem associated with porous carbon was the reproducibility of the
material. In this aspect, polymers particularly HCPs were ahead of MOFs and carbons
regarding reproducibility in multigram scale synthesis and chemical/thermal stability. In this
example, the polymer has been proven to be a promising candidate for the hydrogen storage

application.®
1.1.6. HCP for catalysis, CO; fixation:

CO:; fixation is a very important chemical process to produce value-added chemicals. CO; is
the abundant source of C1 building block.'® In this example, it has been shown that the CO,
has been fixed through the formylation of amines. Formylation of the amine has been chosen
as a model reaction as the N-formylated compounds are the useful intermediates for several
drugs, dyes and agrochemicals.*>”8 In order to demonstrate the ability of the HCP to fix CO,
small-sized Pd nanoparticles have been grown on the HCP and the composite serves as the
efficient heterogeneous catalysis for the formylation of amines.**® The polymer was prepared
by the Friedel-Craft reaction between dibromo-p-xylene and carbazole with FeClz in

dichloroethane under reflux conditions (Figure 1.6). The Pd nanoparticles were grown on the

Ph.D Thesis, D. Chakraborty; 2020



Chapter 1

HCP in a simple fashion: Mixture of PdCI> and HCP were stirred in the water at 100°C for 1
hour, followed by addition of ethylene glycol and heating at 160°C for 5 hours. Atomic
absorption spectroscopy (AAS) revealed a 4.52 wt% of Pd loading in the HCP framework. The
powder X-ray diffraction pattern of PA@HMP-1 showed the characteristics reflections for the
Pd(0) nanoparticles. The N2 isotherm at 77 K revealed that the composite (Pd@HMP-1) has a
microporous-mesoporous framework. The mesoporosity was obtained from the interparticle
spaces present in the polymer. The BET surface area was 384 m?/g and the PA@HMP-1
composite had a hierarchical porous network (6, 11 and 19 A). The neat polymer had a pore of
16 A which was reduced due to the incorporation of Pd nanoparticles in the framework.
Transmission Electron Microscopic (TEM) studies revealed the spherical morphology of the
polymers and the Pd nanoparticles had been dispersed on the polymer matrix with an average
diameter of 10 to 15 nm. The X-Ray Photoelectron Spectroscopy (XPS) gave an idea of the
oxidation state of the Pd nanoparticles and the peaks at 334.8 eV and 340.5 eV corresponding
to the 3ds/> and 3dzy. levels of the metallic Pd nanoparticles (Figure 1.6). The nitrogen atom of
the carbazole moiety had an interaction with the Pd nanoparticles and this was evidenced from
the N1s XPS spectra with a peak at 399.3 eV. This PdA@HMP-1 catalyst has been used for the
formylation of amines. To optimize the reaction conditions, N-methyl aniline had been chosen

and diphenylmethylsilane as the reducing agent. The optimum condition of the reaction
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Figure 1.6. (A) Design and Pd nanoparticle loading on HMP-1 (B) Pd 3d XPS spectrum depicting that

Pd@HMP-1

Pd is at zero oxidation state. (C) The catalytic reaction of CO, fixation using PA@HMP-1 as the catalyst.
(Adopted from ref. 159 from the Wiley Online Library with permission).
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included 50 mg of catalyst, dioxane/water mixed solvent at 60°C temperature for 15 hours
(Figure 1.6). The vyield of the reaction was influenced by CO: pressure. At an optimal CO>
pressure of 1 MPa approximately 90% conversion was obtained. In absence of the Pd
nanoparticles, the polymer itself was able to catalyse the reaction, but to a yield of only 22%.
This has been due to the presence of basic nitrogen groups in the polymer which has an
interaction with the reactant promoting favourable sites for the reaction. A detailed substrate
scope bearing diverse functional group had been studied and the catalytic recyclability was
demonstrated for five consecutive cycles. Thus, the polymer acts as good support for the Pd
nanoparticles and the reactants for the catalytic reaction and also provides future scope to

develop new heterogeneous active catalysts.*>®
1.2.  Metal-Organic Frameworks (MOFs):

In the last two decades, metal-organic frameworks have emerged as a unique class of porous
coordination polymers that can replace zeolites in many aspects.®”*° It has crystalline nature,
ordered pores ranging from microporous to the mesoporous region (Ultra-microporous: pore
size < 6 A; Microporous: pore size 6-20 A; Mesoporous: pore size > 20 A), high surface area
and modularity of the pore by different ligands.'%*% MOFs have emerged as superior over
zeolites due to their enhanced stability and applicability in gaseous as well as liquid phase
reactions and catalysis. Their ability is well established in gas storage, separation, catalysis,
sensing, proton conductivity, energy storage and conversion etc.'%3! Here, we have discussed

selective CO; capture by ultra-microporous MOFs.
1.2.1. Zeolitic Imidazole Frameworks (ZIFs):

Such an example is Zeolitic Imidazole Frameworks (ZIFs). ZIFs were prepared by linking
imidazolium linkers with metal ions to develop thermally and chemically stable porous
frameworks. The structure of the ZIFs resembled that of the aluminosilicates, interestingly,
they exhibited wider application compared to zeolites. Yaghi and co-workers reported a family
of ZIFs which could be prepared in a convenient way at a large scale. The ZIFs were having
open framework structure, hetero linking as well as pore size > 10 A.2%° The hetero linked ZIFs
were of particularly more interesting because they had been found to possess better CO>
selectivity and storage capacity (Figure 1.7). But the most important feature of the ZIFs was
the thermal and chemical stability which was questionable in case of zeolites. ZIF-68 to ZIF-
70 were having the same topology as zeolites (gme) whereas ZIF-4, ZIF-23, ZIF-73 had
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tetrahedral topologies unlike zeolites (cag, dia, frl) (Figure 1.7). Thus, ZIFs provided an
extendable metal-organic structure which was directly related to zeolites, but with modified
properties. Deriving the structure of a ZIF from zeolite, if the tetrahedral atom of the zeolite
was replaced by transition metal ions like Zn?*, Co?" etc. and the oxide was replaced by

imidazolium, one can end up with ZIFs.1%

Recently, Li and co-workers found that ZIF-7 membrane possessed optimal pore size to
selectivity towards hydrogen with an enhanced separation factor.!%! Hydrophobic pockets of
ZIF-8 with a pore diameter of 3.4 A enabled the H, separation over other heavier gases like
methane.%? The separation factor for ZIF-8 membrane reported by Bux et al. was 11.2 which
was desirable for practical applications. ZIF-8 membrane was also being used for hydrocarbon
separation such as ethane—propane, ethylene-propylene and ethylene—propane mixtures.63
Often ZIFs were blended with organic linkers to enhance the compatibility of the membrane
formation. Such ZIFs exhibited higher gas separation ability.'®#1> Not only gas separation, but
ZIFs were also very important candidates for vapour sorption. ZIF-8, ZIF-71, ZIF-90 had been
used to separate alcohols (methanol, ethanol, 1-propanol, 2-propanol) from water vapour with
enhanced ease.'® Thus, ZIFs exhibited promising application in biofuel recovery. Having a
high surface area, stable framework structure and molecular confinement effect, ZIFs catalysed
several organic reactions. ZIF-8, 9, and 10 has been used as a heterogeneous catalyst for
Knoevenagel condensation to prepare benzylidene malononitrile.1%7-168 A trace amount of ZIF-
8 catalysed the Friedel Craft acylation of anisole with benzoyl chloride at the ambient condition
with high yield.*®® Owing to the high surface area and ordered pore ZIFs could encapsulate
highly active metal nanoparticles for different catalytic transformations. This provided a
capping agent-free growth of nps with high catalytic activity. Several catalytic cycles had been
performed with the composites and the catalytic activity was retained. Catalytic CO oxidation
reaction had been performed with Au, Ag, Pt encapsulated ZIF-8.17° TiO; incorporated Pt/ZIF-
8 composite exhibited photocatalytic degradation of phenol.}™* Thus, ZIFs and their composites
were widely used for catalytic reactions. Although ZIFs are being used mainly for gas
separation and catalysis, there are seminal examples where they have been utilized for sensors,
electronics and biomedical applications. Hupp and co-workers reported ZIF-8 composites for
selective sensing of vapours and gases.'’? Branched polyethyleneimine-capped carbon
quantum dots/ZIF-8 composite served as the sensor for the detection of Cu?* ions in the
environmental water.!”® Electronic devices, chips are manufactured using ZIFs. ZIF-8

membranes deposited on silicon wafers are used as chips for microelectronics.}’* ZIF-8 is
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unstable in an acidic condition which has been utilized for delivering anticancer drugs in cells
with acidic pH. Thus ZIF-8 has been demonstrated a promising candidate for the biomedical
application where the pH response is utilized for sacrificial delivery of the drug.'” In this
discussion, it has been established that researchers have come forward from traditional zeolites
to ZIFs and has been successful to demonstrate enhanced stability and catalytic activity of the

materials compared to zeolites.

500 -
B 1 .ooooooouooo-ooooo C co,
o P ZIF-70 _ 70 4 o
& 400 & T 5
w ]l e 5 60 4 °’°
E 4 ZIF-68 T N
z 207 R SRR TR RE S 50 1 o®
& AAAAAA M A M A M A A M A A MMM MA § o *
£ 200 ZIF-69 % .°
E f“E 30 1 o
5 ] 2 K
100 + 20 1 d
] 10 - co
Dk T T T T T 0 ooooOOOOOOOOO
0

0.2 0.4 0.6 0.8 1.0
P/Po 0 100 200 300 400 500 600 700 800

Pressure (torr)
Figure 1.7. (A) Design topology of different ZIF crystals. (B) N, adsorption isotherms at 77K of
heterolinked ZIF-68, 69 and 70. (C) CO, and CO adsorption isotherms of ZIF-69 at 273K. (Adopted
from ref. 160 from the American Association for the Advancement of Science with permission).
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1.2.2. Amine functionalized ultra-microporous MOF for CO> capture:

Incorporation of CO2 binding sites in the MOF pore enhances the affinity of CO> over other
gases.1’® Recently Simizu and co-workers reported an ultra-microporous MOF constructed by
Zn?*, oxalic acid and amino triazole linkers. The Zn-ATZ layers were pillared by oxalate linker

(Figure 1.8). There were free amine groups present in the structure which are oriented towards
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Figure 1.8. (A) Structure of Zn Amino triazole layer. (B) Three-dimensional structure of the MOF, Zn-
ATZ layers pillared by oxalate linkers. (C) Different gas adsorption isotherms of the MOF at 273K.
Inset shows the Heat of Adsorption curve obtained from Virial method. (D) X-ray crystallographic
structure of the CO; loaded MOF showing the CO; binding sites and CO....CO, cooperative interaction.

(Adopted from ref. 176 from the American Association for the Advancement of Science with permission).

the pore. When the MOF was subjected to CO- adsorption study, it had been found that it had
sharp CO uptake at low partial pressure with high CO2 capacity at room temperature (3.8
mmol/g at 1 bar). However, the MOF didn’t have any affinity towards other gases such as N,
H>, Ar etc. The heat of adsorption was calculated using the Virial method and it was found to
be 40 kJ/mol. Such high HOA was indicative of framework-CO- interaction. However, there
was an unusual trend of HOA plot, a constant value over a wide CO> loading range, which was
attributed to CO.-NH: interactions and the cooperative CO,-CO> interactions of comparable
strength. Further, the claim was established by locating the CO- interacting sites within a single
crystal of the MOF which was also supported by theoretical calculations (Figure 1.8).1"®

Similarly Nickel isonictotinate MOFs with exceptional CO2/H; separation capability marked
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by large working capacities for pre-combustion and hydrogen purification mixtures have been
demonstrated. In another embodiment, a different nickel isonicatinate MOF was developed by
the same group of researchers (Nandi et al.) which showed record-low parasitic energy for

CO2/N; separation from flue gas mimics.*

1.2.3. SiFe based ultra-microporous MOFs for CO- capture:

An important class of ultra-microporous MOF was reported by Zaworotko and co-workers.*”

The MOFs were prepared via room temperature diffusion of a solution containing the metal
hexafluoro silicates (MSiF6, M: Cu/Zn) with a neutral N-donor ligand (such as 4, 4'-

dipyridylacetylene; dpa / Pyrazene) into a solution of MSiFs (where, M=Cu/Zn). SIFS1X-2-Cu
and SIFSIX-2-Cu-i had been prepared by the reaction of CuSiFs with dpa, but in different
solvents. SIFSIX-2-Cu had a pore dimension of 13.05 A whereas, SIFSIX-2-Cu-i provided a
2-fold interpenetrated network with a 5.15 A pore width. SIFSIX-3-Zn had a cubic channel
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Figure 1.9. (A, B, C) Design strategies to obtain a systematic reduction in pore sizes by choosing
appropriate linkers. (D, E) CO; adsorption isotherms of SIFSIX-2-Cu-i and SIFSIX-3-Zn at different
temperatures. (F) The heat of adsorption for these two MOFs. SIFSIX-3-Zn has higher zero loading
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HOA value indicating strong framework CO; interaction. (Adopted from ref. 177 from the Nature

Publishing Group with permission).

with a pore dimension of 3.84 A (Figure 1.9). N isotherms at 77K provided the BET surface
areas for the MOFs (3,140 and 735 m?/g for SIFSIX-2-Cu and SIFSIX-2-Cu-i, SIFSIX-3-Zn
didn’t adsorb N gas at 77K). When the MOFs were subjected to CO> adsorption, it had been
observed that SIFSIX-2-Cu had 1.84 mmol/g at 298 K and 1 bar. But SIFSIX-2-Cu-i possessed
a very high CO> capacity, 5.41 mol/g at 298K and 1 bar with a high uptake at low pressure.
The IAST CO2/N; selectivities were 13.7 and 140 at 298K, 1 bar for SIFS1X-2-Cu and SIFSIX-
2-Cu-1, respectively. This observation was corroborated with the reduction of pore sizes from
SIFSIX-2-Cu to SIFSIX-2-Cu-i as the ultra-microporous MOFs were better CO- selective than
the other ones. SIFSIX-3-Zn also showed very high CO, uptake which was comparable to the
Mg-MOF-74 (Figure 1.9).17®

1.2.4. Fluorinated MOF for a trace amount of CO- capture:

To remove the trace amount of CO2 (400 ppm) from the air is a challenging task. This study
provides an example of hydrolytically stable fluorinated MOF (NbOFFIVE-1-Ni) for the
above-mentioned application.!’® Here, the MOF was quite comparable with the SIFSIX-3-M

series where SiFs is deliberately replaced by the NbOFs?.
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Figure 1.10. (A) Schematic representation of the synthesis of NbOFFIVE-1-Ni (B) CO; adsorption
isotherm at 298K. (C) CO- adsorption isotherms of NbOFFIVE-1-Ni at different temperatures and low
pressures. (Adopted from ref. 179 from the American Chemical Society with permission).

NbOFs2~ being more nucleophilic in nature, provided stronger coordination and hydrolytic
stability (Figure 1.10). The size of the Nb>* reduced the proximal distance of the F atoms in the
pore. The MOF crystallized in a tetragonal space group (14/mcm) with a pore aperture of 3.2
A. The MOF had a BET surface area of 280 m?/g which was evaluated from CO; adsorption
isotherm at 273K. The CO; adsorption isotherms showed a stiff increase at low pressure
indicating very high CO. framework interaction present in the MOF. Importantly, the MOF
showed enhanced volumetric CO, uptake at 400 ppm compared to the SIFSIX-3-Cu (51.4
cm?®cm? for NbOFFIVE-1-Ni vs 44.6 cm®/cm? for SIFSIX-3-Cu). Thus, the MOF proves to be
the best adsorbate for a trace amount of CO> capture both volumetrically and gravimetrically

by physisorptive process.
1.3.  Porous polymers for gas capture under humid conditions:

An alternate approach to developing porous solids for humid gas capture would be to utilize
metal-free organic polymers. Previously from our group, we have demonstrated the pre-
combustion and post-combustion CO: capture performances by porous Bakelite based
polymers and ultra-microporous MOFs. These materials are stable, reproducible and high
performing toward CO> capture. Owing to these phenomenal properties, these materials could

be screened for noble gas capture.
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Figure 1.11. (A) Stable HCP for CO2/N; separation under humid condition. (B) Pre-combustion CO,
capture has been demonstrated using humidity stable porous polymers. (Adopted from refs. 181 and

182 from the Royal Society of Chemistry).
1.3.1. Hydrophobic polar frameworks (HPFs) for post-combustion CO- capture:

In post-combustion CO> capture, the stream of flue gas contains 85% N»: 15% CO- along with
SOx, NOx and water vapour. The adsorbent materials for the flue gas must be designed in such
a way that the materials can adsorb CO- at low pressure selectively over the other components.
The materials desire an obvious requirement of humid stability. HCPs are proven to exhibit
good capacity and selectivity for the same but the lack of functionality affects the CO>
adsorption property. To address that the HPFs were synthesized by the Bakelite chemistry.
Triazine—tri resorcinol is being reacted with terephthaldehyde at the solvothermal condition.
The resulting polymer was amorphous in nature and the characteristics C-C bond formation is
monitored by the solid-state NMR and IR spectroscopic data. The microscopic study revealed
that the polymer had homogeneously distributed spherical morphology (Figure 1.11 A). The
polymer exhibited high thermal and chemical stability due to the presence of C-C bondings in
the backbone. It had a moderate BET surface area of 576 m?/g and a pore diameter of 5.5 A.
The CO- adsorption isotherms were measured at different temperatures and it was found that
the polymer exhibited 9.35 mmol/g at 195K and 2.8 mmol/g at 303K. There was no N2 uptake
at room temperature. The IAST selectivity was calculated for the polymer at a composition of
85% Na2: 15% CO> at 303K at 1 bar and the selectivity was found to be 120. To demonstrate
the chemical stability and the retention of activity of the polymer in flue gas condition, it was
exposed to the acidic vapour (solution containing sulphur trioxide, SO3(g) + conc. HNO3z+H,0
heated for about 48 h and exposed to the polymer). Further, the polymer was dispersed and
boiled in DMF, DMSO, water and their mixtures. In all the cases, the CO> uptake of it was
retained. This confirmed the chemical stability and structural integrity of the polymer which
made this a promising candidate for post-combustion CO capture. To demonstrate the
hydrophobicity, vapour adsorption had been performed with toluene and water. The water
adsorption isotherm was of type-11l and the heat of adsorption calculated is 43 kJ/mol which
was much lower than the hydrophilic materials.'® However, toluene showed a type-I
adsorption isotherm and a zero loading HOA of 35 kJ/mol which subsequently increased to 65
kJ/mol with higher loading. This was explained as the toluene finds proper interaction with the
aromatic groups. The contact angle of the polymer was 153° which had indicated the
hydrophobic nature of the polymer. The spherical morphology corroborated the hydrophobic

Ph.D Thesis, D. Chakraborty; 2020



Chapter 1

surface of the polymer. The zero loading HOA was found to be 25 kJ/mol obtained from the
Virial method which was optimal for the facile regeneration of CO2. The polymer still had
appreciable water uptake that could hamper the CO- capacity at the practical condition. To test
that, the polymer was subjected to the humid N2 stream (passing N2 through saturated NaCl
solution which generates a relative humidity of 75%) for 24 hours and after that, the CO>
adsorption was measured without activating the sample. The CO> capacity was dropped by
20% which is much better than the other porous materials like ZNATZOx MOF which lose
55% of its capacity. The CO2/N> selectivity is obtained to be 90 at 303K at 1 bar. This was a
very important observation depicting the superiority of the polymer for humid CO capture
application (Figure 1.11 A). The CO2 binding sites were studied with the help of theoretical
modelling which revealed that the polar groups provided favourable interaction for the CO>
molecules while providing an optimal hydrophobic-hydrophilic balance in the pore. Thus, this
exemplified that the hydrophobic polar frameworks had the magic composition for humid CO>

capture application.'®
1.3.2. HPFs for pre-combustion CO: capture and hydrogen purification:

Generation of CO> from fossil fuel burning and steam reforming process is associated with a
mixture of hydrogen at high pressure and temperature. The pre-combustion CO- capture is an
important process which can generate clean-burning fuel (H2). However, sorbent material
should have all the characteristics properties to withstand the harsh condition. The HPFs could
have been promising candidates as their inherent stability and microporous nature. Here three
HPFs were prepared namely HPF-3, HPF-4 and HPF-5 using the phenol-formaldehyde bakelite
chemistry between different aldehyde and phenolic moieties (Figure 1.11 B). The polymers
were thermally stable up to 380 °C and had homogeneous spherical morphologies. HPF-4
showed 4.03 mmol/g CO> uptake at 1 bar at 303K. The polymers didn’t adsorb hydrogen at
room temperature and the IAST selectivities were calculated in the composition of pre-
combustion (60 H2/40 COz) and hydrogen purification composition (80 H2/20 CO) at 303K
and 1 bar. It showed quite high selectivities over hydrogen in both of the conditions (~300 and
600). The isosteric heat of adsorption had been in the order of 27 to 32 kJ/mol for the three
polymers, respectively, which was optimal for the facile regeneration of CO,. Pre-combustion
CO2 capture involved high-pressure systems (30-40 bars). The polymers showed promising
CO2 uptake at high-pressure measurements (HPF-4: 14.7 mmol/g, HPF-5: 12.5 mmol/g and
HPF-3: 9.6 mmol/ g) at 298K and 35 bar which was comparable to their saturation CO> uptake
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at 195K at 1 bar. IAST selectivity was calculated for the high-pressure measurements and HPF-
4 is having the highest selectivity at 298K (191, 289 and 238 respectively at 10 bar and 98, 145
and 104 at 35 bar for HPF-3, 4, 5 respectively).*®? Thus, the high-pressure adsorption isotherms
suggested that the HCPs are promising candidates for the pre-combustion CO> capture. The
working capacities of CO; of the polymers in a pressure swing of 10 to 1 bar were found to be
4.42, 6.70 and 6.78 mmol/g which was quite remarkable for the microporous polymers. The
polymers exhibited contact angles greater than 150° and the hydrophobicity was further
confirmed by the preferential toluene adsorption over water. Humid CO. isotherm studies yield
only 15 to 20% loss in the overall capacity. The dynamic breakthrough studies were performed
with HPF-4 to study the pre-combustion (60 H2/40 COz) and hydrogen purification
composition (80 H2/20 CO3) at 298K, 1 bar and it was found that the polymer had CO; uptake
of 3.52 and 2.42 mmol/g for the two conditions, respectively (Figure 1.11 B). The polymers
exert outstanding stability in acidic and basic conditions, and these have emerged as the

challenging contender for the pre-combustion CO2 capture and hydrogen purification.!82

In the present decade, capturing and separating precious noble gases have become a challenge
to be addressed. Some of the largest sources of Xe include nuclear waste, which involves
separating Xe from humid gas mixtures. Hence the design aspects used in these humid CO;
capture materials could come handy for Xe separators. Here, a brief introduction to the noble

gas capture (mainly Xe) is presented in the following section.
1.4. Introduction to Xe/Kr capture:

The emerging demand for energy in the 21% century is associated with rapid global urbanization
and economic development. The United States Department of Energy (DOE) estimates an
average ~28% enhancement in the electric demand by 2040. It is high time to seek new
renewable energy sources to meet the demand of the requirement. Nuclear energy is the most
effective alternative energy sources for the present decade, but the power generation through
nuclear energy sources is accompanied by a number of challenges.'® The researchers are
revisiting nuclear safety practices prior to the Chernobyl and Fukushima disaster. The nuclear
energy production yields Used Nuclear Fuel (UNF) which is high-level solid, low-level liquid
and gaseous radioactive wastes. These wastes may take a thousand years to decay. Some of the
countries like France, Japan, Russia reprocess the UNF to extract valuable materials like
plutonium, uranium. But the gaseous radioactive nuclei (isotopes of Xe, Kr, I, C etc.) are

released into the environment through off-gas stream which is hazardous to the living entities.
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Aqueous reprocessing includes the capture of radioactive lodine and Tritiated water, but CO,
Xe, Kr are not separated from the stream. Xe is an important component for many applications
in our daily lives ranging from lighting, lasers, space technologies to medical applications.'8
But, the concentration of Xe present in the atmosphere is very low (0.09 and 1.1 ppm for Xe
and Kr). The present technology for obtaining the gases from the air is the cryogenic distillation
which is performed based on the difference of their boiling points (—108.12 and—153.22°C for
Xe and Kir, respectively). But this is an energy-demanding process and associated with
hazardous ozone formation.’®* In order to avoid this approach, researchers are seeking
materials to separate the gases in the off-gas stream itself which may lead to greater Xe
production. The half-life of Xe is much lower than Kr (36.3 days for Xe and 110 years for Kr).
In other words, successful removal of Xe and subsequent sequestration of the Kr may lead to
the economically viable processing of the UNF. Selective adsorption and separation of these
gases are achieved by two processes, liquid phase dissolution and physisorptive separation. A
suitable solvent is used to dissolve the gases as a function of pressure and temperature for the
case of liquid extraction. But this process is somewhat comparable to the cryogenic distillation
and lacks in the selectivity of the two gases. Porous materials provide an effective alternative
platform for the noble gas capture due to their high surface area.'® Microporous materials such
as Zeolites, activated carbons are the promising candidates for the selective Xe capture,
however, zeolites face serious structural effects in the off-gas condition. The presence of NOx
in the off-gas stream creates fire hazards when exposed to activated charcoal. Thus, researchers
are investigating the potentials of MOFs and other porous materials for this important
application. Here, we present two seminal examples of porous materials for the selective Xe

capture.*4
1.4.1. Optimal MOF for selective Xe capture and separation:

Thallapally and co-workers screened a database (125,000 MOF structures at UNF processing
conditions) of MOFs for the optimal Xe/Kr selectivity based on their structural aspects.'® They
identified and synthesized SBMOF-1 to experimentally verify the outputs from the theoretical
calculations. SBMOF-1 was a Calcium based MOF which had 4,4 -sulfonyldibenzoate as the
linker (Figure 1.12). The SBMOF-1 had been subjected to Xe adsorption, but the Xe uptake
didn’t meet the theoretical prediction. However, at low pressure, the MOF attained saturated
Xe uptake, which was important for a material to be able to work under the UNF processing

condition. The Kr isotherm had a smaller slope and didn’t attain the saturation at 1 bar. This
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indicates that the MOF had a greater affinity for Xe compared to Kr. The henry coefficient

analysis yielded a Xe/Kr selectivity of 16 at dilute condition (Figure 1.12). The selectivity is
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Figure 1.12. (A) Structure of SBMOF-1. (B) The blue structure indicates the position of Xe in the MOF
crystal. (C) Xe and Kr adsorption isotherms at 298K and 1 bar. (D) Xe/Kr selectivity of SBMOF-1

compared with the existing benchmark materials. (E) The breakthrough experiment performed with 400

ppm Xe and 40 ppm Kr mixture balanced with air. (F) The breakthrough experiment performed in the

presence of humidity. (Adopted from ref. 185 from the Nature Publishing Group with permission).

the highest compared to the other benchmark materials like Co-formate,8®8" HKUST-1,188
SBMOF-2,18 Ni-MOF-74'0 etc. The low-pressure uptake was a key feature for UNF

processing condition as the concentration of Xe was quite low at that fuel (400 ppm). In this

regards, SBMOF-1 beats other materials. However, the saturation capacity was not very high
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because of the low surface area of SBMOF-1 (145 m?/g). SBMOF-1 exhibits fast kinetics for
the Xe capture and cyclability of adsorption over 10 cycles was also achieved. To confirm the
practical use, a single column breakthrough experiment was performed. In this experiment a
column of SBMOF-1 was passed with the gas mixture of desired composition (400 p.p.m. Xe,
40 p.p.m. Kr, 78.1% N2, 20.9% O, 0.03% CO.and 0.9% Ar)) and the breakthrough was
monitored with a mass spectrometer. It had been observed that the Xe was retained in the
column for a significant time and other gases were coming out of the column. SBMOF-1 could
adsorb13.2 mmol/kg Xe at the UNF condition (Figure 1.12).18 Thus, this was concluded to be
a promising contender for this application. In presence of humidity, the uptake was 11.5
mmol/kg, retention of the activity was observed even in wet condition. The outstanding
stability was observed due to the absence of open metal sites in the framework. The interaction
site of the Xe within the MOF was obtained by single-crystal X-Ray analysis of the Xe loaded
MOF. It had been found that the Xe was located at the midpoint of the channel and it had van
der Waals interaction with the aromatic groups in the framework. The theoretical calculation
revealed that the optimal Xe adsorbing material should have a pore aperture slightly greater
than the kinetic diameter of Xe (4.1 A). The pore diameter for SBMOF-1 is 4.2 A which met

the criteria perfectly thus exhibiting outstanding Xe/Kr selectivity at low pressure.®
1.4.2. Porous organic cage for selective Xe capture:

Cooper and co-workers studied the selective Xe capture ability of a porous organic cage. The
cavity size of the cage was 4.4 A which perfectly matches the kinetic diameter of Xe (4.10 A).
But the window size of the cage was 3.6 A, slightly lesser than the kinetic diameter of Kr (3.69
A). The cage had a Xe uptake of 2.69 mol/kg at 1 bar with saturation which corresponds to the
three Xe molecules per cage. Kr isotherm did not meet the saturation at 1 bar indicating the
strong interaction with Xe of the cage. The heat of adsorption corroborated the strong Xe
interaction (Figure 1.13).2! The zero loading HOA for Xe and Kr were 31.3 and 23.1 kJ/mol.
Powder X-Ray diffraction at higher Xe pressure had been collected to determine the structure
of CC3 cage in the presence of Xe. It has been found form the structural analysis that all the
cage cavities were occupied by Xe atoms and 88~% of the window cavity was occupied by the
Xe. Thus, the unit cell contained 2.86 molecules (1.86 mmol/kg, 25 wt%) of Xe which agreed
with the experimentally observed Xe capacity. On the other hand, the in situ PXRD of Kr

loaded sample resulted in 2 molecules of Kr per unit cell of the cage (1.63 mmol/kg, 13 wt%).
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To demonstrate the practical Xe selectivity of the cage, a mixture of 400 ppm Xe and 40 ppm

Kr balanced by the other gases (N2, CO2, Ar) was passed through a column. The Xe was
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Figure 1.13. (A) Synthetic scheme of the cage (B) Noble gas adsorption isotherms obtained
experimentally and comparable simulated isotherms (C) HOA and Henry coefficients depicting that Xe
has greater interaction with the framework. (B) The breakthrough experiment performed with 400 ppm
Xe and 40 ppm Kr mixture balanced with air. (Adopted from ref. 191 from the Nature Publishing Group

with permission).

retained in the column for ~15 mins, but the other gases broke through immediately (Figure
1.13). The kinetics measurements of pure component Xe and Kr gases reveals that the kinetics
was fast enough to execute the real separation. Although the window cavity was smaller than
the kinetic diameter of Xe, still the material showed exceptional Xe capacity and selectivity.
Molecular dynamics simulation studies revealed that the pore window opens 7% of the
simulation time for Xe. This was enough to initiate the hopping motion of Xe into the cage
cavity. This is a unique example of a material which has very high Xe capacity and selectivity
at the dilute condition. This material was identified to be a promising candidate for Xe sorbents
at UNF condition. %

In recent years, researchers have developed crystalline organic polymers by adopting simple
chemistry and the meticulous choice of building blocks. COFs can be considered as ordered
heteroatom doped graphene. But, owing to their crystallinity, COFs can be easily modulated

and studied to molecular precision. The pore is highly functionalized to render favourable host-

Ph.D Thesis, D. Chakraborty; 2020



Chapter 1

guest interactions. In the following section, we have discussed the CO> capture and catalytic

application with imine bonded COFs.
1.5. Covalent Organic Frameworks (COFs):

Covalent organic frameworks are the porous organic materials which are crystalline in nature.
Cote et al. first introduced this class of materials and the potential of COF was realized.'®2 COF
are simply polymers formed by involving symmetrically well-defined rigid cross-linking
monomers in its construct. Such cross-linking monomers can be combined with rigid linear
linkers or other cross-linking monomers. This generates ordered polymeric structures
extending in two or three-dimensions with well-defined pores. The geometry of the cross-
linking nodes and the linkers results in the formation of two-dimensional (2D) and three-
dimensional (3D) network. The 2D COFs have interlayer n-n interaction which stabilizes and

crystalizes the network, whereas 3D COFs are three-dimensionally connected (containing

A Design and topologies of 2D-COFs C Chemical reactions for COF formation
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permission).
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tetrahedral linkers, different topologies like gra, bnn, ctn etc.) to provide a stable network
(Figure 1.14).1% The high surface area, ordered porous network and crystalline nature make
the COFs a valuable contender for different application in the porous materials field of
research.’®* Diverse chemistries are being employed to develop novel COFs with different
functionalities, topology and stabilities. The most common is the Schiff’s base formation
between aldehydes and amines because a huge library of aldehydes and amine are available in
the literature (Figure 1.14). The crystallization of the organic building blocks renders
periodicity into the framework and often 2D COFs are compared with ordered heteroatom
doped graphene sheets.’® The strong covalent bonds are responsible for high thermal and
chemical stability. The crystalline nature of the COFs is helpful to elucidate the structural
insights and the properties which are related to the structural aspects. A most important feature
of COFs is the hetero atom rich pores, which enables to a favourable host-guest interaction. In
this aspect, here some seminal examples of COFs (imine bonded) are discussed for selective

gas capture and separation and catalysis.
1.5.1. Triformyl Phloroglucinol based COFs for selective CO> capture:

The Trifolmyl Phloroglucinol (Tp) based COFs have unique features compared to other imine
bonded COFs. Imine bond is not stable and can be broken in the presence of acids, bases, even
in boiling water. But TP group introduces keto-enol tautomerism in the framework which forms

an intramolecular hydrogen bonding with the imine groups and exerts stability towards
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hydrolysis.?%1% The TpPa-COF has been prepared in microwave technique to avoid high
temperature and time consuming solvothermal process (Figure 1.15). The disappearance of the
-N-H vibrational peaks (~3200 cm™) and the presence of the -C=N (1253 cm™) indicated the
imine bond formation in the COF. The COF existed in keto form under ambient conditions.
The powder X-Ray diffraction pattern showed sharp low angle peaks confirming the crystalline
nature of the COF and the intensity of the (100) peak was higher for the microwave synthesized
sample compared to the solvothermally synthesized COF. This was attributed to the fact that
the layers are well-organized and stacked in the 2D fashion for microwave synthesized phases.
The TpPa-COF (MW) showed a BET surface area of 724.6 m?/g and the NLDFT fitting yielded
a pore size of 11-15 A. Encouraged by the microporous nature, the CO2 adsorption has been
carried out at two different temperatures (273K and 298K) and it adsorbed 21.8 wt% at 273K,
1 bar. The isosteric heat of adsorption has been obtained to be 34.1 kJ/mol at zero loading of
CO2 which indicated that CO2 molecules potentially interact with the heteroatoms present
within the pore wall of the COF (Figure 1.15). Further, the CO2/N. selectivity at post-
combustion ration had yielded 32 at 273K at the initial slopes of the isotherms. The optimal
HOA value and the CO; selectivity suggested that the TpPa-COF (MW) could be an important
candidate for selective CO- capture.®’

1.5.2. 2D mesoporous COF for gas storage:

The mesoporous COF (ILCOF-1) has been prepared by the reaction of 1,3,6,8-tetrakis(p-
formylphenyl) pyrene with phenylene diamine under solvothermal conditions (Figure 1.16).
The resulting COF was thermally stable up to 400°C. The presence of -C=N peak in solid-state
13C NMR (156 ppm) spectra and -C=N stretching band at 1617 cm™ in the IR spectrum
confirmed the formation of the COF. PXRD of the COF revealed a highly crystalline nature
and the structure was modelled to an orthorhombic space group with an eclipsed conformation.
Argon adsorption study at 87 K yielded a BET surface area of 2723 m?/g and a major pore of
size 23 A with some minor pores of size 10 to 17 A. The total pore volume at 0.96 P/Po was
1.21 cc/g. This high pore volume and surface area of the COF could be of interest to gas storage
application. The storage of Hz, CH4 and CO:> has been studied at high pressure as the COF
possesses significant physicochemical stability. The storage capacity of H2, CH4 and CO, were
1.3 wt% at 77 K, 0.9 wt.% at 273 K and 6.0 wt.% at 273 K, respectively, all measurements
were at 1 bar (Figure 1.16). The low capacities of the gases had been attributed to the
mesoporous nature of the COF. The heat of adsorption has been calculated for all the gases
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using Clausius—Clapeyron equation a Virial analysis and was reported as 5.9, 13.7, and 18.3
kJ/mol for Hz, CH4 and CO; respectively. The saturation had not been achieved in case of low-
pressure adsorption and hence high-pressure data was collected for all of these gases. H»
isotherm had a saturation at 35 bar with the uptake of 4.7 wt% at 77K at 40 bar. Interestingly,
the CO; uptake was 29.3 mmol/g at 298K, 40 bar which is superior to most of the hyper-
crossed-linked polymers (HCPs), porous aromatic frameworks (PAFs).1%1% This has been

attributed to the presence of heteroatoms in the mesopores of the ILCOF-1 which provides an

A B
NS o () 30] —@Haat77K 1320
g’ OO0 80 —=-CO, at 298 K -
W Sn ®) &) % 251 —A—CHg4 at 208K oy
) S 20 [o60: &
O 6 O Dioxane, CH;COOH ;g“ ':\ E 200 S
OQO 120°C, 72 h V BA Q E 154 L160 %
- < . 4 ] 10 t120 S
H 2w < 2 ] lso &
O 5
O G300 Lo
0-

T T T T T T T T 0
0 5 10 15 20 25 30 35 40 45
P/bar

ILCOF-1, 78%

Figure 1.16. (A) Schematic representation of COF. (C) High pressure isotherms collected for CO,, CH4
and H; for the COF. (Adopted from ref. 200 from the Wiley Online Library with permission).

interaction site for CO,. The CH4 uptake was 11.2 mmol/g which is significantly higher than
some of the COFs. Thus, it has been demonstrated through this example that the mesoporous
COFs are potential candidates for gas storage and opens up new paths for the development of

functionalized COFs for such applications.?%
1.5.3. Nitrogen-rich 2D COFs for CO; capture:

In this example, three COFs are introduced with varied pore sizes (TPA-COF-1, 2, 3 and TPT-
4, 5, 6). Tris(4-aminophenyl)amine (TPA) was the amine part in the first three COFs and,4,6-
tris(4-aminophenyl)triazine was the common amine part in other three COFs. TPA brought sp?
nitrogen into the frameworks, whereas TPT provided triazine core into the networks. The sp®
core would introduce flexibility and effect the planarity in the 2D COF structure (Figure 1.17).
All the COFs contained hexagonal porous structure and they were quite thermally stable
(~350°C). The N2 77K isotherm analysis showed a significant correlation of the planarity to
the BET surface area. The most planar COF containing two symmetrical monomers exhibited
the highest surface area (TPT-COF-5, 1747 m?/g) whereas the TPA-COF-2 had only 478 m?/g

surface area. Thus, the symmetry and the planarity play an important role in the surface area of
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the COFs. Lowering the symmetry as well as planarity leads to a reduction of the surface area.
The NLDFT model yielded the pore sizes of the COFs, 1.93, 1.80, and 2.01 nm for TPA-COF-
1,2, 3 and 2.13, 2.50 and 2.55 nm for TPT-4, 5, 6, respectively (Figure 1.17). In TPA series,
the TPA-COF-3 had the highest CO> uptake of 63.94 and 91.15 mg/g at 298 and 273K all at 1
bar (Figure 1.17). The TPA-COF-1 ad TPA-COF-2 (45.8 mg/g and 37.5 mg/g for TPA-COF-
2 and TPA-COF-1 at 298K, 1 bar) had lower uptake than the third one and this was directly

related to the nitrogen functionalities present in the unit cell/monomers. As the steric hindrance

CO, uptake (mg/g)

CO, uptake (mg/g)

TPTEOr TPT-COF-5
B 100 100
at 298 K at 273K o
A
801 —@— TPA-COF-1 __ 801 —@— TPA-COF-1 gk
o0 2 o
—— TPA-COF-2 Eﬂ —— TPA-COF-2 /‘/‘/‘;‘/././l /.,V'
604 o . E 0] —A— 1PA-COF-3 A Y
—A— TPA-COF-3 .‘,.a“"A = o p—
-t A
] A
40 2. 404 s
=
N it
e F
204 O 201
0 T T T T 0 T T T -
0.0 0.2 0.4 0.6 0.8 1.0 0.0 02 0.4 0.6 0.8 1.0
Relative Pressure (P/Po) Relative Pressure (P/Po)
100+ 100-
at 298 K at 273K A
»
804 @&  TPTCOF-4 804 @&  TPT-COF-4 A
¥ TPT-COF-5 C, ¥ TPT-COF-5 A
"
604 % TPT-COF-6 E g0 —*  TPT-COF-6 A "
2 A ot
3
o e ;,“X; 5 40- A .
RSt o - o
ora e ot A 2t
Pt A !
20 3;30" 204 »
m“‘“ i
M . o
0 et . : , . ) o0l e=s"
0.0 0.2 0.4 0.6 0.8 1.0 0.0 1.0

) Relative Pressure (P/Po)

Ph.D Thesis, D. Chakraborty; 2020



Chapter 1

Figure 1.17. (A) Representation of six COFs prepared by the combination of the different nitrogen-rich
aldehydes and amines. (C) CO- adsorption isotherm of the COFs at 298K and 273K. (Adopted from
ref. 201 from the Royal Society of Chemistry with permission).

around the sp® N atom increased, the polarizing effect of the nitrogen atoms was reduced giving
rise to less favourable interaction with CO2 molecules (e. g. TPA-COF-1 is prepared by two
sp® N containing monomers).?%! Similar trend had been observed in the case of TPT series,
where TPT-COF-6 exhibited the highest CO> uptake and TPT-COF-4 had the lowest capacity
in the series (65, 41, 37 mg/g for COF-6, 5 and 4 respectively) (Figure 1.17). Further, the
isosteric heat of adsorption values of the COFs was significant in terms of CO> capture. The
values were as follows: TPA-COF-1, TPA-COF-2, and TPA-COF-3 had Qs values of 15.92,
25.88, and 28.11 kJ/mol and TPT-COF-4, TPT-COF-5 and TPT-COF-6 possessed 9.70, 16.97,
and30.59 kJ/mol. This trend of HOA was corroborated to the higher nitrogen contents in the
COF by the incorporation of more triazine units thus it improved the quadrupolar interaction
with CO2 enhancing the CO- capacity.?’! Few 2D COFs have been modified via post-synthesis
approach to gain enhanced CO, capture properties. 202 203204 CO, capture in COF has been

modulated also by varying the solvent of choice.?%®
1.5.4. Nitrogen-rich COF for selective CO> capture and conversion:

A nitrogen-rich triazine-based benz-bis(imidazole)-bridged COF (TBICOF) was reported by
Mandal and co-workers which is a good candidate for selective CO: capture and
benzene/cyclohexane separation. The COF has been prepared by the polycondensation of tri(4-
formylphenoxy) cyanurate (TFPC) and 1,2,4,5-tetramino-benzene (TAB) under solvothermal
condition. Imidazole is a basic catalyst to promote the ring-closing reaction during the COF
formation (Figure 1.18). Wide-angle X-ray pattern (WAX) and maps showed the crystalline
nature of the COF. The COF had significant thermal and chemical stability (examined by
soaking the COF at 3N HCIl and 3N NaOH). The COF had a surface area of 1702 m?/g obtained
from Ny at 77K isotherm and the average pore diameter was 2.5 A. CO; sorption studies were
performed at four different temperatures and the COF showed 24 and 39 cc/g CO> uptakes at
313K and 298K at 1 bar (Figure 1.18). Interestingly, there was significant CO> uptake at low
pressure, which was attributed to the dipole-quadrupolar interaction between the CO:
molecules and the heteroatoms of the framework. On the other hand, CH4 and N2 uptakes at
313/298K were very low. The heat of adsorption values for CO2, CHz and N2 were 42.8, 21.3,

and 16.2 kJ/mol, respectively at zero loadings, indicating the favourable interaction of CO>
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with the framework. IAST was applied to calculate the selectivity of the binary mixture of gas
at different compositions and the COF had significant CO2/N; (15C0O2/85N>: 44.03 at 313K, 1
atm) and CO2/CH4 (50C0O2/50CH4: 5.96 at 313K at 1 atm) (Figure 1.18). Thus, it is evidenced
from the above experiments that the COF is highly selective toward CO» capture. To
demonstrate the superior CO capacity, Grand Canonical Monte Carlo approach was adopted
which yielded the binding energies of CO2, CH4 and N> to be -35.6, -8 and -8.7 kJ/mol. DFT
calculation revealed that there was an interaction of CO> with the phenyl ring of the central

imidazole and the phenyl ring attached to the triazine moiety along with the CO,-CO>
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cooperative interaction. These simulations corroborated the observed ISAT selectivity and high
isosteric heat of adsorption for CO>. Further, chemical fixation of CO, was performed using an
epoxide which formed cyclic carbonates with CO». The reaction was performed at ambient
temperature with a 0.5 mol% catalyst loading with a CO> balloon (Figure 1.18). The reaction
attended high yields, substrate scope, high turnover number (TON) and recyclability of the
catalyst. The COF was a selective sorbent of benzene (Bz) over cyclohexane (Cy). It adsorbed
642 and 186 cc/g Bz and Cy respectively at 298K and 1 bar. Benzene adsorption selectivity
was >44 (IAST) which had been attributed to the interaction of m-electro rich benzene to the
electron-deficient triazine and bis-imidazole rings. Thus, this work presents an interesting
example of COF which is able to separate CO as well as benzene from their congeners

selectively.?%

1.5.5. COF as an active catalyst for C-C coupling reactions:

Imine-bonded COFs are able to bind to the catalytically active metal ions. In this work, Pd?*
has been anchored in an imine-bonded COF.?*” The COF (COF-LZU1) was prepared using
1,3,5-Triformylbenzene and p-phenylene diamine in solvothermal condition (Figure 1.19). The
appearance of -C=N stretching vibration at 1618 cm™ confirmed the imine bond formation.
The COF was highly crystalline in nature evidenced from PXRD pattern. Pd?* was loaded in
the COF by dispersing the COF at Pd(OAc) solution (Figure 1.19). The PXRD of Pd/COF-
LZU1 and the pristine COF were identical indicating the structural integrity upon loading of
Pd?*. The appearance of new peaks at solid-state **C NMR spectra at 176 and 23 ppm was due
to the carbonyl group and the methyl group of acetate. The high resolution TEM image, EDX
showed a homogeneous distribution of Pd in the matrix. The proof of the bonding between the
imine group and the Pd?* was further confirmed by XPS analysis. The Pd 3ds; appeared at
337.7 eV which was shifted from Pd(OAc). sample (Pd 3ds at 338.4 eV) (Figure 1.19).
Further, a model compound of Pd was prepared with 1,10-phenanthroline (Pd/Phen) which had
Pd 3ds, at 337.8 eV.2%" This observation confirmed the formation of Pd-N bond in the
framework. The BET surface areas and the pore volume were 410 and 146 m?/g & 0.54 and
0.19 cc/g for the COF-LZU1 and Pd/COF-LZUL1 respectively. COF-LZU1 had a pore size of
12 A which was retained on Pd loading, only the pore volume was decreased. This catalyst was
used to perform heterogeneous Suzuki—Miyaura cross-coupling reaction. 0.5 mol% Pd/COF-
LZU1 catalysed the reaction of substituted aryl iodides (electron-withdrawing/electron-

donating groups) with phenylboronic acid at 150°C for 2.5 to 4 hours with excellent yields (90-
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Figure 1.19. (A) Schematic representation of COF/catalyst preparation. (B) The Pd 3d XPS spectrum
showing the interaction between the nitrogen and Pd?*. (C) Pd/COF-LZUL1 as a heterogeneous catalyst
for Suzuki—Miyaura cross-coupling reaction (Adopted from ref. 207 from the American Chemical
Society with permission).

96%) (Figure 1.19). The reaction times were longer when the catalyst loadings were low (for
0.1 mol% catalyst reaction time is 5 hours). The leaching test had been carried out to
demonstrate that Pd(OAc)2 was strongly coordinated to the imine bond. The catalytic reaction
was performed in p-xylene and sodium carbonate and when the supernatant solution was
analysed by ICP at 50% of the reaction, no trace of Pd was found confirming that the Pd species
were well-anchored. Further, the recyclability of the catalyst over five consecutive cycles was
carried out and the integrity of the post-catalyst sample was confirmed from several analytical

characterizations .2
1.5.6. Pd@COF for Suzuki-Miyaura coupling:

This example presents a facile route to perform heterogeneous Suzuki—Miyaura cross-coupling
reaction by a composite catalyst made of Pd nanoparticles incorporated on a COF. Two COFs
had been prepared by the Imine bond formation between 1,3,5-tris-(4’-aminophenyl)-triazine
(TAT, amine), triformyl phloroglucinol (TFP) and 2,5-dihydroxybenzene-1,4-
dicarboxaldehyde (DHBD) (TAT-TFP and TAT-DHBD) (Figure 1.20). TAT-TFP exhibited -

C=0 and C=C vibrations due to the existence of keto form. A similar observation was obtained
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in case of solid-state *C NMR spectra where chemical shift at 183 ppm was due to the keto
group in TAT-TFP. The COFs were thermally and chemically stable. The PXRD was indexed

and refined with Pawley methods. Both COFs were stabilized via interlayer n-n interactions.

However, the COFs were energetically stable in slipped arrangements which could likely be

due to improved packing. N2 at 77K isotherm yielded the BET surface areas for the COFs as
750 and 464 m?/g for TAT-DHBD and TAT-TFP, respectively.?®® TAT-TFP had a pore size of
11.7 A, whereas, TAT-DHBD had a distribution of pore sizes as evidenced from NLDFT

method. Both the COFs were quite functionalized and had a high surface area. The COFs were
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Figure 1.20. (A) Details of the COF synthesis and Pd np loading. (B, C) CO; adsorption isotherms of
the COF and composites. (Adopted from ref. 208 from the Wiley Online Library with permission).

then used for supporting Pd nanoparticles. PA(OAc)2 was loaded in the COFs and subsequently
reduced by NaBH4 in methanolic solution which reduced Pd?* to Pd(0) (Figure 1.20). The peaks

at 40° and 47.5°C in PXRD appeared due to the incorporation of Pd nps in the COFs. The
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particle size distribution was found to be <5 nm from field emission TEM. The oxidation state
had been confirmed from XPS study, Pd 3ds/, appears at 335.5 and 335.8 eV, whereas Pd 3ds2
appeared at 340.7and 341.1eV, respectively, which corresponds to their metallic state. The shift
in the binding energy of the -C=N indicated the interaction of Pd nps with the nitrogens present
in the frameworks. This held the Pd nps strongly and prevented leaching of the metal. The
composites were tested as catalysts in the Suzuki—Miyaura cross-coupling. The reaction
condition was optimized with Phenylboronic acid, bromobenzene in dimethyl formamide at
100°C for 24 hours. The reaction yielded more than 80% cross-coupled product. Effect of the
substitution was also studied and it was found that the reaction was facile for electron-
withdrawing groups such as -CN, with ~100% conversion. The activity of the catalyst was
retained after multiple cycles. The CO> uptake of the COFs and the composites were moderate.
The TAT-TFP COF had the highest CO- uptake of 10.66 wt% at 298K t 1 bar, but the capacity
reduced with Pd doping in the COF. The Heat of adsorption values were ranged between 27 to

38 kJ/mol which is optimal for the regeneration of CO; (Figure 1.20).2%
1.5.7. Ultrafine metal nanoparticles on COF for nitrophenol reduction:

The ability of the COF to grow small-sized nanoparticles has been demonstrated in this work.
The COF is decorated with thioether groups in the pore to demonstrate the effect of crystallinity
and the optimal interaction sites for the nanoparticle growth. Triformyl phloroglucinol and
thioether containing di amine were used to prepare the COF. The COF existed in -keto-
enamine form under ambient conditions and the elemental mapping showed homogeneous
distribution of sulphur in the network (Figure 1.21).2%° The hexagonal layered structure of the
COF adopted a AAA... stacking. Even in this eclipsed configuration, the COF possessed a
significantly low BET surface area (50 m?/g) as the pore was filled with the alkyl groups from
the thioether moieties. Pt and Pd nanoparticles were grown in the COF and the nps had
favourable interaction. K>PtCls was impregnated in the COF and then reduced with NaBHa.
High resolution TEM images exhibited ultra-small nanoparticle distribution in the COF matrix.
Pt nanoparticles had an average size of 1.7 nm which was remarkably small and depicted the
ability of COFs to host active small nps (Figure 1.21). The High-Angle Annular Dark-Field
Scanning Transmission Electron Microscopy (HAADF-STEM) image of the PtNPs@COF
revealed that the Pt nps were well dispersed in the COF and no signature of agglomeration or
unsupported nps were observed (Figure 1.21). The lattice fringes were indexed to 0.23 nm

corresponding to the active facets of the fcc Pt lattice. Pt 4f72 and 4fs, appeared at 71.3 and
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74.8 eV respectively which indicated the presence of Pt(0).2%° However, evidence of Pt(I1) was
also observed, which was due to the surface oxidation of the nps. The Pt/S ratio was quite low
in XPS (1.38) compared to the ratio obtained in EDX (5.13). This proves that the Pt
nanoparticles are residing within the pore of the COF. A series of control studies using thioether
containing porous polymers and other COFs confirmed the role of thioether groups and the
crystallinity in encapsulating ultra-small-sized nanoparticles. The PtNPs@COF composite had
a high catalytic activity which was evidenced by the reduction of 4-nitrophenol in the presence

of NaBH4. 50 mg/ml catalyst was able to fully reduce the nitrophenol in less than 8 mins,
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Figure 1.21. (A) Schematic representation of COF preparation and nanoparticle encapsulation. (B)
TEM images showing homogeneous dispersion of Pt nanoparticles with an average diameter of 1.7 nm.
(C) Visible representation of the catalytic conversion of p-nitrophenol by the catalyst. (Adopted from
ref. 209 from the American Chemical Society with permission).

whereas unsupported Pt nps performed the same reaction in 50mins (Figure 1.21). The catalyst
had excellent recyclability and reusability for the catalytic reaction. Further, to generalize the
idea, Pd nanoparticles were chosen to grow within the COF network. Similar synthetic strategy
(growth of Pt nps) was adopted to grow the Pd nps on COF and HRTEM analysis yielded an
average particle size distribution of 1.78 nm. Lattice fringes of 0.23 nm appeared due to the
exposed facets of fcc Pd. The XPS revealed the oxidation state of Pd to be zero, however, due
to the surface oxidation evidence of Pd-O species was also observed. This catalyst was highly
active towards Suzuki—Miyaura cross-coupling reaction where 0.1 mol% of PANPs@COF was

used in DMF/H20O mix solvents at 50°C. The reaction proceeded with an elevated rate
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compared to the unsupported nanoparticles and with an excellent yield >99%. Thus, the pore
architecture supports the growth of ultra-fine metal nanoparticles which are extremely active.
The well-defined pores of the COF provide constructive interaction sites with the nps and
favourable mass transfer.2% Similar nitrophenol reduction has been achieved from a COF-
derived catalyst made by embedding Au nanoparticles into the COF via an in-situ growth

procedure.; Au nanoparticles were suspended in the COF's synthesis medium.?*°

1.5.8. Co/Co(OH)2 np supported on exceptionally stable methoxy-functionalized

COF for tandem hydrogen generation and nitrile to amine reduction:

In this example, it has been shown that a highly stable COF is able to host Co/Co(OH):
nanoparticles which are active for catalytic reduction of nitro/nitrile compounds to the
corresponding amines. IISERP-COF5 was prepared by the conventional Schiff base formation
during the solvothermal reaction of a triazine triamine and 2,5-dimethoxy terephthaldehyde
(Figure 1.22). The COF displayed a BET surface area of 1036 m?/g and pore size of ~36A
(Figure 1.22). A noticeable feature in the COF construction was the utilization of the methoxy
groups. They increased the stability of the imine bonds through their electron-donating
effect.?!! Such stabilized imine bonds made the COF stable in various solvents like DMF,
DMSO, benzene, even at 3M HCI, 3M NaOH and boiling water. Cobalt nanoparticles were
grown on the COF using a double-solvent method employing NaBH4 as the reducing agent.
HRTEM analysis of the Co@COF revealed the homogeneous dispersion of the nPs in the COF,
which had an average dia. of 3-5 nm. From the HRTEM, the d-spacing of the nanoparticles
was calculated to be 0.21 nm, which corresponds to Co metal. However, in the XPS, Co 2pa.
peak appears at 781.1 eV, which suggests Co(OH). The phase of the nps was determined by
magnetic susceptibility measurements which indicated them to be a room temperature
ferromagnet. This was only possible if Co is in metallic form; Co(OH). is not a room
temperature ferromagnet. To provide an indirect evidence, the Co@COF pyrolyzed under N>
at 800C was analyzed using PXRD. Peaks for Co metals appeared in the data, no peaks
corresponding to Co304, CoO or Co(OH). were found. This confirmed that the composite had
Co metal nanoparticles with a mere hydroxylated surface. Exploiting the composites high
aqueous stability, hydrogen generation from aqueous/methanolic NaBH; was studied
employing it as the catalyst. The evolved hydrogen was measured with a gas displacement cell
and the catalyst showed a better rate and lower activation energy for the H. generation (48

kJ/mol) compared to other reported catalysts.?!* Importantly, in a tandem reaction, the evolved
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hydrogen was utilized for the reduction of nitro and nitrile compounds in one-pot. The high
catalytic conversion was quantified by the yield of aromatic (>95%) and aliphatic amines
(>80%) with selectivity towards primary amines. The turnover frequency for the nitrile
reduction is 25 to 30 h™t which was quite significant for non-noble metal-based catalysts (Figure
1.22). The mechanism of the reduction involves a redox cycle which was further corroborated

by the cyclic voltammetry analysis of the Co@COF composite (Co?*/Co®" redox activity is
observed).??
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Figure 1.22. (A) Schematic representation of IISERP-COF5 preparation. (B) PXRD of the pristine COF
and Co@COF. Inset shows the thermal stability of the COF from TGA and variable temperature PXRD.
(C) Nz isotherms at 77K for both the COF and composite. (D) PXRDs depicting chemical stability of
the COF when exposed to different harsh chemicals. (E) Schematic of nitrile reduction by Co@COF.
(Adopted from ref. 212 from the Wiley Online Library with permission).

These selected examples, presented above, strongly convey the potential of COF to act as
porous support in the generation of a heterogeneous catalyst. This opens up an avenue for
developing a superior heterogeneous catalyst for a variety of challenging organic
transformations carried out in harsh chemical conditions.
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Chapter 2

2.1. Introduction:

Emerging energy demand in the developing world is resulting in the depletion of
conventional fuel sources mainly fossil fuel. An alternate clean energy source is now
becoming mandatory for economic development and national security. However, many
radioactive wastes primarily (Xe, Kr) are being released from the power plant during the
associated nuclear fission process.! Of this, the nonradioactive isotope of Xe is of value in
various applications in the optical lighting, medical sector, space technology etc.2* Therefore,
selective capture of Xe from its analogous noble gas Kr and other gases found in the nuclear
off-gas stream (1300 ppm Xe, 130 ppm Kr, 78% N, 21% O, 0.9% Ar, 0.03% CO,) is

imperative.?®

Currently, cryogenic separation is the industrially opted process for separating Xe/Kr from
Used Nuclear Fuel (UNF) which utilizes the difference in their boiling points (Xe = -108.1°C
and Kr = -153.2°C). But this process is energy demanding and associated with explosion
hazards. Alternatively, the off-gas stream could become a potential source of Xe. Adsorptive
separation by porous solids brings additional advantages to the energy associated with the
selective Xe capture. The efficiency (capacity + selectivity) of the solid sorbent could be a
directing factor to the energy and economy of the adsorptive separations.? Solid sorbents like
porous carbon,® zeolites,® metal-organic frameworks,> porous membranes (particularly
zeolite, MOF and aluminophosphate based membranes),®*° and organic cages'! are being
extensively investigated for selective Xe capture. But the number of investigations on Xe
separation is limited compared to other gas separations (CO2/N2, CO2/CHa, CO2/H>, etc.). The
off-gas stream contains other harsh chemicals and humidity along with the mixture of Xe/Kr
at an elevated temperature. This is an important criterion for the solid sorbents to possess
high thermal and chemical stability to be able to function as a potential candidate for noble
gas capture. Porous organic polymerst?!3 are one of the most important classes of materials
made of covalent bonds which have been studied for different applications such as gas
separation, storage.*® During the last decade, diverse chemical reactions are employed to
develop porous polymers such as Schiff chemistry,'® azo-bond formation,?®?! Bakelite
chemistry,!®1” Friedel-Crafts reactions,?>? click chemistry?® and been investigated for
several gas separation applications. However, to the best of our knowledge, a report on Xe/Kr
separation using organic polymers is absent. If such porous polymers can be built using non-

hydrolyzable covalent bonds, it is of immense value. Here, we have investigated the selective
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Xe capture possibilities of C-C bonded porous polymers made using simple Friedel-Crafts
reaction catalyzed by AIClz. The formation of C-C bonds in the polymers bring additional

advantages of stability, durability, and reproducibility due to soft synthetic protocols.
2.2.  Materials and methods:

1,3,5-tris(bromomethyl)-2,4,6-trimethyl benzene was synthesized according to previously

reported procedure with slight modification.?’
Synthesis of the ISERP-POFG6:

The polymers were synthesized via Fridel-Crafts alkylation reaction. 0.75 mmol (96 mg)
naphthalene and 0.5 mmol (200 mg) tribromide compound were dissolved in 40 ml of dry
dichloromethane (DCM). Then 3.75 mmol AIClz (500 mg) was added slowly. The mixture
was gently heated at 40°C for 24 hours under an N2 atmosphere. After that, the mixture was
taken out, filtered, washed with DCM and then suspended in 20 ml 3M HCI to remove
unreacted AICIs. The final product was purified by Soxhlet extraction using
Dimethylformamide (DMF) and Tetrahydrofuran (THF) mixture to eliminate oligomeric
impurities yielding a yellow-colored polymer (Yield ~80%). Observed elemental analysis; C:
82.65%, H: 13.82%.

Synthesis of the IISERP-POF7:

0.75 mmol (152 mg) pyrene and 0.5 mmol (200 mg) tribromide compound were dissolved in
40 ml of dry dichloromethane (DCM). Then 3.75 mmol AICIl3 (500 mg) was added slowly.
The mixture was gently heated at 40°C for 24 hours under a N2 atmosphere. After that, the
mixture was taken out, filtered, washed with DCM and then suspended in 20 ml 3M HCI to
eliminate unreacted AICIs. The final product was purified by Soxhlet extraction using DMF
and THF mixture to eliminate oligomeric impurities yielding a brown colored polymer (Yield
~80%). Observed elemental analysis; C: 81.34%, H: 15.75%.

Synthesis of the ISERP-POFS8:

0.75 mmol (183 mg) pyrene and 0.5 mmol (200 mg) tribromide compound were dissolved in
40 ml of dry dichloromethane (DCM). Then 3.75 mmol AICIz (500 mg) was added slowly.
The mixture was gently heated at 40°C for 24 hours under an N2 atmosphere. After that, the
mixture was taken out, filtered, washed with DCM and then suspended in 20 ml 3M HCI to
dissolve unreacted AICIz. The final product was purified by Soxhlet extraction using DMF
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and THF mixture to eliminate impurities yielding a brown colored polymer (Yield ~80%).
Observed elemental analysis; C: 86.52%, H: 12.21%.

Gram scale synthesis of ISERP-POF6:

As a representative, IISERP-POF6 had been synthesized in gram scale to demonstrate the
ability to be used on an industrial scale. In a typical synthesis, 7.5 mmol (1.83 g) naphthalene
and 5 mmol (2 g) tribromide compound were dissolved in 300 ml of dry dichloromethane
(DCM). Then 37.5 mmol AICI3z (5 g) was added slowly. The mixture was gently heated at
40°C for 36 hours under N atmosphere. After that, the mixture was taken out, filtered,
washed with DCM and then suspended in 200 ml 3M HCI to dissolve unreacted AICl3. The
final product was soxhletted using DMF and THF mixture to eliminate oligomeric impurities
yielding a yellow-colored polymer (Yield ~75%). Observed elemental analysis; C: 79.54%,
H: 16.88%.

Stability studies in harsh conditions:

To check the stability of the polymers, they were dispersed in 9M HCI, 9M NaOH, boiling
water and the stability were confirmed by N adsorption at 77 K and IR spectra.

2.3.  Analytical characterizations:
Powder X-ray diffraction:

Powder X-Ray Diffraction data were recorded out Rigaku Miniflex-600 instrument and

processed using PDXL software.
Thermo gravimetric Analysis:

Thermal analysis (thermo-gravimetric) of the polymers was carried out using NETSZCH
TGA-DSC system. TGAs were performed under 20 ml/min N2 gas flow (purge + protective)
and the heating rate was maintained 5 K/min from 25°C to 550°C.

IR spectroscopy:

IR spectra were recorded using a Nicolet ID5 attenuated total reflectance IR spectrometer
which operates at ambient temperature. Anhydrous KBr pellets were used to record the data.

Field Emission Scanning Electron Microscopy:
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FE-SEM images were collected using Ultra Plus Field Emission Scanning Electron
Microscope with integral charge compensator and embedded EsB and AsB detectors. Oxford
X-max instruments 80 mm?. (Carl Zeiss NTS, Gmbh), Imaging conditions: 2 kV, WD=2 mm,
200 kX, Inlens detector. For preparing the polymers for imaging, the samples were ground
thoroughly, dispersed in methanol and were sonicated for 5 min. After that, the well-
dispersed polymers in methanol were drop casted on the silicon wafer and dried in vacuum

for 12 hours.
HR-Transmission Electron Microscopy (HRTEM):

Jeol JEM220FS high-resolution transmission electron microscope (HR-TEM) equipped with
a field emission source operating at 200 KeV was used for collecting the TEM images. The

well-dispersed sample was drop casted on a Cu grid.
2.4.  Adsorption studies:

All the adsorptions were carried out using a 3-FLEX pore and surface area analyzer,

Micromeritics and few cases ‘Autosorb 1Q’, Quantachrome.
Langmuir fits:

In most cases, the isotherms were fit to the Single-Site Langmuir (SSL) equation. The
isotherms were fit by solving the Langmuir equation using the solver function in Microsoft
Excel following a similar protocol.?® Utilizing this routine circumvents some of the problems
associated with favoring either high- or low-pressure regions when linearizing the Langmuir

equation and offers a balanced approach.
Single-Site Langmuir (SSL)

k

i

Dual-Site Langmuir (DSL)

S € B
4;i = qma 1+K,P qm,2 1+K,P
Virial analysis:

The Xe & Kr adsorption data for the polymers were measured from 0- 1bar at 278, 288 and
298 K and were fitted by the following virial equation.
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In(P) = In(Va)H(AO0+A1*Va +A2*Var2 ...+ A6*Va’6)/T+BO0+B1*Va)

Where P is pressure, Va is amount adsorbed, T is temperature, and A0, Al, A2 ..., A4 and
BO, B1 are temperature independent empirical parameters.

Ideal Adsorption Solution Theory (IAST):

IAST calculations were employed as described by Prausnitz et al.?® The equation that is

involved in selectivity calculations has been given below.

Breakthrough studies:

For the breakthrough measurements, ~0.250 g of pre-activated (160°C under vacuum) sample
of the POF was packed in a 6.35 cm long and 0.5-cm diameter column. This was further
activated at 50°C under flowing helium overnight. Pressurization of the 0.25" (6.35 mm)
diameter column packed with POF was accomplished with a syringe pump (Teledyne ISCO)
directly connected to the system through a series of 0.07 mm (ID) segments of tubing (PEEK)
and valves. System pressure was maintained by coordinated adjustments to the syringe pump
flow rate and the needle metering valve (Tescom). An inline pressure transducer was used to
verify column pressure. The column was cooled to room temperature and a premixed mixture
of Xe and Kr was introduced with a flow rate of 20 ml/min at a total pressure of 15 psi (1.02
atm). Effluent gas chemistry was tracked with a Stanford Research residual gas analyzer
(RGA). Masses (a.m.u.) corresponding to Xe (131), Kr (84) and He (4) were monitored
throughout the experiments. The flow rate (20 ml/min) through the needle metering valve
created a sampling pressure of 5 x10° torr to 3.0 x10~* Torr in the RGA and was maintained
throughout the experiments. Indications of Xe and Kr breaking through the column were

indicated by an increase in the pressure for masses 131 and 84 respectively.
2.5. Results and discussions:
Synthesis and characterization of the polymers:

Polymers are isolated as brown powders and purified by Soxhlet extraction using different
organic solvents like Methanol, THF, DMF, etc (Figure 2.1A). Rigorous EDAX analysis was
performed to ensure the absence of any unreacted brominated sites in the oligomeric

compounds (see appendix). Amorphous nature was established from the PXRD pattern
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Figure 2.1. (A) Schematic of polymer synthesis. (B) Solid-state *C MASNMR spectra displaying the
characteristics of chemical shifts. The * marked peaks correspond to the spinning side-bands. (C) IR
spectra of the polymers featuring the bond environment. (D) FESEM images of ISERP-POF6
showing spherical morphology, with the spheres ranging from ~8 nm to a micron in diameter. (E)
HRTEM image of ISERP-POF6

(Figure A.2.1A). Exceptional thermal (Figure A.2.1B), as well as chemical stability, make
these polymers potential candidates for any industrial applications. Moreover, they are
synthesizable in gram scales with absolute retention of the inherent properties. The cross
condensation has been established by solid-state *C Magic Angle Spinning Nuclear
Magnetic Resonance (MASNMR) spectroscopy (Figure 2.1B) and Infra-Red (IR) spectra
(Figure 2.1C). The peak at around 6=130-135 ppm in the solid-state NMR is assigned to the
aromatic carbons of the polymers. Meanwhile, the co-condensation of the building blocks has
been validated by the appearance of two broad peaks at around 6=40 and 6=20 ppm which
correspond to the methylene and methyl carbons. The mere shifts in the 6 value of the NMR
spectra of the respective three polymers appear due to the variance of aromatic rig current of
the three different aromatic units (naphthalene, pyrene, and triphenylmethane). IR spectra of
the respective polymers corroborate to the SSNMR showing the characteristics vibrations

present in the polymeric network. The peaks at 2920 cm™, 2850 cm™ signify aromatic C-H

Ph.D Thesis, D. Chakraborty; 2020



Chapter 2

and asymmetric CH stretching vibrations. The peaks correspond to ~1440 cm™, 12050 cm™
and 1620 cm™ narrates the CH, scissoring, CH- rocking, and aromatic C=C bond stretching.
IISERP-POF8 possesses its unique sp® C-H vibration at 3040 cm™ (Figures 2.1C, A.2.2). The
morphology of all the polymers was envisioned from the Field Emission Scanning Electron
Microscopy (FESEM) (Figures 2.1D, A.2.3-A.2.6, tables A.2.1-A.2.3). A spherical
morphology is observed. which is prominent in Bakelite based and phenol-formaldehyde
based polymers due to their hydrophobic nature.*®"2° This is further supported by the High-
Resolution Transmission Electron Microscopic (HRTEM) images which appear stacked
spheres of polymers with a dimension of 80 to 120 nm (Figure 2.1E, A.2.7).

N2 adsorption isotherms and stability studies:

The porosity of the polymers is investigated by N> adsorption at 77K where the polymers
display a combination of type-1 and type-IV isotherms with a prominent hysteresis (Figure
2.2A).3! The hysteresis arises from the fact that the polymers are devoid of ordered porous
architecture. Being amorphous and crosslinked, the polymers possess hierarchical pores
which are responsible for the observed mesoporosity and hysteresis (Figure 2.2B). Brunauer-
Emmett-Teller (BET) surface areas were estimated to be 890, 630 and 813 m?/g for IISERP-
POF6, IISERP-POF7 and IISERP-POF8 respectively (Figure A.2.8). A Non-local Density
Functional Theory (NLDFT) was fitted to the N2 adsorption isotherms at 77K and these
reveal the presence of hierarchical pores with the major pore dimension of 6 A (Figure 2.2B).
Pore size distribution obtained from CO; 273K is comparable to that from N> 77K data
(Figure A.2.9). The polymers possess a significant degree of ultra-micropores which is a
potential character to render selectivity during gas capture. However, the absence of
heteroatoms in the pore results in moderate CO> capacity and selectivity for the polymers.
The exceptional chemical stability of these polymers towards acid and base was established
from BET surface area analysis recorded after treating samples with 9N HCI and 9N NaOH,
which showed retention of surface area or isotherm type. The polymers are obtained at a large
gram scale to demonstrate the applicability to the industrial scales with absolute retention of
the surface area and pore volume. We have synthesized multiple batches of the polymers in
gram scale (~5 g) using the same condition (40°C for 36 hrs) and measured the porosities.
The N2 uptake of these samples at 77K matched well with the uptakes found for the samples
from mg scale synthesis (Figures 2.2C, 2.2D, and A.2.10-A.2.12).
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Figure 2.2. (A) N2 adsorption isotherms for the polymers at 77K. (B) Pore size distribution obtained
from NLDFT fitting. The stability of IISERP-POF6 evaluated from (C) 77K N isotherms and (D) IR

spectra.
Xe/Kr adsorption studies:

The Xe/Kr isotherms were collected at three different temperatures (278K, 288K, and 298K)
up to 1 bar pressure. All of these polymers show selective uptake of Xe over Kr at these
temperatures, but the isotherms don’t saturate at 1 bar. The Xe uptakes are 37.7, 34.6 and
38.5 cc/lg (P/Po = 1) for IISERP-POF6, IISERP-POF7 and IISERP-POFS8, respectively
(Figures 2.3). These uptakes are comparable with some of the well-known Xe adsorbing
porous materials like IRMOF_1 (44.3 cc/g),* Noria (34.7),>* SBMOF1 (31 cc/g),*
CROFOUR_1_Niand CROFOUR_2_Ni (40.3 cc/g and 36 cc/g) (P/Po = 1).%° Although, there
are MOFs, organic cages are known to have very high Xe capacity at 1 bar, 298K (Ag @
Ni_MOF74, 108 cc/g; Activated carbon, 94.1 cc/g; MOF-Cu-H , 71.5 cc/g; SBMOF2, 63.4
cclg; CC3, 53.8 cc/g) (P/Po = 1)>11%6-38 (Table 2.1), the C-C bonded polymers bring
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Figure 2.3. (A, B, C) Xe and Kr adsorption isotherms for IISERP-POF6, IISERP-POF7, and IISERP-
POF8 at different temperatures. (D) The heat of Adsorption for Xe calculated from the Virial method.
(E) The heat of Adsorption for Kr calculated from the Virial model. (F) Xe/Kr selectivity at 298 K
calculated from IAST model employing a nominal composition of 20Xe:80Kr. (G) Xe/N; selectivity
at 298 K calculated using IAST method with a nominal composition of 1Xe:99N.. (H) Xe/CO;
selectivity at 298 K calculated from IAST model using a nominal composition of 1Xe:99CO..

exceptional stability and durability when employed to work under harsh conditions as well as
desired as membranes. Virial method was employed to calculate the Heat of Adsorption
(HOA) of Xe and Kr isotherms collected at 278, 288 and 298 K. The zero loading HOA value
for Xe was found to be 26 kJ/mol (Figure 2.3D and Figures A.3.13-A.2.15), which is slightly
higher than that for Kr (~22 kJ/mol) (Figure 2.3E and A.2.16, tables A.2.4 and A.2.5). This
suggests that Xe has a stronger interaction with the polymeric frameworks than Kr. This
observation agrees with the Xe/Kr selectivity. Ideal Adsorption Solution Theory (IAST) was
adopted to determine the Xe/Kr selectivity with a composition of 20/80 (Xe/Kr). The Xe/Kr
selectivity values were 6.7, 6.3 and 6.3 for IISERP-POF6, IISERP-POF7, and IISERP-POFS8,
respectively at 1 bar and 298K (Figure 2.3F and A.2.17, tables A.2.6-A.2.8). These Xe/Kr
selectivities are lower than only a few of the top-performing MOFs and cages'!3! and is
higher than the selectivities shown by Zeolites (s(Xe/Kr) = 4-6),° Porous Carbon (~3)° and is
comparable to some of the well-known MOFs (Ni-MOF-74: 5-6; IRMOF-1: 3; UTSA-49:
9.2; Ag@NiMOF-74: 6.8), organic cages (12.5) (Table 2.1).>1:32363% mportantly, it is quite
substantial for a first-time report using a porous polymer, and we believe that there is

significant room for improvement.

Xenon recovery from nuclear off-gas stream involves their separation from a mixture of other

gases which balances the stream. Also, Xe is present at an exceptionally low concentration in
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the off-gas stream compared to N2 and CO: Surprisingly, these polymers display significantly
high Xe selectivity over nitrogen (IAST selectivity: s(Xe/N2): 200, 180, 160 for IISERP-
POF®6, 7 and 8 at 298 K, 1 bar, employing a nominal composition of 1Xe:99N. (Figures 2.3G
and A.2.18). These values are much higher than those reported with other porous materials
(Carbon-ZX: 120; Carbon-Z: 80; HKUST: 80; PCN-14: 26; ZIF-8: 18.3; IRMOF-1: 5.2)%041
(Tables A.2.9-A.2.11). Also, these polymers express promising Xe/CO, separation ability.
The Xe/CO; selectivities obtained from IAST were found to be 5.6, 7.4 and 5.6 for IISERP-
POF6, 7 and 8, respectively, for a composition of 1Xe:99CO> at 298K and 1 bar (Figure
2.3H). These selectivities are higher than ZIF-8 and porous carbon.’® Notably, the energy
input (based on the synthesis temperature and pressure) in the synthesis of these polymers is
substantially smaller compared to benchmark porous materials like MOF and porous carbons.
Xe has a higher dipole moment compared to the Kr, N2, CO2 which contributes to the
preferential adsorption of Xe. This would promote a stronger interaction of Xe with the

aromatic groups of the porous polymers, and therefore to higher Xe uptakes.

Dynamic mixed-gas separation:
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Figure 2.4. Breakthrough curves for different polymers. The polymers illustrate the dynamic
separation of Xe under nuclear processing conditions.

It is important to demonstrate the ability of the polymers to perform the separation under a

more realistic condition. To do so, we performed breakthrough separation for each of the

polymers where a mixture of Xe/Kr (1300 ppm Xe/ 130 ppm Kr, UNF) was passed through a
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column packed with the polymers (~200-300 mg) which was pre-activated. The retention
time of a particular gas was monitored and it is found that Xe showed noticeably better
retention compared to the other gases (Kr, CO2, Oz and Ar) for all the three polymers.
Among all, ISERP-POF7 has the highest retention time for Xe (8.5 min) compared Kr (3.8
min) which is also reflected in the selectivity value (2.3) obtained in dynamic condition
(Figure 2.4). Similar results were obtained for IISERP-POF6 and IISERP-POF8 which also
exhibit selective retention of Xe with selectivities of 1.7 and 1.5 (Table 2.2). This illustrates
the Xe/Kr separation performance of the polymers under the dynamic condition with
significant Xe/Kr selectivities.

Table 2.1. Comparison of the Xe/Kr selectivities of the polymers with some of the high-performing
porous materials.

S.No. Material Xe Uptake (cc/g) at | S(Xe/Kr) at 1 bar, 298K
1bar and 298K for (20Xe:80Kr)
(P/Po =1)

1 CROFOUR-1-Ni 40.3 228

2 MOF-Cu-H 715 16.7%, 15.8°

3 SBMOF-1 31 16°

4 CROFOUR-2-Ni 36 15.5%

5 CC3 53.7 12.5°

6 Ag@MOF-74Ni 103 11.5°

7 Co3(HCOO0)s 44.8 112

8 SBMOF-2 63.4 10°

9 HKUST-1 ~120 6.90°

10 IISERP_POF6 37.7 6.7¢

11 IISERP_POF7 34.6 6.3°

12 IISERP POF8 38.5 6.3%

13 PCN-14 ~160 6.5¢

14 NOTT series ~100-150 5.5-7°

15 MOF-74-Mg 125.4 6°

16 MOF-74-Ni 94.1 4°

17 IRMOF-series - 2.8-4.2°

18 Activated Carbon 94 3

aSelectivity calculated using IAST modeling. ®Selectivity calculated from Henry’s constant. °Selectivity
calculated from breakthrough experiment.

Table 2.2. Summarized parameters of the Xe/Kr breakthrough experiments performed using
POFs at room temperature.

Adsorbent Gas | Time (min) Conc. (ppm) Xe/Kr selectivity
IISERP-POF6 Xe 7.5133 1282 1.7
IISERP-POF6 Kr 4.3083 132
IISERP-POF7 Xe 8.5678 1282 2.3
IISERP-POF7 Kr 3.803 132
IISERP-POF8 Xe 5.8587 1282 15
IISERP-POF8 Kr 3.8361 132
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2.6. Conclusion:

In summary, three new exceptionally stable C-C bonded hyper-crosslinked porous organic
polymers have been developed using very mild synthesis methods. The ultra-microporous
character enables good Xe/Kr, Xe/N2 and Xe/CO, separation. These advantages combine
with their easy scalability make them potential candidates for large-scale separation of Used
Nuclear Fuel (UNF) off-gas stream; however, further work needs to be done to improve their

capacity and Xe/Kr selectivity.
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2.8.  Appendix of Chapter 2:
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Figure A.2.1. (A) Powder X-Ray Diffraction pattern of the polymers showing amorphous nature (B)
Thermo Gravimetric Analysis (TGA) curves for the corresponding polymers showing the polymers
are thermally stable up to ~200°C.
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Figure A.2.2. Infra-Red (IR) spectra of POFs subjected to different chemical treatments. These
spectra exemplify the stability of the polymer in different chemical environments. (Source: Infrared
and Raman Spectra of Inorganic and Coordination Compounds, Part B, Applications in
Coordination, Organometallic, and Bioinorganic Chemistry, 6" Edition, Kazuo Nakamoto).
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Figure A.2.3. Field Emission Scanning Electron Microscopic (FESEM) images of the polymers. The
polymers exhibit a spherical morphology.
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Figure A.2.4. Energy Dispersive X-ray (EDX) images of IISERP-POF6 showing the respective
elements present in the polymer.

Table A.2.1: Atomic and elemental composition obtained from EDX analysis of IISERP-POF6.

Spectrum 1 Spectrum 2
Element Weight % Atomic % Weight % Atomic %
CK 98.08 99.71 99.17 99.56
BrL 1.92 0.29 2.83 0.44
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Figure A.2.5. Energy Dispersive X-ray (EDX) images of IISERP-POF7 showing the respective
elements present in the polymer.

Table A.2.2. Atomic and elemental composition obtained from EDX analysis of IISERP-POF7.

Spectrum 1 Spectrum 2
Element Weight % Atomic % Weight % Atomic %
CK 98.96 99.84 98.93 99.84
BrL 1.04 0.16 1.07 0.16
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Figure A.2.6. Energy Dispersive X-ray (EDX) images of IISERP-POF8 showing the respective
elements present in the polymer.

Table A.2.3. Atomic and elemental composition obtained from EDX analysis of IISERP-POFS8.

Spectrum 1 Spectrum 2
Element Weight % Atomic % Weight % Atomic %
CK 98.22 99.73 98.70 99.49
BrL 1.78 0.27 1.30 0.51
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Figure A.2.7. High-Resolution Transmission Electron Microscopic (HRTEM) images of the three

polymers.

Table A.2.4: Fitted Virial parameters for Xe.
Parameters IISERP-POF6 IISERP-POF7 IISERP-POF8
A0 -3208.061845 -3200.490362 -3243.346928
Al 619.2541303 718.1017016 501.8488689
A2 -270.7945347 -328.0339082 -198.7313009
A3 59.84408912 81.72084534 45.48335781

Ph.D Thesis, D. Chakraborty; 2020

84



Chapter 2

Ad 0 -0.459100703 0

BO 15.22197341 15.12487157 15.5214489
Bl 0 -0.038330415 0

Table A.2.5. Fitted Virial parameters for Kr.
Parameters IISERP-POF6 IISERP-POF7 IISERP-POF8

A0 -2697.304481 -2651.063435 -2187.629647
Al -204.0152665 192.5161732 -237.3467145
BO 16.29700252 16.0864836 14.48544663
Bl 1.280113504 0 1.442828328

Table A.2.6. Fitted IAST parameters for Xe/Kr (20Xe:80Kr composition) selectivity at 298 K and
288 K for IISERP-POF6.

Constants Gas A Gas B
288 K 298 K 288 K 298 K
gAl 3.849746839 3.082682691 2.536684261 2.324022715
gA2 0 0 0 0
kA1l 0.008437009 0.006507509 0.000457617 0.000416795
kA1l 0 0 0 0
nAl 0.678442665 0.731527453 0.992821604 0.954831647
nAl 0 0 0 0
HA1l 0.032480347 0.020060586 0.001160829 0.000968641
HA1l 0 0 0 0

Table A.2.7. Fitted IAST parameters for Xe/Kr (20Xe:80Kr composition) selectivity at 298 K and
288 K for IISERP-POF7.

Constants Gas A Gas B
288 K 298 K 288 K 298 K
gAl 3.849746839 3.082682691 2.536684261 2.324022715
gA2 0 0 0 0
kAl 0.008437009 0.006507509 0.000457617 0.000416795
kAl 0 0 0 0
nAl 0.678442665 0.731527453 0.992821604 0.954831647
nAl 0 0 0 0
HA1 0.032480347 0.020060586 0.001160829 0.000968641
HAl 0 0 0 0

Table A.2.8. Fitted IAST parameters for Xe/Kr (20Xe:80Kr composition) selectivity at 298 K and
288 K for IISERP-POF8.

Constants Gas A Gas B
288 K 298 K 288 K 298 K
gAl 4.048261507 3.49427188 2.539073057 2.32658096
gA2 0 0 0 0
kA1 0.005828481 0.004462894 0.000397678 0.000356362
kA1l 0 0 0 0
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nAl 0.748253836 0.780912786 1.00583943 0.984825712
nAl 0 0 0 0
HA1l 0.023595216 0.015594564 0.001009733 0.000829105
HAlL 0 0 0 0

Table A.2.9. Fitted IAST parameters for Xe/N, (1Xe:99N, composition) selectivity at 298 K for all

the polymers.

Constants Gas A Gas B
POF6 POF7 POF8 POF6 POF7 POF8
gAl 3.584327049 | 3.083585995 | 3.454944772 | 0.067818734 | 0.081464087 | 0.083108822
gA2 0 0 0 0 0 0
kA1l 0.005114634 | 0.006541535 | 0.004416721 | 0.000332957 | 0.000284879 | 0.000244613
kAl 0 0 0 0 0 0
nAl 0.748628779 | 0.730605945 | 0.785567598 | 1.317373312 | 1.318282045 | 1.318445365
nAl 0 0 0 0 0 0
HA1l 0.018332521 | 0.020171385 | 0.015259528 | 2.25807E-05 | 2.32074E-05 | 2.03295E-05
HAl 0 0 0 0 0 0

Table A.2.10. Fitted IAST parameters for Xe/CO2 (1Xe:99CO: composition) selectivity at 298 K for
all the polymers.

Constant Gas A Gas B
s
POF6 POF7 POF8 POF6 POF7 POF8
gAl 3.58432704 | 3.08117948 | 3.45494477 | 5.50230579 | 4.95060255 | 5.05837444
9 2 2 4 9
gA2 0 0 0 0 0 0
kA1 0.00511463 | 0.00646162 | 0.00441672 | 0.00059925 | 0.00137354 | 0.00075008
4 9 1 7 7
kAl 0 0 0 0 0 0
nAl 0.74862877 | 0.73278598 | 0.78556759 | 0.96685708 | 0.82110876 | 0.93293707
9 1 8 5 8 2
nAl 0 0 0 0 0 0
HA1 0.01833252 | 0.01990943 | 0.01525952 | 0.00329729 | 0.00679988 | 0.00379418
1 8 8 7 5 6
HA1 0 0 0 0 0 0
Table A.2.11. Comparison of the Xe/N; selectivities of the polymers with some benchmark porous
materials.
Serial no. | Material Xe/N,  selectivity at | Ref.
298K, 1bar (1Xe:99N,)
1 IISERP-POF6 | 2002 This Work
2 IISERP-POF7 | 1802 This Work
3 IISERP-POF8 | 1602 This Work
4 Carbon-ZX 120° Sci. Rep. 2016, 6, 21295.
5 ZIF8 ~40? Sci. Rep. 2016, 6, 21295.
6 PCN-14 24.7° J. Phys. Chem. C 2014, 118,
11685.
7 NOTT series 18.1-21° J. Phys. Chem. C 2014, 118,
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11685.

HKUST-1 20.7°

J. Phys. Chem. C 2014, 118,
11685.

IRMOF series 8.6-10.7°

J. Phys. Chem. C 2012, 116,
19765.

10

MOF-74 series 5.3-18.2°

J. Phys. Chem. C 2012, 116,
19765.
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Figure A.2.8. BET, Langmuir fits and surface area reports obtained from N, 77 K adsorption
isotherms for the polymers.
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Figure A.2.9. (A, B, C) CO; isotherms of the respective polymers at different temperatures. (D) Pore
size distribution obtained from NLDFT fit using CO; isotherm at 273K.

0.010

—a— Boiled in DMF: SA = 744.0018 m2/g
—3— Soaked in HCI: SA = 707.9314 mzlg
—d— Soaked in NaOH: SA =751.4270 mzlg
—a— Boiled in Water: SA = 680.9625 m’/g
—o— 5g Scale: SA = 660.4680 mig

0.008 -

0.006

0.004

1/[Q(P/Po -1)]

0.002 -

0.000 4

0.000 0007 0014 0021 0028 0.035
Relative pressure (P/Po)

Ph.D Thesis, D. Chakraborty; 2020



Chapter 2

Figure A.2.10. BET transform plots for IISERP-POF6 treated with different chemicals to
demonstrate stability.
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Figure A.2.11. Langmuir transform plots for IISERP-POF6 treated with different chemicals to
demonstrate stability.
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Figure A.2.12. NLDFT pore size distribution plots for IISERP-POF6 treated with different
chemicals to demonstrate stability.
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Figure A.2.13. (A) Comparison of experimental Xe isotherms with the isotherms calculated from
virial model for IISERP-POF6 at three different temperatures, 278 K, 288 K, and 298 K. (B) Virial
plots for Xe adsorption at three different temperatures, 278 K, 288 K, and 298 K.
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Figure A.2.14. (A) Comparison of experimental Xe isotherms with the isotherms calculated from
virial model for IISERP-POF7 at three different temperatures, 278 K, 288 K, and 298 K. (B) Virial
plots for Xe adsorption at three different temperatures, 278 K, 288 K, and 298 K.
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Figure A.2.15. (A) Comparison of experimental Xe isotherms with the isotherms calculated from
virial model for IISERP-POFS8 at three different temperatures, 278 K, 288 K, and 298 K. (B) Virial
plots for Xe adsorption at three different temperatures, 278 K, 288 K, and 298 K.
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Figure A.2.16. Virial model fitting using Kr adsorption isotherms at two different temperatures, 278
Kand 298 K.
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3.1. Introduction:

Molecular confinement is known to impose profound effects on the chemistry of encapsulated
gas molecules.! For example, biological systems such as proteins exhibit unparalleled
efficiency and selectivity in molecular binding and transport through confinement and
cooperative effects.! In this regard, biological systems such as proteins offer the ultimate
example of unique chemistry under confinement. Structural investigation of Xe adsorption in
various proteins and biomolecules suggest the most prominent binding site is within the small
hydrophobic pockets with pore size (4 — 5 A) where Xe interacts weakly via van der Waals
forces.? Similar observations on the importance of hydrophobic pockets were made in other
classes of protein structures including myoglobin, haemoglobin and adenylate kinase.®
Traditional porous materials such as activated carbon and aluminosilicate zeolites have been
tested for Xe adsorption, but the role of confinement and pore size have not always been
investigated. In this regard, nanoporous materials, MOFs have shown to be ideal candidate
materials to probe the mechanism of weakly interacting noble gases because MOFs are
atomically precise materials with tunable pore sizes. Further, the ability to carry out detailed
computational analysis from determined structures.?*4 MOFs offer several advantages over
traditional porous sorbents including high internal surface area and functionalized pore
surface.>!® MOFs and related porous organic cages, in particular, NiMOF-74, cobalt formate,
CC3 (porous imine cage) and SBMOF-1 (Calcium 4,4 -sulfonyldibenzoate) have shown
promising Xe adsorption and selectivity over other competing gases such as Kr under
conditions pertinent to nuclear reprocessing.>”1-1° In particular, SBMOF-1 that was selected
as part of a computationally inspired materials discovery strategy exhibit the highest Xe uptake

under the nuclear reprocessing condition.”?

Experimental and computational studies have previously indicated that an optimal Xe selective
material should have a similar pore size as the kinetic diameter of Xe (4.1 A).2%22 In this
direction, SBMOF-1 with its optimally sized unidimensional channels showed a Xe capacity
(13.2 mmol/kg) with high selectivity. However, considering that their low surface area yields
only a moderate uptake at low pressures (145 m?/g, ~1.4 mmol/g of Xe at 1bar and 298K),
there is definite room for enhancing the capture capacities. Further, in our continued search for
Xe selective materials, we looked for primarily two characteristics: (a) MOFs with effective
pore size close to 4.0 A, but with a higher surface than SBMOF-1 and (b) absence of open

metal sites for high selectivity towards Xe over other gases including CO2. MOFs with open
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metal sites tend to be selective towards CO. because of its large quadrupole moment which
leads to the issue of co-adsorption of CO along with Xe, making the overall adsorption
(recovery) process more complicated.?® In this communication, we report an ultra-microporous
nickel isonicotinate MOF, IISERP-MOF2,%% that shows excellent Xe adsorption capacity
compared to benchmark Xe selective material such as SBMOF-1.”

3.2. Materials and methods:
Synthesis of the IISERP-MOF2:

IISERP-MOF2 was synthesized according to the reported literature. The bulk phase purity of

the sample was determined by Powder X-Ray Diffraction.
3.3.  Analytical characterization:
Powder X-ray diffraction:

Powder X-Ray Diffraction data were recorded out Rigaku Miniflex-600 instrument and

processed using PDXL software.
3.4. Adsorption studies:

All the adsorptions were carried out using a 3-FLEX pore and surface area analyzer,

Micromeritics and few cases ‘Autosorb IQ’, Quantachrome.
Langmuir fits:

In most cases, the isotherms were fit to the Single-Site Langmuir (SSL) equation. The
isotherms were fit by solving the Langmuir equation using the solver function in Microsoft
Excel following a similar protocol previously reported.?* Utilizing this routine circumvents
some of the problems associated with favoring either high- or low-pressure regions when
linearizing the Langmuir equation and offers a balanced approach.

Single-Site Langmuir (SSL)

k

i
o
9= Gy kiPP

Dual-Site Langmuir (DSL)

K p + K2 p
G= dmag e pt T Im2T g p
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Virial analysis:

The Xe & Kr adsorption data for the polymers were measured from 0- 1bar at 278, 288 and
298 K and were fitted by the following virial equation.

In(P) = In(Va) H(AO+A 1*Va +A2*Var2 ...+ A6*Va 6)/T-+B0+B1*Va)

Where P is pressure, Va is amount adsorbed, T is temperature, and A0, A1, A2 ..., A4 and B0,

B1 are temperature independent empirical parameters.
Ideal Adsorption Solution Theory (IAST):

IAST calculations were employed as described by Prausnitz et al.?® The equation that is
involved in selectivity calculations has been given below.

_ 41/

S =
2 p1/P2

3.5. Results and discussions:
Xe and other gas adsorption studies:

The 1's framework structure is made up of isolated nickel octahedra connected by 4-pyridine
dicarboxylate to form a two-fold interpenetrated diamondoid framework with one-dimensional
ultra-microporous channels of approximate diameter 4.7 A (Figures 3.1A, A.3.1-A.3.3, Table
A.3.1). The high thermal stability, absence of open metal sites and moderate surface area (470
m?/g) makes 1 an attractive candidate to study for noble gas adsorption studies.?* Further, the
PYC linker can be replaced with other functionalized PYC linkers or extended PYC linkers to
understand the role of functional groups and confinement effects. We, therefore, synthesized
1, characterized and then measured pure-component adsorption isotherm for Xe along with
CO2, N2, and O as a function of temperature (278K, 288K, 298K) up to 1 bar pressure (Figures
3.1B, 3.1C, and A.3.4).

The Xe adsorption isotherm in 1 saturates at low pressure (~P/Po = 0.2) even at room
temperature, indicating a high affinity towards Xe compared to other gases including Kr
(Figure 3.1B). The Xe sorption capacity 1 bar and 298K was found to be ~3.2 mmol/g,
significantly higher (~2X) than SBMOF-1 (1.4 mmol/g) and 1.5X than CC3 (2.4 mmol/g)
under similar experimental conditions (Figure 3.1C).”t"%% Interestingly, at lower partial
pressures (P/Po = 0.1), the difference is more pronounced with 1, which exhibits an

unprecedented uptake capacity of 1.33 mmol/g, which is way higher than the benchmark
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Figure 3.1. (A) Chemical structure, Pore-size, PXRD and the 3-D framework of IISERP-MOF2
showing 1-D channels 3-D framework (B) Adsorption isotherms for different gases done using IISERP-
MOF2 at 298K. (C) Comparative Xe adsorption isotherms for different high-performance MOF
materials. (D). The heat of Adsorption of Xe and Kr obtained from the Virial method.

Xe selective materials such as SBMOF-1 (0.75 mmol/g), CC3 (0.44 mmol/g) and NiMOF-74
(0.35 mmol/g) respectively (Figure 3.1C). The exceptionally high Xe sorption capacities of 1,
is attributed to the higher surface area (470 m?%/g vs. 145 m?/g in comparison to SBMOF-1)"%4
and similar pore size. On the contrary, the Kr adsorption isotherm exhibits a smaller slope and
does not saturate at 1 bar, at all three collection temperatures, indicating a much weaker affinity
towards Kr (Figure 3.1B). The total Kr uptake capacity of 1 at room temperature was found to
be 1.97 mmol/g, significantly lower than that of Xe (Figure 3.1B). Further, the Xe heats of
adsorption (Qst), a measure of adsorbate-adsorbent interaction was calculated based on the
Virial equation by fitting the adsorption data at three different temperatures of 278K, 288K,
and 298K (Figures 3.1D, and A.3.5). The value was found to be 32 kJ mol?, which is
comparable to benchmark materials, SBMOF-1 (37 kJ mol*) and CROFOUR-1 (36 kJ mol™)
and considerably higher than HKUST-1 (27 kJ mol™), NiMOF-74 (22 kJ mol ), MOF-5 (15

kJ mol) and cobalt for-mate (28 kJ mol™?) respectively.’%1213

The difference in Xe vs. Kr affinity is also apparent in the Kr Qst, which is calculated to be 20
kJ mol? (Figures 3.1D and A.3.6). We further collected the adsorption isotherm for other
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gaseous components of air such as N2, Oz, and CO>. As expected, 1 has almost no affinity for
any gas except CO., which is evident from their low uptake capacity (Figure 3.1B). For CO,
1 exhibits a type —I isotherm with a total uptake of 4.015 mmol/g at 1 bar and 298K, slightly
higher than its total Xe uptake. However, based on the single-component isotherms, 1 has a
stronger affinity towards Xe over CO> as evident from the steep Xe uptake at lower pressure
(< 100 mbar) region and early saturation. This particular observation can be attributed to the

lack of open metal site and close size match between adsorbed Xe and pore width.
Selectivity studies:

Ideal adsorbed solution theory (IAST),% capable of predicting gas selectivities, including
Xe/Kr,”*8 in MOF, is employed to estimate the Xe/Kr and Xe/CO, selectivity at various
conditions including very low concentrations of Xe such as (1300 ppm Xe, 130 ppm Kr, 300
ppm COz2, 0.9% Ar, 20.1% O», 78.9% N2) and under condition pertinent to Xe recycling in the
medical industry (65% Xe, 27% Oz, 5% CO; and 3.3% N2). The predicted Xe/Kr and Xe/CO.
selectivities at different pressures and mixture compositions are shown in table 3.1. At 1300
ppm Xe and 130 ppm Kr, the selectivity was calculated to be 18.51 (Figures A.3.7 and A.3.8).
These values are comparable to benchmark MOFs such as SBMOF-1, CROFOUR-1, and CC3

under similar conditions.
Theoretical insights:

In order to further testify the exceptional Xe-selectivity of 1, computational simulations were
performed to identify adsorption sites that are selective towards Xe. Purification of Xe from
the Xe/Kr mixture that is left behind after the cryogenic distillation of O, from the air has a
typical composition of 20%Xe:80%Kr @ 298K, 1bar. The current record holder for this Xe/Kr
separation process is SBMOF-1, with a selectivity of 70.6 (source: The CoRE database),
determined using Grand Canonical Monte Carlo (GCMC). SBMOF-1 has an experimentally
determined Henry’s selectivity of 16. Here, we verified the selectivity reported by Banerjee for
SBMOF-1, HKUST-1, and IRMOF-1 using our simulation protocols. For comparison, we
calculated the selectivities using Henry’s method, a competitive model, IAST, and GCMC. For
Henry’s, competitive, and IAST models, experimental data were fit to Sips isotherms. For
GCMC calculations, we used Lennard-Jones (LJ) parameters, while the frameworks used
DREDING LJ parameters and if none were available UFF. These values were also calculated
for 1 in the same way. For the competitive, IAST, and GCMC calculations they were calculated
at 0.2 bar Xe and 0.8 bar Kr. As shown in Table 3.1, Henry’s selectivity is different from those
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Figure 3.2. Comparison of the experimental and simulated Top: Xe and Bottom: Kr adsorption data for
IISERP-MOF2 and other relevant MOFs at 298 K.

found in the literature as they have been calculated using different methods. Here we have
calculated Henry’s selectivity from an automated protocol that first fits the data to the Sips
isotherm model. The slope was then calculated using the low-pressure data from the fitted
model. This modus operandi was consistently applied to all the MOFs. The other important
factor to note here that the competitive selectivity for SBMOF-1 seems to be overly high
compared to the other methods, (22 vs. 16). This is mainly because, for SBMOF-1, the Kr
uptake does not saturate even at 1bar, this makes the saturation capacity to be overestimated
causing the Langmuir constant to be underestimated. This causes the competitive model to
overestimate as it is heavily dependent on the Langmuir constants.

Figure 3.2 shows the experimental and simulated adsorption data for Xe and Kr on both 1 and
SBMOF-1. The first thing to note is that 1's overall adsorption capacity for Xe is much greater
than SBMOF-1 (3.37 mmol/g vs. 1.38 mmol/g). To the best of our knowledge, this is the first
time UFF LJ parameters have been used for the simulation of Xe/Kr adsorption; and we achieve
good agreement with experimental results (Figures A.3.9 and A.3.10). Also, the data obtained
helps validate the GCMC results. With these results and caveats considered, it is reasonable to
say that 1 has a better Xe/Kr selectivity than SBMOF-1, with a value of 19 compared to 16.

To further find the superior Xe sorption capacity, we performed ABSL on both MOFs at 0.2
bar Xe and 0.8 Kr at 298 K. Figures 3.3 and A.3.11 show the binding sites of both Xe and Kr
in 1 and SBMOF-1, respectively. From the figures, it is seen that Xe in 1 lay slightly closer to
the framework atoms than the Krypton counterpart. In SBMOF-1 however, Kr and Xe occupy
nearly the same space, so much so that when using the CPK filling model, the Xe location in
the MOF. From ABSL it was found that the Xe and Kr are closer to the framework atoms in
SBMOF-1 than in 1. From the ABSL calculations, we discern that SBMOF-1 completely
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Figure 3.3. Binding site locations of Xenon and Krypton in IISERP-MOF-2 (1), Xenon is colored
purple, and Krypton in orange.

envelopes contained more close atoms to Xe (20 atoms within 120% of the combined VdW
radii of the framework atom and guest) compared to 1 (5 atoms within 120%) at a closer
distance (3.37 A minimum distance for SBMOF-1 compared to 3.84 A for 1). This shows both
Xe and Kr share a relatively similar binding. Along with the binding site locations, the
energetics of the adsorption of the Xe and Kr in each MOF were investigated. Table 3.2 lists
the binding energies found for the guest molecules; all binding sites have a notable difference
in their binding energies. It was found that the heats of adsorption/binding energies were higher
in SBMOF-1 for both Xe and Kr.

The better Xe/Kr selectivity of ISERP-MOF-2 (1) can be explained by comparing its binding
energies with other competing materials. The relative binding energy difference between Xe
and Kr for both the SBMOF-1 and IISERP-MOF2 it is 9.1 kJ/mol, which is significantly
smaller than what is observed, for example, CO2 and N2 in Mg-MOF74 (20.1 kJ/mol), and the
Xe/Kr selectivity in ISERP-MOF?2 is 18.51.2° In stark contrast, the Mg-MOF74 with CO; and
N2 binding energy difference of 20.1 kJ/mol yields a selectivity of only 31.% This could mean
a much smaller difference in binding energies between Xe and Kr could have a substantial
impact on the selectivities.

129%Xe NMR study:

To further understand the Xe adsorption in 1, high pressure 2Xe NMR experiments were
conducted at different temperatures. As shown in Figure 3.4, the peak appeared at ~0 ppm
attributes to gaseous Xe molecule and the broad peak with an isotropic chemical shift of 127.7
ppm is due to the Xe gas adsorbed within the confined space.?® The increased chemical shift of
adsorbed Xe in comparison with gas phase in 1 is explained by the interaction of gaseous
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Figure 3.4. 2Xe NMR spectra for 1 obtained at temperature -2 and 20 °C with a spinning rate of 3
kHz. The asterisks denote spinning side-bands.

Xe with MOF particles. Further, it was documented in the literature there is a clear correlation

between the pore size and chemical shift of the adsorbed Xe in porous materials. For example,

using 12Xe NMR chemical shift, pore sizes of various unknown pore structure of silica-based

materials were predicted.?® The chemical shift of 127.7 ppm in 1 suggests the pore size of ~5

A which is in line with our pore size calculations using the single-crystal X-ray structure.

Table 3.1. Selectivities of SBMOF-1, IRMOF-1, HKUST-1, and IISERP-MOF-2 (1) calculated using
different methods.

Literature | Henry’s | Competitive | IAST | GCMC
SBMOF-1 | 16.21 15.63 22.25 16.47 | 16.23
IRMOF-1 | 3.28 3.18 2.96 297 | 272
HKUST-1 | 8.46 10.41 6.11 8.23 |6.35
IISERP- - 19.16 19.23 18.51 | 18.59
MOF2

Table 3.2. Comparison of the binding energies for Xe and Kr in ISERP-MOF-2 vs. SBMOF-1.

SBMOF-1 IISERP-MOF-2
Xe Heat of Adsorbtion (kJ/mol) 34.2 32.2
Xe Binding Energy (kJ/mol) 34.6 30.2
Kr Heat of Adsorption (kJ/mol) 254 22.8
Kr Binding Energy (kJ/mol) 255 21.1
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3.6. Conclusion:

In conclusion, we report an ultra-microporous MOF with outstanding Xe selectivity high
sorption capacity at low pressures. The Xe adsorption and selectivity were found to be
dependent on the optimal pore size of the material and is commensurate with the surface area
with respect to the current benchmark material, SBMOF-1. Our results indicate that the
selectivity and sorption capacities towards Xe will continue to improve in the near and long-

term with the advent of new materials with improved functionalities.
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3.8.  Appendix of Chapter 3:

Table A.3.1. Crystallographic parameters.

Crystal Structure Information

Chemical formula

Ni(4PyC),.DMF

Formula weight 374.98
Crystal system Monoclinic
Space group Pn

Crystal color

Colorless prismatic crystal

Unit-cell parameter

a(A) =6.2528(4) , b(R) = b=12.5234(8), c(A) =10.2768(6) ,
a=90°, B =91.269(2)°, v = 90°, V(A) = 804.54(9) A3

Temperature 150(2)
No. of formula units in unit cell (Z2) | 2
Density (g cm™) 1.552
F(000) 388
Reflection Data

No. of reflections meas. 2950
No. of obs. reflections 2938

A (A) 1.54178
Rmerge 0.0334
Omax 68.5
Omin 3.53
Ran 0.0380
Robs 0.0379
WR G 0.1033
Goodness-of-fit (GOOF) 1.055

Table A.3.2. Fitted Virial parameters for Xe and Kr.

Parameters Xe Kr
A0 -4133.994786 -2571.62304
Al 159.6838126 21.25775491
A2 -66.89678436 27.95379623
A3 116.8056215 0
A4 -38.8282651 0
A5 16.59836383 0
Ab -2.552968493 0
BO 17.11003072 14.33444069
B1 0.470784794 0
B2 -1.077293476 0
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Table A.3.3. Fitted IAST parameters for Xe/Kr (20Xe:80Kr composition) selectivity at 298 K 1ISERP-

Table A.3.4. Fitted IAST parameters for Xe/CO: (1Xe:99CO. composition) selectivity at 298 K

B3 0.200762598 0

B4 -0.025472412 0

B5 -1.3112E-06 0
MOF2.

Constants Xe Kr
gAl 3.372732202 3.988676493
gA2 0 0
kAl 0.019815984 0.000794322
kA1l 0 0
nAl 0.987558857 1.033957098
nAl 0 0

HA1l 0.066834006 0.003168292
HA1l 0 0
IISERP-MOF2.

Constants Xe CO,
gAl 3.372732202 5.396488104
gA2 0 0
kA1l 0.019815984 0.00761617
kA1l 0 0
nAl 0.987558857 0.87323473
nAl 0 0
HA1l 0.066834006 0.041100571
HA1l 0 0
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/‘ Effective tetrahedral nodes
Al formed by the octahedrally
coordinated Ni centers

Adamantane type building
units formed by the
tetrahedral nodes

Color codes:

Ni - Green
C- Grey
N- Blue
O- Red

Cyan lines
guide for eye

Figure A.3.1. The diamondoid framework construction of 1, showing the structure along different
directions. There are uniform 1D channels along the a-axis.
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Figure A.3.2. A 2-fold interpenetrated diamondoid framework of 1, showing the uniform 1D channel
along a-axis.
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Figure A.3.3. Powder X-Ray Diffraction data of ISERP-MOF2 showing bulk phase purity of the MOF.
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Figure A.3.6. (A) Comparison of experimental Kr isotherms with the isotherms calculated from virial
model for ISERP-MOF?2 at three different temperatures, 278 K, 288 K, and 298 K. (B) Virial plots
for Kr adsorption at three different temperatures, 278 K, 288 K, and 298 K.
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Figure A.3.7. (A) IAST selectivity of 20Xe:80Kr at 298K. (B) IAST fittings of Xe and Kr at 298K.
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Figure A.3.8. IAST selectivity of 1Xe:99CO; at 298K.

Computational Details:

Notes on Xe/Kr separation using different MOF materials.

We have studied IISERP-MOF-2 (also known as Ni-4PyC-2) for its ability to separate Xe and K,
particularly for use in nuclear fuel reprocessing. The idea behind the noble gas separation from nuclear
fuel reprocessing is that radioactive ®Kr has a long half-life, and should, therefore, be removed to not
contaminate the atmosphere. In contrast, radioactive *2’Xe would decay by the time fuel is reprocessed
and is less of a concern. A high purity Xe could then be repurposed for uses such as lighting, propulsion,

imaging, anesthesia, and insulation. In this way, it would be beneficial to have a facile Xe/Kr separation

process, as current technologies rely on cryogenic separations which are costly.
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Using nanoporous materials, such as MOFs, is not a new concept, as the researchers have already
performed experimental and computational studies for this very process. In 2016, Banerjee and co-
workers performed high throughput simulations of Xe/Kr separations on over 125,000 hypothetical and
experimental MOFs. From this analysis, they determined that a MOF, known as SBMOF-1, to be one
of the best materials available for the separation with an estimated selectivity of ~70 Xe/Kr. In their
work, they went on to synthesize the material and run experimental single component isotherms for
both Xe and Kr to determine an experimental selectivity. When they used the data from their
experimental work, they found the selectivity dropped to 16.21 Xe/Kr. This value was still the best-
reported value even after their literature review, with the next closest 12.8 Xe/Kr. It should also be noted
that in their work, they found that SBMOF-1 seemed to be saturated at 1 bar of Xe, with a saturation
limit of ~1.4 mmol/g.

Spurred on by this work the selectivity and adsorptions of Xe and Kr were studied for IISERP-MOF-2.
What was first noted was that ISERP-MOF-2 had a higher adsorption capacity for Xe, saturating at
3.53 mmol/g, compared to SBMOF-1, which saturated at ~1.4 mmol/g. It is difficult to tell the saturation
capacities of Kr for each as they did not reach it for either material, however at 298 K and 1 bar, [ISERP-
MOF-2 had adsorption of Kr of 1.9 mmol/g compared to SBMOF-1 which had adsorption of ~1
mmol/g. The IISERP-MOF-2 adsorption isotherms for Xe and Kr are shown in Figure A.3.4. The
adsorption isotherms were fitted to a Sips isotherm, as well the materials were computationally
evaluated for the noble gas adsorptions. Both of these are discussed in detail later on.
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Figure A.3.9. Adsorption isotherms of Xe on IISERP-MOF-2 showing the experimentally determined
values, a fitted model, and computationally determined values.
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Figure A.3.10. Adsorption isotherms of Kr on IISERP-MOF-2 showing the experimentally determined
values, a fitted model, and computationally determined values.

The selectivity is a bit more difficult to definitively determine the values as there are multiple ways to
calculate the value. Experimentally, Banerjee and co-workers used the Henry’s coefficients for the
gases to calculate the selectivity. These values were calculated by looking at the low-pressure uptake
for each gas (< 0.01 bar for Xe and 0.05 for Kr) and determine the straight line for adsorption as a
function of pressure. SBMOF-1 has a Henry’s coefficient of 38.42 mmol/(g-bar) for Xe and 2.37
mmol/(g-bar) for Kr. This gave the selectivity of SBMOF-1 of Xe/Kr of 16.21. As there was not
adsorption data that low experimentally, 1 first fitted the data to the Sips isotherm model, shown in Eq
1. The Sips model fits the saturation capacity, adsorption constant, and degree of heterogeneity; g, k,
and n respectively to calculate the amount adsorbed, g, at a given pressure, p. Both the Xe and Kr are
shown to be well fitted by the model, as shown in Figures A.3.9 and A.3.10, as well as the low RMSE
values of 0.014 and 0.0027 respectively. Using the models, and consider the adsorption up to 0.01 bar
for Xe and 0.05 bar for Kr, the Henry coefficients were 67.8 mmol/(g-bar) and 3.54 mmol/(g-bar)
respectively. Using these values gives a selectivity of 19.1 Xe/Kr, outperforming SBMOF-1’s value of
16.2. For scale, the next best material was known as CC3 and had a selectivity of 12.8.

_ _qs(e=p)™
Eq.1 1P) = GG

Although these values showed a better selectivity than what was found for SBMOF-1, | used other
selectivity determination methods to verify the results. One such method is known as a competitive
model, which takes into account on a numerical basis, the competitive nature of guest molecules. To
perform this model, the fitted Sips isotherms were once again used, with the difference being that in the
calculation of the adsorption of guest i, a term is added into the denominator to show the competitive

nature of guest j, as shown in Eq. 2. Using these equations for both the Xe and Kr and the parameters
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from the fitted Sips. When using these values, and relevant pressures of 0.2 bars of Xe and 0.8 bars of
Kr, gives a selectivity of 19.2 Xe/Kr. The same fitted parameters could also be used in IAST and give
a selectivity of 18.5.

qs,i(kixp)™
. n;
1+(kpp)™i+(kj*p ) ])

Eq. 2 9:(pi.pj) = (

The final work we did was to look at the computational results, which are shown in Figures A.3.9 and
A.3.10 for Xe and Kr respectively. As this was the first-time testing Xe and Kr adsorption
computationally, first the simulation parameters were validated. This was done by modifying both the
CIF and the forcefields. To determine the ideal CIFs and forcefields, 2 CIFs (VASP optimized and not),
2 framework forcefields (DREIDING and UFF), and two force fields for each guest. This meant that
there was a total of 8 simulations for each guest atom. Each combination had the RMSE calculated
between the simulation results and the results from the fitted Sips models. For both Xe and Kr the best
CIF was found to be the VASP optimized structure, while the DREIDING forcefield gave the lowest
RMSE. Using those parameters, a binary GCMC simulation was performed. The selectivity from the
GCMC calculation was found to be 28.6 Xe/Kr.

In summary, SBMOF-1 was stated to be the best MOF for Xe/Kr separation with a Xe saturation
capacity of ~1.4 mmol/g and a selectivity of 16.2 Xe//Kr. IISERP-MOF-2, however, has a saturation
capacity of Xe of 3.5 mmol/g with selectivities calculated by Henry’s coefficient of 19.1, Sips
competitive model of 19.2, IAST of 18.5 and a GCMC value of 28.6.

Figure A.3.11. Binding site locations of Xenon and Krypton in SBMOF-1, Xenon is coloured purple,
and Krypton in orange. Krypton cannot be seen as it’s binding locations are in the center of the Xenon
locations.
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Ag Nanoparticles Supported on a  Resorcinol-
phenylenediamine Based COF for Chemical Fixation of CO;
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4.1. Introduction:

Rising atmospheric CO> concentration due to the heightened use of fossil fuels has serious
implications on global warming triggered climate change. So, it is highly desirable not only to
develop stable materials to capture CO; but also to convert it into value-added products.!® CO,
is a source of small C1 building block for the synthesis of a variety of organic molecules,*
including heterocyclic molecules.® Although CO- is abundant in the atmosphere, it possesses
reluctance to react with other compounds due to its inherent stability and inertness.*® Hence, it
is beneficial to develop new catalysts to capture and fix COz in an energy-efficient process.
There are seminal examples where CO> has been fixed as a part of an organic backbone. For
example, CO, forms cyclic carbonates with epoxides,’® can carboxylate terminal alkynes,
alkenes, amines, propargyl alcohols, propargyl amines.®>*? In this regard, a promising example
is the propargyl alcohols which react with CO2 to yield a-alkylidene cyclic carbonates,
biologically important core.** Organometallic compounds are the well-investigated catalysts
for this reaction, but they face serious problems such as synthesis, storage, and their utilizations
are laborious and, in some cases, challenging.'>® Metal-free and metal-based catalysts bring
about CO; fixation. However, such reactions require high pressure of CO, and preeminent
temperatures.*’-?® The main challenge lies in performing the reaction under ambient conditions
without compromising the selectivity and yield of the products. Developing recyclable
heterogeneous catalyst bring added advantages. Recently, few supported metal catalysts have
been tried e.g. Ag NPs/SMR,? AgX@carbon,?® ionic liquid supported Agl/OAc-.2°
Nevertheless, the matrix only supports the growth of nanoparticles serving as passive support.
To a large extent, this is due to the limitations in the characterization techniques available for
these types of composites. Using crystalline porous materials such as covalent organic
frameworks (COFs) as supports could provide meaningful insights in decoding the activity of

these heterogeneous catalysts.

COFs are fascinating synthetic porous materials due to their modular structural and functional
character and high surface area.’®®! The dimensionality (2D and 3D) and the degree of
crystallinity solely depend on the judicious choice of the building blocks.3?32 Most importantly,
heteroatom decorated pore walls are the active sites for anchoring/growing catalytically active
nps.2* COFs find application in diverse fields of research such as gas separation and storage,*
heterogeneous catalysis,>¢#%¢-3 energy storage, and conversion,*® biological application*”: and

optics.*! Earlier, in our group, we have developed efficient heterogeneous COF-np composite
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catalysts for organic transformations (Heck coupling, nitro and nitrile compound reduction
using NaBHa) and electrocatalytic oxygen evolution reaction.3424243 Several experimental and
theoretical inputs prove the active nature of the COF. COF not only supports the growth of
small-sized nPs but also renders a synergistic structural and electronic influence on the catalytic
process.®”® Here, we report a microporous resorcinol-phenylenediamine COF which has
exceptional stability and possesses significant CO2 capacity and selectivity. Further, Silver
nanoparticles are grown and the composite is used for the chemical fixation of CO, with
propargyl alcohols to synthesize a-alkylidene cyclic carbonates. The activity of the COF is
verified. There are very few reports on CO> conversion using COF where epoxides and
propargyl amines are being used to prepare cyclic carbonates.8® * But, to the best of our
knowledge, this is the first report of COF based heterogeneous catalysts to convert CO; into a-

alkylidene cyclic carbonates using propargy! alcohols with high selectivity and yields.
4.2. Materials and methods:

All the chemicals have been purchased from Sigma Aldrich and used without further
purification. 2,4-dihydroxybenzene-1,3,5-tricarbaldehyde (Triformyl resorcinol) has been

prepared using previously reported procedure.**
Synthesis of IISERP-COF15:

0.2 mmol triformyl resorcinol and 0.2 mmol phenylene diamine were dissolved in a solvent
combination of 4 mL dioxane and 4 mL mesitylene. The mixture was stirred for 1 hour and
then 0.5 ml of 6N acetic acid was added to it. The final reaction mixture was transferred in a
pyrex tube and heated at 120°C for 3 days. The dark brown precipitate was obtained which was
filtered and finally washed through soxhlet extraction using DMF, THF mixture. Yield (82%),
Formula for COF C3sNeOsH24, M. Wt. 604.623 g/mol, CHN Observed is C = 85.29; H = 3.81,
N =10.85. Calc. C =79.97; H = 4.48; N = 15.55.

Stability studies of IISERP-COF15:

To study the stability of ISERP-COF15, it was soaked in 6N HCI, 6N H2SO4, 6N NaOH and
even boiled in water. Samples were characterized by Powder X-Ray Diffraction (PXRD), Infra-

Red spectroscopy (IR) and porosity measurements.
Synthesis of Ag@COF:

Silver nPs have been encapsulated into the COF by simply heating the mixture of COF and
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AgNOs in dimethyl sulfoxide (DMSO0).1° In a typical synthesis, 100 mg of COF was dispersed
in 20 ml of Ethanol. A 5ml solution (DMSO) containing 15 mg of AgNOs was added to it
followed by sonication. The mixture was heated at 80°C for 24 hours. After that, the mixture
was cooled, filtered and washed with dimethylformamide (DMF) and ethanol. The solid
product was dried under vacuum. 6.3% Ag content was quantified by Inductively Coupled
Plasma (ICP) analysis. CHN: C =83.51; H=4.75; N = 11.68.

General procedure of catalytic reaction:

10 mol% Ag@COF was dispersed in 3 mL of DMF and 1 mmol propargyl alcohol, 0.1 mmol
1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) were added to it. The reaction was performed at
room temperature under CO2 atmosphere (CO balloon). The reaction was completed within 4
hours. The crude mixture was centrifuged to get the solid catalyst back and the product mixture
was extracted with dichloromethane and washed with a saturated NaCl solution to get rid of
DMF. Finally, the product mixture was purified using column chromatography on silica gel
with 10% ethyl acetate and hexane mixture as eluent. The products were characterized by H,
13C Nuclear Magnetic Resonance spectroscopy (NMR), High Resolution Mass Spectroscopy
(HRMS).

4.3. Analytical characterizations:
Powder X-ray diffraction:

All the Powder X-Ray diffractions have been carried out using a Bruker instrument with a Cu
Ko (A = 1.541 A) source and processed using PDXL software. Variable temperature PXRD
(VTPXRD) was recorded on a Pt plate sample holder and under a vacuum of 107 bar.

Thermo gravimetric Analysis:

NETSZCH TGA-DSC instrument has been used for TGA analysis. The sample was heated
under N2 flow of 20 ml/min (purge + protective) from 25°C to 600°C with a heating rate of 10

K/min.
IR spectroscopy:

IR spectra were obtained using a Nicolet ID5 attenuated total reflectance IR spectrometer in a

range of 4000-600 cm™. Pellets are made using KBr to carry out the experiments.
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Nuclear Magnetic Resonance spectroscopy (NMR):

NMR spectra for the catalytic products were recorded on a 400 MHz Jeol ECS-400, Bruker
400 MHz and solid-state magic angle spinning NMR spectra for COF was obtained in Bruker
500 MHz.

Field Emission-SEM:

SEM images and EDX analyses were carried out using an Ultra Plus Field Emission Scanning
Electron Microscope with an integral charge compensator and embedded EsB and AsB
detectors. The solid samples were dispersed in THF and sonicated for 10 mins. The dispersed

samples were drop casted on silicon wafer and dried in a vacuum oven for overnight.
HR-Transmission electron microscopy (HRTEM):

TEM images were recorded using Jeol JEM220FS high-resolution transmission electron
microscope (HR-TEM) equipped with a field emission source operating at 200 KeV. Solid

sample was dispersed in THF and was drop casted on a Cu grid.
Adsorption studies:

All the adsorptions were performed using a 3-FLEX pore and surface area analyzer and few
cases using Micromeritics ASAP. Before adsorption, the samples were soaked in Methanol for

solvent exchange and evacuation.
Cyclic Voltammetry (CV):

Cyclic Voltammetry studies were performed using CH-instruments. A typical three-electrode
assembly is used where saturated calomel electrode (SCE) and Pt wire were used as reference
and counter electrodes respectively. The solid material was coated on the glassy carbon surface

and was used as the working electrode. The electrolyte was 1M tBuNH4PFs in Acetonitrile.
X-ray photoelectron spectroscopy (XPS):

XPS measurements were carried out using Thermo Kalpha+ spectrometer using micro-focused
and monochromated AlKo radiation with energy 1486.6 eV. The base pressure of the
spectrometer was better than 10 mbar during spectral acquisition. The pass energy for the
spectral acquisition was kept at 50 eV for individual core-levels. The electron flood gun was
utilized for providing charge compensation during data acquisition. The samples for XPS

analysis were prepared inside the glove box and transferred to a vacuum transfer module which
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was subsequently evacuated in the anti-chamber of the glove box. The samples were loaded
onto the spectrometer using this vacuum transfer module and subsequently pumped down by
turbomolecular pumps connected to the load lock chamber. This allowed us to efficiently
transferring the samples without being exposed to the atmosphere. The peak fitting of the
individual core-levels was done using XPS peak software with a Shirley type background.

Synthesis of starting materials:

Anhydrous acetone/butanone (2 mmol), aryl acetylene (2 mmol), and potassium t-butoxide (2
mmol) were mixed using a mortar and pestle, the mixture was kept at room temperature for 20
min. The product was extracted with 10% aqueous sodium chloride, filtered, washed with
water, and dried to give as colorless crystal/brown oil.*°

4.4. Structure solution:

The different modules employed in the Materials Studio V6 were used to perform all the
calculations. The structure solution was carried out by employing a protocol that involves
indexing the experimental PXRD using XCELL program. The Reflex module of the Materials
Studio V6.0 (MS) was used to determine the space group which suggested that P6 is the highest
possible choice of symmetry with a normalized FOM > 50. Hence the cell was constructed
with the indexed unit cell in this space group. Atomic manipulations were carried out using the
Materials Studio to build an initial model satisfying the connectivity requirements. On
introducing the heteroatoms into the structure, the space group P6 reduced to P1. This model
was then geometry optimized using a period tight-binding DFT routine (DFTB) embedded
within the Material Studio. The final structure adopts a P2/m space group with a unit cell with
following parameters: a = 22.1232; b = 22.1232; ¢ = 3.5166; B = 120°. A comparison of the
simulated powder XRD (PXRD) pattern of the eclipsed/staggered form vs. the experimental
one is being presented here (Figure A.4.1). The unit cell and the atomic coordinates of the
refined structure are presented in Table A.4.1. For the geometry optimizations of the periodic
COF structures, dispersion corrected tight-binding Density Functional Theory (DFTB) was
employed. The Smart algorithm was used with the force fields chosen from the Slater-Koster
library. The Divide and Conquer Eigen solver implemented and the self-consistent charges
with a SCC tolerance of 1x 108 were used. UFF-based Lennard-Jones dispersion corrections
were included in Energy, Force and Displacement calculations and the cell were optimized.
Thermal smearing with a smearing parameter of 0.005 Ha was applied. In all cases, brilliant
convergence was accomplished in less than 500 SCC cycles.
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4.5. Adsorption studies:

All the adsorptions were carried out using a 3-FLEX pore and surface area analyzer,

Micromeritics and few cases ‘Autosorb 1Q’, Quantachrome.
Langmuir fits:

In most cases, the isotherms were fit to the Single-Site Langmuir (SSL) equation. The
Langmuir equation was solved using the solver function in Microsoft Excel following a similar
protocol to Keller et al.*® Utilizing this routine circumvents some of the problems associated
with favoring either high- or low-pressure regions when linearizing the Langmuir equation and

offers a balanced approach.

Single-Site Langmuir (SSL)

%= dm1 ) p

Dual-Site Langmuir (DSL)

K

: K
(= dmi7i g p

2
P+ amatrip?
2

q
Virial analysis:

The CO> adsorption data for the COF were measured from 0- 1bar at 248, 273 and 298 K and

were fitted by the following virial equation.
In(P) = In(Va)+(A0+A1¥Va +A2*¥Var2 ...+ A6*Va 6)/T+(B0O+B1*Va)

Where P is pressure, Va is amount adsorbed, T is temperature, and A0, A1, A2 ..., A4 and BO,

B1 are temperature independent empirical parameters.
Ideal Adsorption Solution Theory (IAST):

IAST calculations were employed as described by Prausnitz et al.*’ The equation that is

involved in selectivity calculations has been given below.
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Breakthrough studies:

Breakthrough measurements are performed using Rubotherm Breakthrough analyzer. About
~250 mg of sample was pre-heated at 160°C externally. A column (3 cm long and having an
internal diameter of 0.7 cm) is packed with the sample and again activated at 50°C for 12 hours
under vacuum using PFEIFFER vacuum plus system. All the measurements were done at 298K
and 1.5 bar. The total gas flow for CO2/N2 and CO2/CHjs is maintained at 20 ml/min and 10
ml/min respectively. The relative concentration of the gases is monitored via Cirrus 2 mass
spectrometer which is equipped with a capillary heater. The internal pressure of the capillary
is maintained at 10 torr. Masses corresponding to N2 (14), CH4 (16) and CO; (44) are

monitored.
4.6. Results and discussions:
Synthesis and structural modeling of ISERP-COF15:

IISERP-COF15 was synthesized via a conventional Schiff base condensation reaction between
triformyl-resorcinol and phenylenediamine under solvothermal conditions. The aldehyde and
amine were dissolved in a mixture of dioxane and mesitylene (1:1 v/v) and 0.5 mL 6N acetic
acid were added as a catalyst. The mixture was flash frozen and heated in a pyrex tube at 120°C
for three days (Scheme A.2.1). The resulting solid product was purified by soxhlet extraction
using dimethylformamide (DMF) and tetrahydrofuran (THF). The presence of high intensity
low angle peak and several high angle peaks in the PXRD confirm the crystalline nature of the
COF.

A two-dimensional (2D) COF structure was modeled in agreement with the experimental
powder X-Ray diffraction, using the Material Studio Programme. The structure is formed by
n-stacking of layers having hexagonal windows well agreement with the pore dimension
obtained experimentally (Figure 4.1). For the structure solution, we followed a similar routine
as reported in our earlier works.34 3724243 Tq determine the best possible space group, we have
indexed the powder X-ray pattern in the XCELL program which yielded P6 (FOM: > 50) space
group as the best-fitted highest symmetry. Atomic manipulations are adopted to construct an
initial hexagonal cell. Still, the presence of the asymmetrically positioned atom lowers the
symmetry to monoclinic. This structure was further geometry-optimized using a tight-binding
density functional theory algorithm embedded in the Materials Studio. The lowest energy
structure adopts a P2/m space group (a =22.12; b=22.12; ¢ = 3.52; f = 120°, table A.4.1).
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Figure 4.1. (A) Three-dimensional structure of the COF viewed along the c-axis showing the hexagonal
pores. (B) Single-channel view of the COF illustrating the heteroatoms lining its pore-wall. (C) View
of n-stacked layers with an AAA.... arrangement. Color codes; Gray: Carbon; Blue: Nitrogen; Red:
Oxygen; White: Hydrogen.

The diffraction pattern of this model was refined against the experimental PXRD using the
Pawley routine; it yielded an excellent fit (Figure 2A, refined cell: a = 22.04; b = 21.50; ¢ =
3.52; a=89.75°,v=289.85° B =119.91° Rp = 4.5 and wRp = 6.56). The experimental PXRD
has been compared with the eclipsed and staggered forms (Figure A.4.1). The COF crystalizes
in eclipsed with a uniform one-dimensional (1D) pores of size ~14 A (factoring the van der
Waal radii of the atoms), which agrees well with the experimentally determined pore size from
N2 isotherm (Figures 4.1 and 4.2A).

Characterization of I1ISER-COF15:

The solid-state magic-angle spinning NMR (SS-MAS NMR) spectrum confirms the COF
formation. Peaks in the range of 6= 110 to 120 ppm have been assigned to the aromatic carbons.
Notably, the peak at 6= 182 ppm suggests that the -OH groups are tautomerized to keto form
through intralayer hydrogen transfer (Figure A.4.2).3% 412 Further, the peak at 5= 148 ppm is
seen due to the imine bond (-C=N) formation in the COF. While the characteristic chemical
shift due to C=C-N is observed at 6= 134 ppm suggesting the existence of the COF in the keto
form under the ambient conditions. The Infra-Red (IR) stretching band at 1607 cm™ is ascribed
to the carbonyl vibration. Peaks at 1513 and 1457 cm™ are observed due to the stretching of
C=N and C=C-N bonds, respectively (Figure A.4.3).3*2 Thermal stability has been established
from thermo gravimetric analysis (TGA) (Figure A.4.4). An initial mass loss (29%) is observed
due to the loss of occluded solvent molecules trapped within the COF pores. The variable
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Figure 4.2. (A) Pawley fitting of the powder XRD of the COF. (B) N2 adsorption isotherm collected at
77K; the surface areas are presented. Inset shows the pore size distribution of the COF obtained using
the NLDFT model. (C) The stability of the COF to different chemical treatment is demonstrated by the
N, adsorption isotherms and the associated pore-size distribution (inset) carried out using the treated
samples. (D) CO- adsorption isotherms at different temperatures. (E) The heat of adsorption (HOA) for
the CO,. (F) Selectivity plots demonstrating selective CO; capture by the COF.

temperature PXRD (VTPXRD) shows that the COF retains its crystallinity even after heating
at 250°C (Figure A.4.5).

N2 adsorption isotherms and stability studies:

The permanent porosity of the COF was established from N2 adsorption at 77K. The COF has
a type-1 adsorption isotherm with a saturation N2 uptake of 15 mmol/g. The COF possesses
significantly high Brunauer—Emmet—Teller (BET) and Langmuir surface areas 1230 and 1540
m?/g respectively, calculated from the N at 77K isotherm (Figures 4.2B and A.4.6). The non-
local density functional theory (NLDFT) yields a pore-size of 12 A and a pore volume of
0.6332 cm®/g at P/Po 0.96 (inset of figure 4.2B) (spherical pore model of carbon standard). The
stability of IISERP-COF15 has been confirmed under various harsh chemical conditions such
as 6N HCI, 6N H2SO4, 6N NaOH and even in boiling water for 24 hours (Figure 4.2C). Further,
77K N2 adsorptions carried out on the post-chemically-treated samples and the extracted pore
size distributions; approve the structural stability which validates well with the retention of
crystallinity observed from the PXRD (inset of figure 4.2C). The exceptional stability arises
due to the microporous network, keto-enol tautomerism and interlayer hydrogen bonding.
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Thus, ISERP-COF15 could be a potential candidate for gas separation application particularly

when the harsh environment is involved.
CO: adsorption studies:

The abundant heteroatom decorated sites within the micropores of the COF could provide facile
interaction sites for CO». In order to verify this, CO. adsorptions were measured at four
different temperatures. The COF shows moderate CO> uptake at room temperature (2.5
mmol/g, 1 bar). It exhibits a saturation CO> uptake of 15 mmol/g at 195K (Figure 2D). The
zero-loading heat of adsorption (HOA) values were 32 kJ/mol and 33 kJ/mol as estimated from
virial and DFT calculations, respectively (Figure 4.2E). This optimal HOA value supports a
well-adjusted reversible physisorption-desorption cycle of CO». Further, the ideal adsorption
solution theory (IAST) was adopted to calculate the selectivity of CO2 over other gases (Figure
4.2F). The CO2/N; selectivity is obtained employing a typical composition of 15C02:85N>
(relevant to post-combustion CO» capture) and it is observed that the COF has substantially
high CO: selectivity at two different temperatures (65 at 298K and 73 at 273K, @ 1 bar). The
selectivity values are comparable to the recently reported COFs.*® The CO2/CHyg selectivity has
also been calculated using a typical composition of 50C0O2:50CHys (related to syngas capture)
and the COF reveals selective capture of CO, over methane at 1 bar (selectivity: 9.3 at 298K
and 6.4 at 273K) (Figures A.4.7-A.4.10, tables A.4.2-A.4.4). Thus, the porous network
provides favorable sites for dipole-quadrupolar interaction of CO2 with the framework. The
spherical morphology of the COF has been evidenced by scanning electron microscopic
images. The energy dispersive X-Ray analysis and the mapping show homogeneous
distribution of elements in the COF (Figures A.4.11-A.4.13).

Dynamic mixed-gas separation studies:

Breakthrough studies are performed to demonstrate the dynamic separation of CO2/N> and
CO2/CH4 by IISERP-COF15. CO2/N> separation is performed in a 20% CO2 and 80% N>
mixture at 1.5 bar pressure (total flow 20 ml/min). A retention time of 11.7 min/g is obtained
for CO2 which means one gram of material is able to generate a pure stream of N2 from the
mixture for 11 mins. CH4/CO> separation is performed at a 50-50% composition (total flow 10
ml/min) and a retention time of 16 min/g is obtained. Breakthrough cycling shows absolute
retention of activity in the subsequent cycle (Figure 4.3). Thus, IISERP-COF15 is able to show

selective COz adsorption in equilibrium as well as dynamic conditions.
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Figure 4.3. (A, B) Breakthrough studies for CO»/N, and CO,/CHa. (C, D) Breakthrough cycling studies
showing absolute retention of the separation performance of ISERP-COF15.

Synthesis and characterization of AQ@COF:

It has been observed that the silver metal/salts are active catalysts for chemical fixation of CO>
with propargy! alcohols.'® Our COF is having a substantial amount of selective CO2 capacity
and the pore is highly functionalized. Realizing these facts, we choose to grow that Ag np that
can be an active metal for CO, conversion,'® we have utilized the micropores of the COF to
grow small-sized uncapped silver nPs. The heteroatoms in the structure have an interaction
with the metal nPs which holds the nPs firmly, preventing the leaching from the support. To
load the nPs, the COF is suspended in dimethylsulphoxide (DMSO) along with AgNOs and the
was heated at 80°C for 24 hours under an N. atmosphere to prevent any areal oxidation. This
deliberate treatment generates small-sized Ag nPs on the COF. The PXRD of the composite
has the characteristics low angle peaks of the COF and the peaks due to Ag nPs at higher 26
values: 38.1° (hkl: 111), 44.1° (200), 64.1° (220) and 77.1° (311) (JCPDS file no: 89-3722)
(Figure 4.4A).%8 Interestingly the Ag@COF composite did not exhibit any appreciable N2
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Figure 4.4. (A) PXRD of the Ag@COF. Inset is showing the indexed peaks of the Ag nanoparticles
(B) High resolution TEM image of the Ag@COF. The lattice fringes of the planes of Ag nPs are indexed
accordingly. (C) XPS spectrum of the Ag nP showing the splitting of 3d orbital. (D) Details of CO,
fixation reaction with yields, TONSs, and TOFs.

uptake even at 77K, however, it shows a substantial amount of CO. capacity (1.3 mmol/g) at
298K and 1 bar (Figures A.4.9 and A.4.10). This is important to note that upon loading Ag, the
interaction sites for CO- are reduced, still, a significant degree of heteroatoms is free to interact
with CO2. Thus, the COF is not only serving as the support for small-sized Ag nps, but also
provides a synergistic role through selective CO- adsorption.

The composite retains spherical morphology comparable to the parent COF (Figure A.4.11).
The EDX analysis reveals that the composite has ~5% Ag loading, which is further supported
by inductively coupled plasma (ICP) analysis (6.3% Ag loading). Elemental mapping verifies
the homogeneous distribution of Ag on the COF (Figures A.4.11, A.4.14-A.4.18). The phase
of the silver was established by high-resolution transmission electron microscopic (HRTEM)
studies. Lattice fringes with d-spacing of 0.235 and 0.20 nm appear due to the exposure of Ag
(111) and Ag (200) planes, respectively (Figure 4.4B). A statistical estimate of the TEM images
shows the average size of the Ag nPs to be 3-5 nm (Figures A.4.19, A.4.20, A.4.21). The

heteroatoms in the COF's pore provide active centers to the growth of such small-sized nPs.
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Further, X-ray photoelectron spectroscopy prominently classifies the Ag(0) nPs. Two spin-
orbit doublets are obtained at 368.7 (3dsz) and 374.6 eV (3dsz) with 6eV spacing
corresponding to the Ag(0) (Figure 4.4C). No peaks corresponding to the oxidized form of Ag
were observed.*® Notably, The Ag 3ds, appears at a slightly higher value, 368.7 (instead of
368.2 eV) due to the interaction of Ag with C=N (Ag 0%).%® The peak at 399.7 eV for N1s
spectrum corresponds to the Ag-N interaction, which corroborates the slight positive shift of
the Ag 3ds/2 peak. The satellites of Ag peaks arise due to the asymmetric line-shapes.*® Ag-O
interaction is also confirmed from the O1s spectrum (530.8 eV for Ag-O) (Figure A.4.22).%°
All these observations admit that the COF can be compatible support to grow small-sized active
Ag nPs.

Chemical fixation of CO> using Ag@COF as the catalyst:

Dispersion of active Ag metal nPs on the CO- selective COF synergistically funds to the facile
conversion of COz to cyclic carbonates. Importantly, the catalysis is performed at ambient
conditions under a CO> balloon. It is noteworthy to mention that this reaction is usually
performed under high pressure of CO2. 1 mmol of propargyl alcohol and 0.1 mmol of 1,8-
Diazabicyclo[5.4.0Jundec-7-ene (DBU) were dissolved in 3 mL of DMF and the mixture was
charged with a CO> balloon (table A.4.5). The optimized reaction required 10 mol% of the
catalyst. It takes four hours to achieve complete conversion of the propargyl alcohol to a-
alkylidene cyclic carbonates. Substrate scope has been studied and in all the cases ~90% yield
is obtained (see appendix). The turnover numbers (TON) are greater than 150 and turn over
frequencies (TOF) are around 40 h', which indicates the superior performance of this relatively
cheaper noble metal catalyst (Figure 4.4D). However, the TON is not remarkably high because
only certain facets of the Ag nPs are exposed to the surface for catalytic activity, other atoms
are buried in the COF pore. Also, the atoms in the core of the cluster are not accessible to the
CO; and reactants. 34236

For a heterogeneous catalyst, recyclability is a critical aspect. For this Ag@COF catalyst, we
registered complete retention of activity over five cycles of the reaction (Figure 4.5A). The
post catalysis samples were characterized via PXRD, IR, SEM, TEM and XPS (Figures 4.5B
and 4.5C). The PXRD shows that the peaks for the COF and the Ag are retained. However,
after five reaction cycles, the intensities of the Ag peaks increase slightly, while the FWHM
drops. This is due to the agglomeration of the nPs during the reaction. But, still, the PXRD is
indexed to the Ag in zero oxidation state. We performed EDX (Figures A.4.16 and A.4.17) and
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Figure 4.5. (A) A histogram plot showing the recyclability of the Ag@COF catalyst via the retention
of activity over five consecutive cycles. (B) Comparison of the PXRD patterns and (C) IR spectra of
the different Ag@COF samples. (D) Ag 3d XPS spectra of the spent-catalyst.

ICP analysis of the supernatant solution yielded no trace of silver representing the integrity of
the Ag with the framework. Lattice fringes from the TEM of the spent catalyst were indexed
to the Ag (111) and Ag (200) planes confirming the existence of Ag(0) in the composite (Figure
A.4.21). The XPS spectra corroborate the observations. The Ag 3ds2 and Ag 3ds. peaks are
obtained at 368.6 and 374.6 eV along with two satellites at 370.2 and 376 eV, respectively
(Figure 4.5D). All these studies indicate that Ag@COF is an effective heterogeneous catalyst
for the chemical fixation of CO,.

We did not perform any experiment or theoretical investigation for the mechanism of the
reaction as it is well established in the literature.?”?2° In a typical reaction, the alkyne bond is
activated by the co-ordination of the Ag nanoparticles. Base, here DBU deprotonates the
alcoholic —OH group which does a nucleophilic attack on CO> This results in the formation of

cyclic carbonates after an intramolecular ring closure reaction. Finally, the Ag@COF goes back
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to its original form for the subsequent cycles. To support the claim, we have performed cyclic
voltammetry (CV) of the neat COF and Ag@COF. In CV, the irreversible oxidation peak at
0.12 V vs. NHE corresponding to the Ag/Ag®, indicates that the composite is redox-active
(Figure A.4.23). This activity is an important indication of the redox process during the CO>
fixation which is well documented in the literature.>! Here, COF has an active role by providing
support for the growth of Ag nPs, also the selective CO> adsorption promotes the reaction. COF
provides an ideal nano-reactor where the Ag nps and COz reside in close proximity in the nano-
confinement.

4.7. Conclusion:

Chemical fixation is a significant route to develop a cleaner and greener approach for CO>
mitigation. Heterogeneous catalysts are the most capable participants along this line. Here, we
have demonstrated a stable COF-based catalyst that effectively fixes CO2 with propargyl
alcohols to yield a-alkylidene cyclic carbonates. Microporous architecture, high surface area
and the presence of heteroatoms enable selective CO» capture at different temperatures. The
heat of adsorption value suggests the facile regeneration of CO2 during adsorption-desorption
cycles. The COF hosts small-sized active Ag nPs which effectively converts the CO> to cyclic
carbonates. The composite has remarkable cyclability with retention of the catalytic sites over
five cycles. The COF is active support which not only grows active nps, but also provides
perfect nanoconfinement for CO> and the reactants leading to complete fixation of CO>. Our
findings highlight the COF’s role in heterogeneous catalysis and inspire the development of a

recyclable heterogeneous catalyst for different CO- assisted organic transformations.
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Appendix of Chapter 4:

Table A.4.1. Atomic coordinates of the ISERP-COF15.

Space group: P2/m; Crystal system: Monoclinic.

Unit cell parameters: a =22.1232; b =22.1232; ¢ =3.5166; = 120°.

Atom X y Z

C1 0.52308 | 0.57097 | 0.50046
C2 0.56885 | 0.54575 | 0.50003
C3 0.54617 | 0.47478 | 0.49957
N4 0.40567 | 0.5494 | 0.50029
C5 0.42222 | 0.6142 | 0.49988
C6 0.37218 | 0.63841 | 0.49971
C7 0.30234 | 0.59384 | 0.49998
C8 0.43023 | 0.95917 | 0.50022
C9 0.45912 | 0.03107 | 0.49982
C10 0.52879 | 0.07226 | 0.49969
N1l 0.44344 | 0.85439 | 0.49997
C12 0.3795 | 0.81238 | 0.50012
C13 0.35281 | 0.73728 | 0.49971
Cl14 0.39646 | 0.70944 | 0.49944
C15 0.04452 | 0.47322 | 0.49995
Cl6 0.97555 | 0.42882 | 0.50028
C17 0.93059 | 0.4551 | 0.50011
N18 0.13984 | 0.59196 | 0.49991
C19 0.18499 | 0.57215 | 0.4998
C20 0.25766 | 0.62105 | 0.49995
C21 0.28332 | 0.69327 | 0.49998
022 0.27739 | 0.52378 | 0.49983
023 0.24098 | 0.72119 | 0.50014

Table A.4.2. Parameters for virial equation fitting:

Parameters IISERP-COF15
A0 -2951.162772
Al -110.0743939
A2 117.6941644

A3 0

BO 15.10078922

B1 1.059887854

B2 -0.508260504
B3 0

Table A.4.3. Parameters for the IAST fitting for CO2/N2 (15CO.:85N. composition) at 273K and 298K.
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Constants | Gas A Gas B

273 K 298 K 273 K 298 K
gAl 11.78884011 | 6.160535346 | 0.15964648 1.281039191
gA2 0 0 0 0
kA1l 0.003095883 | 0.000797777 | 0.000401595 | 0.00026649
kAl 0 0 0 0
nAl 0.718040532 | 0.939845588 | 1.210235768 | 0.725721546
nAl 0 0 0 0
HA1l 0.03649687 0.004914735 | 6.41133E-05 | 0.000341384
HA1l 0 0 0 0

Table A.4.4. Parameters for the IAST fitting for CO./CH, (50C0O2:50CH4 composition) at 273K and
298K.

Constants | Gas A Gas B

273 K 298 K 273 K 298 K
gAl 11.56957807 | 6.709843892 | 2.483991464 | 2.325340081
gA2 0 0 0 0
kA1l 0.003106718 | 0.000857601 | 0.00076661 | 0.00015621
kAl 0 0 0 0
nAl 0.721399821 | 0.914556743 | 0.882725927 | 0.972028992
nAl 0 0 0 0
HA1l 0.035943412 | 0.00575437 | 0.001904252 | 0.00036324
HA1l 0 0 0 0

Table A.4.5. Comparative table of the catalytic performances of different catalysts used for CO;
fixation into propargyl alcohols.

Sr. Catalyst Reaction %Yields of the | References
No. condition cyclic
carbonates
1 P(n-C4Ho)3 Supercritical CO, | >90 J. Org. Chem.
at 10 MPa; 2007, 72, 647-
100°C, 15 hours. 649.
2 N-Heterocyclic Olefin 2 MPa COy; >80 J. Am. Chem. Soc.
(NHO) 60°C, 12 hours 2013, 135,
11996—12003.
3 N-Heterocyclic carbenes 4.5 MPa COg; >95 Angew. Chem.
60°C, 12 hours Int. Ed. 2009, 48,
4194 —4197.
4 Alkoxide-functionalized 2 MPa COg; >95 Green Chem.
imidazolium betaines 60°C, 5 hours 2014, 16, 2266—
2272.
5 AgOAc 1 MPa CO; RT, | 80-90 Bull. Chem. Soc.
5 hours Jpn. 2011, 84,
698-717.
6 AgOAc and optically active | 1 MPa CO5; 0°C, | 98 J. Am. Chem. Soc.
ligands 48 hours 2010, 132, 4072—
4073.
7 F-MOP-3-Ag 1 MPa COy; >99 Chem. Commun.
25°C, 10 hours 2014, 50, 13910-
13913.
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8 poly(PPhs)-azo-Ag 1 MPa COy; >90 ACS Catal. 2016,
25°C, 18 hours 6, 1268—1273.
9 [BMIm][PhSOs]/CuCl 0.5-1 MPa COg; >90 J. Org. Chem.
90-120°C, 8 2004, 69, 391-
hours 394,
10 Znl,/NEt; 1 MPa COy; 99 Green Chem.
30°C, 10 hours 2016, 18, 382-
385.
11 AgNPs/SMR 1 MPa COg; >90 Chem. Eur. J.
25°C, 10 hours 2015, 21, 15924-
15928.
12 AgX@carbon 0.1 MPa COg; >90 RSC Adv. 2016, 6,
RT, 4 hours 54020-54026.
13 Agl/OAc™ (Agl/IL) 0.1 MPa COy; >90 Green Chem.
45°C, 2.5 hours 2017, 19, 2936-
2940,
14 Ag@COF 0.1 MPa COg; >90 This Work
25°C, 4 hours
Q 't
G - 1 Dioxane, Mesitylene 4\@; “‘@:ﬂ
Acetic acid SN N
+ - > @ IISERP-COF15 @
OHC CHO 120 C, 3 days
OH NH, " .

.o}
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Scheme A.4.1. Schematic representation of the synthesis procedure of IISERP-COF15.
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Figure A.4.1. Comparison of the experimental and the simulated PXRDs of IISERP-COF15.
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Figure A.4.2. Solid-state **C Magic Angle Spinning NMR spectrum of 1ISERP-COF15 showing the
characteristics peaks. ‘*” marked peaks are the spinning sidebands.
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Figure A.4.3. (A) Infra-Red (IR) spectra of IISERP-COF15 showing the characteristics of stretching
frequencies. (B) IR spectra showing the stability of IISERP-COF15 towards different chemical
treatments e.g. acids, bases and even to boiling in water for 24 hours.

Discussion: 1ISERP-COF15 exists predominantly in the keto form under ambient conditions. C=0
stretching frequency is observed at 1607 cm™. Moreover, the 1457 cm™ peak corresponding to —-C=C-
N supports the existence of COF in the keto form in the solid-state. Imine bond vibrates at 1513 cm™
and the —OH vibration is observed at ~3400 cm™. (Source: Infrared and Raman Spectra of Inorganic
and Coordination Compounds, Part B, Applications in Coordination, Organometallic, and
Bioinorganic Chemistry, 6th Edition, Kazuo Nakamoto).

100 - — |ISERP-COF15 B 100 -
—— Ag@COF
90 804
0 " 60
© 70 - ©
s = —— IISERP-COF15
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40 L L L T L] ] L ] ] L]
100 200 300 400 500 600 100 200 300 400 500 600
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Figure A.4.4. (A) TGA plots of ISERP-COF15 and Ag@COF showing that the materials are stable
up to 300°C. (B) TGA of the COF treated with different chemicals depicting the thermal stabilities.
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Figure A.4.5. (A) Powder X-Ray Diffraction (PXRD) patterns depicting the stability of the COF
towards different chemical treatments. (B) Variable temperature PXRD of the COF showing the
retention of crystallinity upon heating. Note: small peaks at 26 ~25° and ~30° is observed due to the
presence of an impurity in the Pt sample holder (These could not be cleaned satisfactorily. Also, the
empty holder was checked and these peaks remain).
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Figure A.4.6. BET (A) and Langmuir (B) surface area plots for the COF.
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Figure A.4.7. (A) Comparison of the experimental CO; isotherms with the isotherms calculated from
virial model for the COF at 248 K, 273 K, and 298 K. (B) Virial plots for the CO; adsorption at three
different temperatures, 278 K, 288 K, and 298 K.
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Figure A.4.8. IAST selectivity, fitting curves for the gas mixture of CO2/N; (A) and CO,/CH, (B) at
two different temperatures, 298K and 273K.

Note: Depending on the different uptake of CO, and N/CH, at different partial pressure one will obtain
the selectivity values as a function of the total pressure of the gas mixture. Based on the gas composition
the partial pressure will be different. Hence you will get different selectivity for a different composition.
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Figure A.4.9. No@77K (A) and CO.@298K (B) isotherms for IISERP-COF15 and Ag@COF.

Note: Probably the nanoparticles don’t fill the entire pore rather just plug the entry of the pore. Certain
facets are exposed to catalytic activity. Rests of the atoms are inside the pore and are inactive. That’s
why the composite becomes almost nonporous. Another important aspect is that N, and CO; have
different binding sites in the framework and fortunately, nitrogen sites are specifically blocked. As a
result, we are able to get a reasonable amount of CO, uptake, but no nitrogen upon Ag loading.

A 0.18 B 120
BET Surface Area: 56.5404 + 0.4525 m?/g

Slope: 1.723561 + 0.013801 g/mmol
0.15 y-Intercept: 0.002162 + 0.000563 g/mmol
°

Correlation Coefficient: 0.9998398
0.12- /

9
0.03 /

P

Langmuir Surface Area: 61.7103 + 0.1232 m?/g
Slope: 1.581147 + 0.003155 g/mmol

100 1 Y-Intercept: 2.518029 + 0.098782 mmHg*g/mmol
Correlation Coefficient: 0.999992

<
o
1

1/[Q(P/Po -1)]

°o o
o o
[<2] o
1 1
(]

P/Q (mmHg. g/mmol)
s 3

N
o
1

0.02 0.04 0.06 0.08 10 20 30 40 50 60
Relative pressure (P/Po) Pressure (mmHg)

Figure A.4.10. BET (A) and Langmuir (B) surface area plots for the Ag@COF.
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Microscopy studies:

IISERP-COF15 IISERP-COF15

1 pm’ EHT=1500kv  SignalA=InLens  Date :12 Sep 2019 @] 2000m* EHT=1500kv  SignalA=Inlens  Date 12 Sep 2019
F—— wp=63mm Mag= 4356 KX  Time :14:01:15 e [ WD = 63mm Mag= 6883KX  Time :14:02:05

\\\\\ nm* EHT=1500kv  SignalA=Inlens  Date 12 Sep 2019 zE18y) 9 EHT=1500kv  SignalA=Inlens  Date :12 Sep 2019
WD=63mm  Mag= 5583KX  Time :14:03:59 P WD=63mm  Mag= 9196 KX  Time :14:06:14

nSERPUNE

Ag@COF
Post catalysis

\\\\\ L EHT=1500kv  SignalA=InLens  Date 12 Sep 2019 m
WD = 6.1 mm Mag= 81.18KX  Time :14:07:12 ISER PUNE

Ag@COF
Post catalysis

EHT=1500kv  SignalA=Inlens  Date :12 Sep 2019
WD=61mm  Mag= 8375KX Time :14:08:05

Figure A.4.11. (A), (B) SEM images of IISERP-COF15 showing the spherical morphology. SEM
images of the catalyst before (C) and after (D) catalysis. Note that the spherical shape is retained.
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Figure A.4.13. Elemental mapping for the IISERP-COF15 showing the homogeneous distribution of
the elements in the COF.
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Figure A.4.15. Elemental mapping for the Ag@COF before catalysis showing the homogeneous

distribution of the elements in the COF.
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Figure A.4.16. Energy dispersive X-Ray spectrum of Ag@COF after catalysis.
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Figure A.4.17. Elemental mapping for the Ag@COF after catalysis showing the homogeneous
distribution of the elements in the COF.
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LU0 nm Y

Figure A.4.18. TEM images of IISERP-COF15 at two different magnifications. Lattice fringes (d =
0.33 nm) are observed which depicts the highly crystalline nature of the COF.

B14

| Particle size
— Gaussian fit

- -
o N
1 1

Fréquency
>

0 T T T T T T
2 3 4 5 6 7 8 9

Diameter (nm)

Average particle size 4.1 nm

Figure A.4.19. (A) and (B), the particle size distribution of as-made Ag@COF that was used for the
catalysis. The composite has an average particle size of 4.1 nm.
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Figure A.4.20. Particle size distributions of Ag nanoparticle on COF in different regions. It has been
observed that the average particle size ranges from 3-5 nm. This confirms that the Ag particles are
homogeneously distributed on the COF with uniform size.
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Figure A.4.21. Lattice fringes from the spent-catalyst that was recovered after the reaction (5 cycles)
which have been indexed to the Ag(111) and Ag(200) planes.
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Figure A.4.22. Detailed XPS spectra of C1s, N1s, and O1s for the Ag@COF before and after catalysis.

Nuclear Magnetic Resonance spectroscopic data for the organic compounds:

2-methyl-4-phenylbut-3-yn-2-ol (S1)

I s
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'H NMR (400 MHz, CDCls): 6 = 7.45 — 7.43 (m, 2H), 7.35 — 7.30 (m, 3H), 1.64 (s, 6H).
13C NMR (101 MHz, CDCl3): 6 = 131.6, 128.2, 122.7, 93.8, 82.1, 65.6, 31.50.
HRMS: calcd. for C11H130 [M +H]* 161.1033, found 161.1045.

2-methyl-4-(p-tolyl)but-3-yn-2-ol (S2)

D=t

'H NMR (400 MHz, CDCls): & = 7.31 (d, J = 8 Hz, 2H), 7.12 (d, J = 8 Hz, 2H), 2.36 (s, 3H), 1.64 (s,
6H).

13C NMR (101 MHz, CDCly): § = 138.3, 131.5, 129.0, 119.6, 93.1, 82.2, 65.6, 31.5, 21 4.

HRMS: calcd. for Ci2HisO [M +H]* 175.1123, found 175.1128.

3-methyl-1-phenylpent-1-yn-3-ol (S3)
— OH

'H NMR (400 MHz, CDCl): § = 7.49 — 7.41 (m, 2H), 7.34 — 7.28 (m, 3H), 1.92 — 1.73 (m, 2H), 1.60
(s, 3H), 1.13 (t, J = 6 Hz, 3H).

13C NMR (101 MHz, CDCls): & = 138.3, 131.5, 129.0, 119.6, 93.1, 82.2, 65.6, 31.5, 21 4.

HRMS: calcd. for C1oHisO [M +H]* 175.1123, found 175.1130.

4,4-dimethyl-5-methylene-1,3-dioxolan-2-one (1)
0
-

IH NMR (400 MHz, CDCls): & = 4.74 (d, ] = 4.0 Hz, 1H), 4.29 (d, ] = 4.0 Hz, 1H), 1.59 (s, 6H).
13C NMR (101 MHz, CDCls): § = 158.8, 151.4, 85.4, 84.7, 27.7.
HRMS: calcd. for CeHsOs [M +H]* 129.0552, found 129.0566.

4-ethyl-4-methyl-5-methylene-1,3-dioxolan-2-one (2)

o

o/u\o

IH NMR (400 MHz, CDCls): §=4.76 (d, ] = 4.0 Hz, 1H), 4.26 (d, ] =4.0 Hz, 1H), 1.97 — 1.69 (m, 2H),
1.55 (s, 3H), 0.94 (t, J = 8.0 Hz, 3H).

13C NMR (101 MHz, CDCls): $ = 157.3, 151.5, 87.6, 85.6, 33.3, 25.9, 7.2.
HRMS: calcd. for C7H1103 [M +H]* 143.0708, found 143.0716.

4-methylene-1,3-dioxaspiro[4.5]decan-2-one (3)
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A

(@)

'H NMR (400 MHz, CDCls): § = 4.67 (d, ] = 4.0 Hz, 1H), 4.24 (d, J = 4.0 Hz, 1H), 1.93 — 1.91 (M,
2H), 1.77 — 1.48 (m, 7H).

13C NMR (101 MHz, CDCl3): 6 = 158.7, 151.5, 86.5, 85.6, 36.5, 24.3, 21.6.

HRMS: calcd. for CoH1303 [M +H]* 169.0865, found 169.0874.

5-benzylidene-4,4-dimethyl-1,3-dioxolan-2-one (4)

Ph

'H NMR (400 MHz, CDCls): § = 7.58 — 7.56 (m, 2H), 7.40 — 7.36 (m, 2H), 7.31 — 7.26 (m, 1H), 5.54
(s, 1H), 1.72 (s, 6H).

13C NMR (101 MHz, CDCls): & = 151.3, 150.7, 132.4, 128.6, 128.5, 127.6, 101.6, 85.6, 27.7.

HRMS: calcd. for C1oH1305 [M +H]* 205.0865, found 205.0922.

4,4-dimethyl-5-(4-methylbenzylidene)-1,3-dioxolan-2-one (5)
(o]
o)]\o

'H NMR (400 MHz, CDCls): 8 = 7.48 — 7.45 (m, 2H), 7.20 — 7.18 (m, 2H), 5.51 (s, 1H), 2.38 (s, 3H),
1.71 (s, 6H).

13C NMR (101 MHz, CDCls): & = 151.5, 150.0, 137.5, 129.6, 129.4, 128.4, 101.5, 85.5, 27.7, 21.3.
HRMS: calcd. for C1sH1s0s [M +H]* 219.1021, found 219.1038.

5-benzylidene-4-ethyl-4-methyl-1,3-dioxolan-2-one (6)
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'H NMR (400 MHz, CDCls): 6 =6 7.46 — 7.43 (m, 2H), 7.25 - 7.19 (m, 2H), 7.15 - 7.10 (m, 1H), 5.37
(s, 1H), 1.93 - 1.65 (m, 2H), 1.53 (s, 3H), 0.89 (t, J = 8 Hz, 3H).
13C NMR (101 MHz, CDCls): 8 = 151.6, 149.6, 132.6, 128.7, 128.4, 127.6, 102.0, 88.6, 33.7, 26.1, 7.5.
HRMS: calcd. for C13H1505 [M +H]* 219.1021, found 219.1029.

9
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Figure A.4.23. (A) Cyclic voltammetry of ISERP-COF15 showing the redox-active peaks, R1: -0.4 V
vs NHE is due to the imine bond reduction, R2: -0.8 V vs. NHE is for the keto group reduction. O2 is
the oxidation peak for the keto group. (B) CV of Ag@COF. The oxidation peak of Ag is obtained at

0.12 V vs NHE. O1: 0.52 vs NHE is due to oxidation of the imine bond. (C) The CV of recovered
Ag@COF sample after catalysis.
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Cu/Cu20 Nanoparticles Supported by a Phenol-Pyridyl COF
as Heterogeneous Catalyst for the Synthesis of Unsymmetrical
Diynes via Glaser-Hay Coupling
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5.1. Introduction:

Covalent Organic Frameworks (COF) are metal-free porous crystalline polymers. In recent
years, they have gained immense attention.'® Owing to their chemically tuneable modular
structure and pore architecture, COFs have been applied to the several fields of material
sciences starting from gas storage and separation,®!! sensing,!?'* energy storage and
conversion,®2 pro-ton conduction®-3!, optics®>3® and catalysis.®”*° Inclusion of inorganic
cluster in the network has been an effective strategy to introduce novel functions.®-°
Depending upon the dimension of the pore, the size of the nanoparticle can be controlled
enhancing the performance of the particle. Moreover, heteroatoms in the COF help to grow
active nanoparticles in the pore. Such COF-nP composites serve as heterogeneous catalysts and
carry a number of advantages like recyclability, easy handling, scalability. Importantly, the
activity is modulated through “by-design” strategy of the composite.8837-4 The lability of the
groups presents in the catalysts plays an important role in the final outcome. Effect of the matrix
on such groups are also a very important point to be addressed (e.g., a self-standing pyridyl vs.
the one embedded on a graphene framework).>%>2 Similarly, heteroatoms in the COF pore can

stabilize the intermediate of the reaction leading to a particular product.

Unsymmetrical 1,3-diynes are an important core in organic and biologically active molecules
and key motifs in many natural products and functional materials.>**® This provides a room to
unlock diverse chemistry by partial reduction of the triple bond and metal coordination.>’%°
Thus, developing procedures synthesize diynes, in particular, unsymmetrical diynes is
worthwhile. Though homogeneous catalysts®®-®® have been systematically developed for the
synthesis of homocoupled 1,3-diynes through the Glaser-Hay coupling, attempts to make
unsymmetrical 1,3-diynes by coupling two different aryl or alkyl substrates have been marred
by poor selectivity.®*-# Very few heterogeneous Cu-based catalysts are reported, but they give
predominantly homocoupling products.®*°! Recently, Yin and co-workers reported a Cu-based
homogeneous catalyst, an active species is generated with N1,N1,N2,N2-
tetramethylethylenediamine (TMEDA) in chloroform and catalyzes the heterocoupling of

alkynes quite effectively.®?

An important feature of the catalysis is that there is a complex formation with chloride ion
generated from chloroform and the species is counterbalanced by the protonated amine moiety.
But the drawback is the consumption of Cu powder and the homogeneous nature restricts

recyclability of the catalyst. Inspired by the chemistry involved in the reaction, here we report
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a COF which can support highly active Cu nanoparticles. This Cu@COF is used as a
heterogeneous catalyst for Gaser-Hay heterocoupling. A thorough analytical characterizations
prove the integrity and recyclability of the catalyst which are absent in case of the homogeneous
catalyst. The mechanism has been studied by different experimental tools and theoretical
inputs. It has been found from the DFT optimization that the co-existing hetero-coupled
configuration possesses the lowest relative energy compared to the homo-coupled ones. The

effect of COF also has been established from a series of control reactions.

The high chemical stability of the COF and its strong interactions with the Cu centers renders
the catalyst to be highly recyclable which can be made in grams. To the best of our knowledge,
this is the first report of a Cu@COF-based heterogeneous catalyst for selective Gaser-Hay het-

erocoupling.
5.2.  Materials and methods:
Synthesis of 2,4,6-tris(4-nitrophenyl)pyridine::

The amine building block was synthesized by following the reported procedure in two steps.%
In the first step, 10 mmol of 4-Nitrobezaldehyde and 20 mmol of 4-Nitroacetophenone were
dissolved in 25 ml of acetic acid. Then 10 g of ammonium acetate was added to this mixture
and refluxed at 110°C for 3 hours. The deep orange precipitate was obtained which was filtered
and washed with acetic acid and cold Ethanol. The crude product was used to the next step
without any further purification.

\]!4()Ar HOAc
Reflux at 1100(‘

COCH;

Synthesis of 4,4',4""-(pyridine-2,4,6-triyl)trianiline:

1.5 g of 2,4,6-tris(4-nitrophenyl)pyridine was dissolved in 20 ml EtOH. About 60 mg of FeCls
and 200 mg of activated carbon were added to this solution and heated under reflux conditions
for 30 mins. To this, 4 ml of hydrazine hydrate in 4 ml EtOH was added and the mixture was

refluxed for 12 hours. The mixture was filtered as hot and the filtrate was poured in distilled
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water. A yellow precipitate appeared, which was filtered, washed with water and dried at 60°C

overnight.

Activated C, FeCl3 _
EtOH, NH,-NH2, 80%

NO, NH,

Synthesis of 2-hydroxybenzene-1,3,5-tricarbaldehyde:

The trifornyl phenol was prepared following the reported procedure.®* A 250 ml RB was
equipped with 4.7 g (50 mmol) phenol, 50 ml TFA, 15.4 g (110 mmol) hexamine and the
mixture was heated at 120°C for 20 hours. The temperature was maintained at 150°C for
another 3 hours before lowering to 120°C again. The mixture was then brought down to 100°C
and was treated with 100 ml 3N HCI solution. Contents were maintained at 100°C for another
3 hours. Finally, the mixture was cooled to room temperature overnight. The resulting brown

precipitate was filtered, washed with water and was recrystallized from DMF.

CHO

TFA, Hexamine

-

OHC CHO
OH OH

Synthesis of ISERP-COF9:

4,4' 4"-(pyridine-2,4,6-triyl)trianiline (71.4 mg, 0.2 mmol) and 2-hydroxybenzene-1,3,5-
tricarbaldehyde (36 mg, 0.2 mmol) were added in a pyrex tube and dissolved in 8 ml o-
Dichlorobenzene and 2 ml Butanol mixture. 1 ml Acetic acid was added to this mixture and
was stirred well. The pyrex tube was then flash-frozen using liquid nitrogen and sealed. The
contents in the sealed tube were heated at 120°C for 3 days. After cooling to room temperature,
the deep brown precipitate was filtered and washed with DMF, THF, MeOH. The powder was
dried at 80°C, overnight. The final product was cleaned through soxhlet extraction. Yield
(82%), Formula for COF C32N4OH20, M. Wt. 476.536 g/mol, CHN Observed is C = 84.77; H
=5.527; N =8.79. Calc. C = 80.65; H =4.23; N = 11.76.
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0-DCB, BuOH, HOAc NH O
120°C, 3 Days

Scheme 5.1. Schematic representation of COF synthesis.
Synthesis of Cu@IISERP-COF9:

100 mg COF was dispersed in 15 ml THF and sonicated for 30 mins in a 100 ml RB. To this
suspension, 60 mg CuClz in 2 ml H20 was added. Contents were stirred at RT for 12 hrs and
then the solid was extracted by filtration. The solid was washed with water and methanol. Then
it was dried at 120°C under vacuum. This solid was then resuspended in a 3:1 water + methanol
mixture and the mixture was heated at 80°C. At 80°C, the reduction of Cu?* was carried out by
the addition of 5 ml 1M ascorbic acid in water. Contents were allowed to stir for 20 hrs. Finally,
the precipitate was filtered and washed with copious amounts of H,O, MeOH, THF and dried
under vacuum. CHN observed: C = 50.70; H = 5.243; N = 7.81. Remark: We could not track
the loading of Cu?* or the Cu® as a function of color change due to the deep red color of the
parent COF. Note: When ascorbic acid is not used, the Cu?* reduced only by the COF yields
predominantly Cu(l) and not Cu(0).

Gram scale synthesis of ISERP-COF9:

4,4' 4"-(pyridine-2,4,6-triyl)trianiline (3.57 g) and 2-hydroxybenzene-1,3,5-tricarbaldehyde
(1.8 g) were added in an autoclave and dissolved in 80 ml o-Dichlorobenzene and 20 ml
Butanol. 10 ml Acetic acid was added to this mixture and it was stirred well. The Teflon liner
was then flash-frozen by liquid nitrogen and sealed. Finally, it was heated at 120°C for 3 days.
After cooling to room temperature, the deep brown precipitate was filtered and washed with
DMF, THF, MeOH. The powder was dried at 80°C, overnight. The final product was cleaned

through soxhlet extraction.
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Stability studies of ISERP-COF9:

To study the stability IISERP-COF9, the COF was soaked in 6N HCI, 6N H2SO4, 6N NaOH
and boiled in water. Then the samples were characterized by Powder X-Ray Diffraction

(PXRD), Infra-Red spectroscopy (IR) and porosity measurements.
5.3.  Analytical characterizations:
Powder X-ray diffraction:

Powder X-Ray has been carried out using a Bruker instrument with a Cu Ka (A = 1.541 A)

source and processed using PDXL software.
Thermo gravimetric Analysis:

NETSZCH TGA-DSC instrument has been used for TGA analysis. The sample was heated
under N2 flow of 20 ml/min (purge + protective) from 25°C to 600°C with a heating rate of 5

K/min.
IR spectroscopy:

IR spectra were obtained using a Nicolet ID5 attenuated total reflectance IR spectrometer in a

range of 4000-600 cm™. KBr pellets were made with the sample to record IR.
Nuclear Magnetic Resonance spectroscopy (NMR):

NMR spectra for the catalytic products were recorded on a 400 MHz Jeol ECS-400, Bruker
400 MHz and solid-state magic angle spinning NMR spectra for COF was obtained in Bruker
500 MHz.

Field Emission-SEM:

Ultra Plus Field Emission Scanning Electron Microscope with integral charge compensator and
embedded EsB and AsB detectors was used for recording the SEM images and EDX analysis.
During sample preparation, the solid samples were dispersed in THF and sonicated for 10 mins.
The dispersed samples were drop casted on silicon wafer and dried in a vacuum oven for

overnight.
HR-Transmission electron microscopy (HRTEM):

FEI (Jeol FEG 2100F is the model) high-resolution transmission electron microscope (HR-
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TEM) equipped with a field emission source operating at 300 KeV was used for collecting the

TEM images. The well-dispersed sample was drop casted on a Cu grid.
Adsorption studies:

All the adsorptions were performed using a 3-FLEX pore and surface area analyzer and few

cases using Micromeritics ASAP.
Cyclic Voltammetry (CV):

Cyclic Voltammetry studies are performed using an AMETEK instrument and the data was
analyzed with Versa Studio software. A three-electrode assembly is used where Ag/AgCl and
Pt wire are used as reference and counter electrodes. Traditional materials with low electrical
conductivity are either mixed with conductive additives (e. g. conducting carbon, CNT, etc.)
or coated on a current collector electrode like glassy carbon or Tory carbon paper. As the
COF/Cu@COF has low electrical conductivity, they are coated on a conducting Toray paper
and this is used as a working electrode. Toray paper is being served as the current collector.
The material is not being coated on a glassy carbon electrode as the accessible area (0.07065
cm?) is smaller compared to a Toray paper. This has helped to access the Cu particles buried
inside the COF matrix. The electrolyte was prepared by preparing 1M tBuNH4PFs in

Acetonitrile.
Gas chromatography (GC):

GC was performed on AOC-20i Auto Sampler GC system using RTX5 (30 m* 0.32 mm * 0.25
pm) columns, Split ratio 5:1, FID temperature 250 °C. Dodecane was used as an internal
standard.

X-Ray photoelectron spectroscopy (XPS):

XPS measurements were carried out using Thermo Kalpha+ spectrometer using micro focussed
and monochromated AlKo radiation with energy 1486.6 eV. The base pressure of the
spectrometer was better than 10 mbar during spectral acquisition. The pass energy for the
spectral acquisition was kept at 50 eV for individual core-levels. The electron flood gun was
utilized for providing charge compensation during data acquisition. The samples for XPS
analysis were prepared inside the glove box and transferred to a vacuum transfer module which
was subsequently evacuated in the anti-chamber of the glove box. The samples were loaded

onto the spectrometer using this vacuum transfer module and subsequently pumped down by
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turbomolecular pumps connected to the load lock chamber. This allowed to efficiently
transferring the samples without being exposed to the atmosphere. The peak fitting of the

individual core-levels was done using XPSpeak software with a Shirley type background.
General procedure for the catalytic reaction:

In general, the catalytic reactions were done in an open atmosphere. Firstly, 0.0992 mol% Cu
@ IISERP-COF9 was dispersed in 0.3 ml CHCIz and 0.1 ml dioxane mixture solvent. To this
0.1 mmol Tetramethylethylenediamine (TMEDA) was added followed by the addition of 0.5
mmol of aromatic alkyne and 0.42 mmol aliphatic alkyne. The mixture was heated at 80°C.
The progress of the reaction was monitored by Thin Layer Chromatography. The reaction was
found to be completed within 4 hours. The crude mixture was centrifuged to get the solid
catalyst back and the product mixture was extracted with dichloromethane and washed with a
saturated NH4Cl solution to get rid of TMEDA. Finally, the product mixture was purified using
column chromatography on silica gel with 10% ethyl acetate and hexane mixture as eluent. The
products were characterized by ‘H, 3C Nuclear Magnetic Resonance spectroscopy (NMR),
High Resolution Mass Spectroscopy (HRMS) and Gas Chromatography (GC) using dodecane

as an internal standard.

Cu @ COF, TMEDA

R@ — + = r CHCl;, Dioxane »RQ — — R'

80°C, 4 Hours

5.4. Results and discussions:
Synthesis and structural modeling of IISERP-COF9:

IISERP-COF9 has been prepared via the Schiff base condensation reaction of Triformyl phenol
and 4,4',4"-(pyridine-2,4,6-triyDtrianiline in solvothermal condition (dichlorobenzene-butanol
solvent mixture at 120°C for 3 days) (Scheme 5.1). The isolated solid was Soxhletted to purify
in dimethyl formamide (DMF) and tetrahydro furan (THF) under reflux conditions. The
crystalline nature of the COF has been established from Powder X-Ray Diffraction (PXRD)
(Figure A.5.1).

A 2D structure made up of hexagonal layers consistent with the experimentally observed
powder X-ray pattern was modeled using the Material Studio program (Figure 5.1). For the
structure solution, a similar routine has been adopted as in our earlier work.'%8 In brief, the

XCELL program was used to index the powder X-ray diffraction (PXRD) pattern and the best
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possible space group as being P6 (FOM: >20) has been identified. Following this, a model
structure was constructed in a hexagonal cell. However, the presence of asymmetrically

positioned pyridyl and hydroxyl groups lower the symmetry to triclinic.
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Figure 5.1. (A) The three-dimensional structure of IISERP-COF9 showing uniform 1-D channels along
the y-axis. (B) AAAA... packing of the n-stacked eclipsed layers. (C) View of a single channel showing
the periodic lining of the channels by the hydrogen bonding hydroxyl and basic pyridyl sites (shown in
cyan color), and the channel dimensions.

This triclinic structure was geometry optimized using a tight-binding density functional theory
(DFTB) algorithm embedded in the Materials Studio. Finally, in the optimized geometry the
structure attains a Pm space group (Initial cell in Pm: a=18.66; b = 18.66; ¢ = 3.51; = 120.0°,
Table A.5.1). The experimental PXRD pattern was refined against this model using a Pawley
refinement which yielded an excellent fit (Figure 5.2A, Refined cell: a = 18.23; b =17.93; c =
3.51; = 117.74°; Rp = 2.44 and wRp = 3.15). The relative intensities of the high angle peaks
suggested the presence of eclipsed form in the structure (Figure A.5.1). The eclipsed
configuration has uniform 1-D pores of ~13.5A (factoring the van der Waal radii of the atoms),
which matches well with the experimentally determined pore size from Nz isotherm at 77K.
The optimal geometry of the Schiff bonded monomers allow the active sites, hydroxyl (h-bond
site) and the pyridyl (basic site) to be positioned proximally at angles that favor synergistic

interactions with the metal atoms individually or conjointly (Figure 5.1B).
Characterizations of ISERP-COF9:

The thermal stability of the COF has been established from Thermo Gravimetric Analysis
(TGA) (Figure A.5.2) and Variable Temperature PXRD (VTPXRD) (Figure A.5.3). Solid-state

Ph.D Thesis, D. Chakraborty; 2020

160



Chapter 5

13C magic-angle spinning NMR spectra disclose the characteristics peaks of the COF (Figure
A.5.4). The broad peaks in the range of 6 = 114 ppm to 124 ppm correspond to the aromatic
carbons. The peak from the imine bonds (-C=N) of the Schiff linkages appears at & = 156 ppm.
The —OH groups in the triformyl phenol undergo reversible proton transfer and keto-enol
tautomerism as established by Ning et al.® We observe that the dried solid exists
predominantly in keto-form, while in protic solvents they adopt the enolic conformation. The
peak at 6 = 197 ppm designates to the -C=0 i.e. the keto form at ambient temperature. The
observation corroborates well with the Infra-Red (IR) spectra of the COF (keto: 1614 cm™
aromatic —C-H: ~2900 cm™; -C=C-N: 1435 cm, C=N: 1510 cm™) (Figure A.5.5). Importantly,
from the IR spectra of the evacuated sample (exists in keto form), the presence of both C=N
and C-N are detected which is due to the stabilization of the Schiff bonds by the tautomerization
of the hydroxyl positioned beta to it. If there had been a phloroglucinol core,”* one would
observe only the C-N band for the keto form. The COF has a permanent porous network
observed by the N isotherm at 77 K. It displays a type-1 adsorption isotherm with a rapid
nitrogen uptake at low partial pressure region (Figure 5.2B). The COF possesses very high
Brunauer-Emmet-Teller (BET) and Langmuir surface area, 1172 m?/g and 1503 m?/g,
respectively (Figure A.5.6). A Non-Local Density Functional Theory (NLDFT) fit generated a
pore size of 13 A, which agrees well with the eclipsed model of the COF. The COF is
remarkably stable in harsh acidic and basic conditions, even in boiling water due to the keto-
enol tautomerism and microporous network (Figure 5.2C and D, A.5.7). The COF loses some
of its crystallinity when treated with 6N NaOH. Surprisingly, the presence of only one hydroxyl
unit compared to the phloroglucinol analog,'”®® renders the keto-enol tautomerized
stabilization to the Schiff bonds in the COF (Figure A.5.8). Field Emission Scanning Electron
Microscopy (FESEM) images of the COF discloses its spherical morphology. (Figures A.5.9-
A.5.11) The AFM image of a sample prepared by sonicating for 30mins in methanol also
showed the presence of isolated spherical particles (Figure A.5.12). Nevertheless, it can be seen
from the Field Emission Transmission Electron Microscopy (FETEM) that these spheres are

made up of aggregated COF flakes (Figure A.5.13).
Cu@COF characterizations:

The richness of the heteroatoms (pyridyl and hydroxyl groups) in the COF pores inspires us to
grow "capping agent-free” Cu nanoparticles. At first, the Cu?* ions are adsorbed into the THF

suspension of the COF. These pore-confined Cu?* species are then reduced with ascorbic acid
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at 80°C.% But the reduction of Cu (I1) can result in Cu(0) and/or Cu(l) species. Also, prolonged
exposure of the composite to air may partially oxidize Cu(0) to Cu(l). The PXRD pattern of
the CU@IISERP-COF9 (Cu@COF) showed only the peaks corresponding to COF (Figure
A.5.14). No reflections for Cu were detected suggesting the Cu species to be extremely small-

sized nanoparticles or amorphous in nature.
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Figure 5.2: (A) Fitting obtained from the Pawley refinement using the COF's PXRD. (B) Comparison
of the 77K N adsorption isotherms of ISERP-COF9 and Cu@COF. The BET surface area and the
pore size obtained from NLDFT (inset) for the neat COF are given. (C &D) Chemical stability of the
IISERP-COF9 from PXRD and 77K N, adsorption studies. (E) HRTEM image of the Cu@COF
showing the lattice fringes appeared due to Cu and Cu,O exposed facets. The inset shows the particle
size distribution obtained from HRTEM. (F) The XPS spectrum of the Cu@COF showing the peaks
corresponding to Cu(0) and Cu(l) and the *' indicates the satellite peaks which appear due to the higher
oxidation state of Cu.

The N2 isotherm of the Cu@COF measured at 77K shows negligible nitrogen uptake
suggesting that the nanoparticles are dispersed in the COF (Figure 5.2B). The spherical
morphology is retained for the Cu@COF similar to the neat COF as observed from the FESEM
and FETEM images (Figures A.5.15-A.5.16). The Energy Dispersive X-ray (EDX) analysis
indicated the homogeneous distribution of Cu and the loading to be at 6.3 weight percent, which
agrees well with the 7 wt% determined from the Inductively Coupled Plasma (ICP) analysis
(Figure A.5.17). While the elemental mapping revealed the regular dispersion of Cu into the
COF and also displays that they remain as isolated clusters (Figure A.5.18-A.5.19). To identify
the phase of the Cu species embedded in the COF, high-resolution TEM (HRTEM) images of
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the Cu@COF were recorded. The observed lattice fringes indexed to metallic Cu and Cu(l)
oxide. The d-spacing of 0.212 nm is assigned to the (111) plane of the cubic Cu nP (ICSD-
4349326) and the d-spacing of 0.236 nm is occurring from the (111) plane of the Cu.O
nanoparticle (ICSD 063281). These indicate that the Cu nPs were not amorphous. A statistical
estimate of the particle size distribution from HRTEM images collected at two different
magnifications exhibits that the Cu nPs have an average size range of 2 to 3nm (Figure 5.2E,
A.5.20). The richness of heteroatoms, metal-binding units play a key role to stabilize such small
nps which is difficult to achieve from the conventional route.®” Further, the prominent
characterization of the nanoparticles has been done by X-Ray Photo Electron Spectroscopy
(XPS). The Cu 2p XPS spectra exhibit peaks at 932.3, 933.9, 952 and 953.8 eV, which are
assigned to the Cu 2ps;2 and Cu 2ps, levels of the metallic Cu and Cu(l) from Cu.O (Figure
5.2F).%8102 Additionally, two shake-up peaks appear at 944 eV and 964 eV. The shake-up peaks
or satellite peaks signify the higher oxidation states of Cu.®81%2 The N 1s spectra show two
peaks at 398.5 and 400.3 eV 398.5 eV ascribed to the weak Cu-N interaction between Schiff
nitrogen and Cu, while the peak at 400.3 is allocated for C=N bonds in the COF (Figure
A.5.21).103104 The freshly prepared Cu@COF was burnt under dry Ar atmosphere at 600°C to
identify the actual phase of nps in the composite. After pyrolysis, this carbon coated np
composite was quickly transferred to an air-sensitive PXRD holder equipped with a Kapton
window and evacuated before performing X-ray diffraction. The PXRD of this pyrolyzed
product displayed characteristic peaks for the Cu (ICSD-4349326) and Cu20O nanoparticles
(ICSD 063281, Figure A.5.22).

Glaser-Hay catalysis:

The Cu@COF can be considered as a copper powder dispersed in an insoluble COF matrix.
This makes the catalyst the solid Cu powder which is known to be an excellent catalyst for
Glaser-hay coupling in the presence of a suitable amine.®? However, the activity towards the
selectivity of hetero coupling is been evading the other heterogeneous Cu catalysts.?+°! The
catalytic reaction was carried out in the CHCIs-dioxane solvent system with an optimal catalyst
loading of 0.0992 mol%. The reaction was carried out in the open air and it finished within
four hours. The catalyst was removed by centrifugation from the reaction mixture and ready
for further use. The product mixture has been extracted with an organic solvent and
conventional column chromatography is employed to purify the product. The average percent

yield of the hetero coupled products is around 70% which is quite remarkable (Figure 5.3).
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Turn Over Number (TON) for the products is greater than 150 and Turn Over Frequency (TOF)
has been obtained for each of the product and this lies around 45 h* which are quite reasonable

for a non-noble metal-based catalyst. The cause of not being able to achieve exceptionally high

0.0992 mol% catalyst
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Figure 5.3. The details of the catalytic reaction and substrate scope by Cu@IISERP-COF9 composite.
% yield, TON and TOF (h?) have been demonstrated. Color code: Pink and Cyan ellipses- alkyne bonds
linked to different functional units. Green ellipse- alkyne bonds in the hetero-coupled products.

TON (>1000) could be due to the fact that catalytically active species are forming only on the
exposed facets of the Cu/Cu.O clusters. The atoms in the core of the clusters remain as non-
participants, in other words, the nps do not fill the pores, rather plugs into the pore,*® which
lowers the active site/COF ratio and hence the TON. Reactivity can be improved if the
nanoparticles of < 1 nm can be impregnated. The substrate scope has been studied extensively
varying the functional groups on the substrates (Electron Withdrawing Groups (EWG) and
Electron Donating Groups (EDG)). Different aliphatic alkynes with primary, secondary and
tertiary propargyl alcohols have been used for catalytic conversion. Each of these combinations
has produced the hetero-coupled product with good yields, selectivities, and significant TON,
TOF (Figure 5.3).

Mechanistic studies:

Cyclic Voltammetry studies of neat COF and composite were employed to identify the different
oxidation states implemented by the copper during these catalytic cycles. For this, the sample
(Cu@COF) was coated on a Toray paper and used as the working electrode, while Pt and

Ag/AgCl were used as the counter and reference electrodes, respectively. The electrolyte was
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a saturated solution of tetrabutyl ammonium hexafluorophosphate in acetonitrile.>> From the
CV (Figures 5.4A and B), the prominent oxidation of Cu(0)/Cu(l) to Cu(ll) and Cu(lll) could

be detected.'>1% Access to such redox activity of copper is vital to achieving synergetic
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Figure 5.4. (A & B) Cyclic voltammogram of the COF vs. the Cu@COF showing the presence of redox
activity in both. For neat COF the reversible redox peaks correspond to the imine bond (R1/01), keto
bond (R2/02) and pyridyl ring (R3/03). The CV plot of the Cu@COF displays the reversible formation
of the Cu(0)-Cu(l)-Cu(I)-Cu(lI1)-Cu(0) species. (C-F) XPS spectra from Cu@COF frozen samples
isolated at different intervals of the catalysis. (G) Schematic representation of the mechanism of the
hetero coupling reaction on the copper cluster surface. (H) IR spectra of the catalyst's extracts from the
arrested reactions showing no change in the functional groups of the COF. (1) Cl 2p XPS of the isolated
sample during catalysis confirming the presence of Cu-Cl species.

effects during the catalysis.®®Also, the COF is having a redox activity arising due to the
presence of protonation!* and other electronically active sites'®1% such as keto-enol
tautomerism at the phenol sites (see Figure 5.4). Notably, the redox potentials interrelated in
the CV are distinctly different when the Cu is loaded into the sample. This points out that there
are prominent synergistic interactions between the Cu nP and the COF which modulate the
redox activity and influences the catalytic activity of the composite.

To further support the mechanism which involves the oxidation state change of Cu center, we
have performed a detailed XPS study on the frozen aliquots isolated at different intervals of
the reaction. The reaction mixture was frozen at different time intervals and the isolated solid
was mounted onto the XPS sample holder inside the glove box and analyzed without exposing
to air (Figure A.5.23) in order to prevent atmospheric perturbation. Initially, in the presence of
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TMEDA and CHClIgz, the XPS spectrum of the sample contains shake-up peaks (940.5 and
944.5 eV Figure 5.4C-5.4F) which indicates that Cu is present in a higher oxidation state arising
due to the oxidative addition at the Cu center and conversion of Cu(0)/Cu(l) to Cu(ll). They
undergo ligand exchange with two different alkynes to the Cu(ll) centers forming a copper
diacetylide complex (Figure 5.4G). Further, the Cu(ll) species undergoes oxidation to Cu(l1l)
in the presence of air as explained by Su et al.,% which is a critical transition state to assists the
formation of hetero-coupled products. Finally, the Cu(lll) readily undergoes reductive
elimination and the desired hetero-coupled product forms (Figure 5.4G).% The XPS spectra of
the intermediate specify an important feature of the shake-up peaks (Figures 5.4C-F). Beyond
three hours of the reaction, no shake-up peak is observed which reveals the reduction of the Cu
(1) species to 0 or +1 (Figure 5.4F). There is a shift of the Cu 2p binding energy with time
(Figures 5.4C-5.4F). After 60 minutes into the reaction, the Cu 2ps» and Cu 2p, appear at
933.8 and 953.8 eV. But after 300 minutes, the peaks are slightly red-shifted to 932.4 and 952.2
eV which again is a signature of the oxidation state change of Cu species encapsulated in the
COF. The structural integrity is demonstrated by the IR spectra collected at these intermediate
stages (Figure 5.4H). The confinement effect of the reactants and the Cu-cluster within the
COF's functionalized nanopores provide a synergic nanoreactor favoring them to interact

mutually.
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Figure 5.5. (A) The catalyst recyclability demonstrated over 5 cycles using the formation of 1ain Figure
3. Comparison of the (B) PXRD and (C) IR spectra of the spent catalysts with the as-made. (D) A
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comparison of the XPS spectra of as-made Cu@COF with the post-catalysis Cu@COF sample showing
the integrity of the catalyst.

Catalyst recyclability and spent-catalyst analysis:

The coupling reaction did not proceed when the supernatant extracted by centrifuge was
employed as the catalyst-cum-solvent. ICP analysis of this supernatant revealed that no notable
Cu was present. This approves the lack of leaching and indirectly the true heterogeneous nature
of the catalysis. It is important to demonstrate the recyclability of the catalyst. The Cu@COF
could be recycled for 5 cycles with retention of activity (Figure 5.5A) and the PXRD and IR
confirmed the integrity of the catalyst (Figures 5.5B and 5.5C) while the XPS of the spent
catalyst displays the recovery of the catalyst to its original form (Figure 5.5D, A.5.24-A.5.31).
Investigating favourability for hetero-coupling in the COF pores using DFT studies:

To rationalize the formation of hetero-coupled products and verify the ability of hydroxyl and
pyridyl groups to act as the active sites, the substrates along with the catalytically active species

(Cu cluster with halides as labile ligands on them (derived from ref.14)) are docked within the
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Figure 5.6. (A) Optimized geometries for the homo and hetero substrates with the associated relative
energies. (B) A column of =-stacked alkynes and the column of the propargyl alkyne ordered by
hydrogen-bonding between their hydroxyl groups with the phenolic groups lining the COF pores. The
uniform arrangement of these two substrates confers the lowest energy configuration.

COF pores. The copper cluster employed was a 3 x 3 x 3 copper nanocluster derived from cubic
copper lattice.%. The existence of the halide cluster has been determined through the EDX and
XPS analysis (Figures 5.4H, A.5.31). A CASTEP routine is employed to the different
configurations and geometry optimized (Figure 5.6A) which reveals that the co-existence of
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hetero substrates with the catalyst in the pore has the lowest relative energy (relative energy:
homo = +9.3 kcal/mol vs. hetero =-7.1 kcal/mol). As a control, we verified experimentally that
the reaction proceeds even in the absence of TMEDA, but the Cu@COF had to be protonated
using formic or acetic acid as it is not a strong enough base like TMEDA hence cannot abstract
the proton from the reaction medium (i.e. CHCI3). Removal of TMEDA and providing the
required cation from the heterogeneous catalyst does bring extra atom efficiency and
diminishes complexity. Most importantly it minimizes the steric crowding by the TMEDA
within the limited space available within the Cu@COF nanopores. Besides, the role of the keto
groups in the COF is monitored by a few control experiments. The homo-coupled product is
predominant when the substrates are devoid of -OH groups. Further, A COF with no hydroxyl
groups in the framework catalyzes the homo-product predominantly. In a nutshell, the
hydroxyl, pyridyl and pore environment all play a crucial role in the hetero-coupling (Figure
5.6B).

5.5.  Conclusion:

Coupling of two inactivated alkyne and to yield hetero-coupled products are challenging to be
addressed. Here we have developed a resorcinol-pyridyl based COF that has H-bonding
hydroxyl and pyridyl-lined pores. These functionalized pores, when loaded with small
Cu/Cu20 nanoparticles, cooperatively stabilize Cu-halide intermediates (derived from the
chloroform solvent) to render an active catalytic nanoreactor. This composite is able to catalyze
Glaser-Hay coupling which yielded predominantly hetero-coupled product. A series of control
experiments are performed to map the role of COF with support from theoretical (DFT) studies.
The abundance of protonation sites and the hydrogen bonding keto groups provide a favorable
interaction to stabilize the intermediate. The CV studies suggest the electronic synergy between
the COF and the redox-active copper sites. Our findings encourage the application of COF in
the designed-development of recyclable heterogeneous catalysts for some crucial organic

synthesis.
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5.7.

Table A.4.1. Atomic coordinates of the ISERP-COF9.

Space group: Pm; Crystal system: Monoclinic.

Appendix of Chapter 5:

Unit cell parameters: a = 18.6612; b = 18.6612; ¢ = 3.5144; B = 120°.

Atom X y z

Cl 0.26172 | 0.48924 | 0.02774
N2 0.18271 | 0.43832 | 0.02728
C3 0.64898 | 0.79977 | 0.02819
C4 0.28132 | 0.70114 | 0.02638
C5 0.36754 | 0.75186 | 0.02698
C6 0.19833 | 0.31381 | 0.02721
Cc7 0.16259 | 0.22765 | 0.02719
C8 0.07633 | 0.17681 | 0.02714
C9 0.02668 | 0.21379 | 0.02719
C10 0.06227 | 0.29971 | 0.02729
C11 0.03773 | 0.08566 | 0.02701
N12 0.08497 | 0.04861 | 0.02663
C13 0.5092 | 0.77455 | 0.02819
N14 0.56109 | 0.74757 | 0.02822
C15 0.20311 | 0.85192 | 0.02597
C16 0.29722 | 0.57952 | 0.02762
C17 0.24652 | 0.61514 | 0.02663
C18 0.68647 | 0.88629 | 0.0281
C19 0.77261 | 0.93518 | 0.02778
C20 0.82254 | 0.89853 | 0.02762
C21 0.78448 | 0.81194 | 0.02774
C22 0.69838 | 0.76304 | 0.02806
C23 0.91378 | 0.95043 | 0.02723
C24 0.95158 | 0.03663 | 0.02735
C25 0.22647 | 0.73646 | 0.02594
N26 0.25527 | 0.8158 | 0.02609
c27 0.14815 | 0.35034 | 0.02728
C28 0.41912 | 0.71747 | 0.02786
C29 0.38353 | 0.63056 | 0.02827
C30 0.11655 | 0.80274 | 0.02622
C31 0.06723 | 0.8395 | 0.02635
C32 0.10318 | 0.92599 | 0.02618
C33 0.18972 | 0.97501 | 0.02593
C34 0.23925 | 0.93817 | 0.02585
C35 0.05035 | 0.96445 | 0.0265
C36 0.96409 | 0.91464 | 0.0268
037 0.43246 | 0.59497 | 0.03061
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H38 0.30656 | 0.4645 | 0.02826
H39 0.39644 | 0.82203 | 0.02675
H40 0.26853 | 0.3549 | 0.02717
Ha1 0.20367 | 0.19853 | 0.02722
Ha2 0.04361 | 0.1735 | 0.02716
H43 0.02115 | 0.32879 | 0.02737
Ha4 0.53293 | 0.84395 | 0.02842
H45 0.17634 | 057392 | 0.02603
H46 0.64656 | 0.9167 | 0.02829
Ha7 0.80302 | 1.0055 | 0.02765
H4g 0.82392 | 0.78101 | 0.02758
H49 0.668 | 0.69271 | 0.02821
H50 0.91194 | 0.06735 | 0.02774
H51 0.15679 | 0.69208 | 0.02545
H52 0.08654 | 0.73245 | 0.0263
H53 0.00306 | 0.79922 | 0.0266
H54 0.22022 | 1.04534 | 0.02578
H55 0.30954 | 0.97848 | 0.02567
H56 0.93452 | 0.84439 | 0.0267
H57 0.49133 | 0.63632 | 0.02771
; " | LL " |, . Staggered
8| |g
2 T2
2 = g’ Eclipsed
2 T | Al
k=
_ Experimental
5 10 15 20 25 30 35 40
26 (°)

Figure A.5.1. Comparison of the PXRD patterns, simulated vs. experimental.

Thermo Gravimetric Analysis:
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— IISERP-COF9
— Cu @ IISERP-COF9
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Figure A.5.2. (A) Thermo gravimetric analysis of ISERP-COF9 and Cu@IISERP-COF9. Note that
the weight loss below 100°C for the Cu@IISERP-COF9 is due to occluded water molecules and not
any adsorbed ascorbic acid (occluded ascorbic acid is known to leave at >200°C, (J. Surface Sci.
Technol. 2015, 31, 117-122). (B) TGA of IISERP-COF9 treated with different chemicals.

Powder X-Ray Diffraction for chemical and thermal stability of COF:

S
S Boiled in H,0
>
. "
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Figure A.5.3. (A) Powder X-ray diffraction patterns of IISERP-COF9 treated with different harsh
chemicals. The COF retains its crystallinity even when exposed to acids and bases. (B) Variable
Temperature (VT) PXRD of IISERP-COF9 showing the thermal stability of the COF.
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Solid-State Nuclear Magnetic Resonance Spectroscopy (SSNMR):

B Aromatic carbons

Intensity (a. u.)

2('30 1é0 160 5'0 0
Chemical shift (ppm)

Figure A.5.4. Solid-state magic angle spinning NMR of I[ISERP-COFO.
Infra-Red analysis (IR):

A 1435 B
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) "\/”\’r )
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S T S | ISERP-COF9
OH 1689
c=0 - \N
3500 3000 2500 2000 1500 1000 3500 3000 2500 2000 1500 1000
A1 ]
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Figure A5.5. (A) IR spectra of building blocks and IISERP-COF9. (B) Chemical stability
demonstrated from IR spectra.

Discussion: The formation of COF is evidenced by the disappearance of N-H vibrational peaks
at 3088 cm™ to 3482 cm™ and the presence of imine bond stretching at 1510 cm™. Carbonyl
stretching frequency of the triformyl phenol (1689 cm™) shifts to the lower number 1614 cm™
in COF. This is because the COF exists in keto form. The —OH stretching in triformyl phenol
(3064 cm™) is absent in the COF. Moreover, the existence of -C=C-N bond vibration at 1435
cm® sows that the COF is in keto form a solid form. Aromatic —C-H vibration appears at ~2900
cmL. However, triformyl phenol-based COF exists as both enol and keto form in solution
phase.5? (Source: Infrared and Raman Spectra of Inorganic and Coordination Compounds,
Part B, Applications in Coordination, Organometallic, and Bioinorganic Chemistry, 6%
Edition, Kazuo Nakamoto).
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Figure A.5.6. (A) Brunauer—-Emmett—Teller surface area plot for ISERP-COF9. (B) Langmuir surface
area plot for IISERP-COFO.
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Figure A.5.7. (A) N2 at 77 K isotherms of samples of IISERP-COF9 subjected to different chemical
treatments. (B) BET surface area for samples of IISERP-COF9 subjected to different chemical
treatments. (C) Langmuir surface area for samples of ISERP-COF9 exposed to harsh chemicals such
as acids and bases. (D) The pore size distribution of samples of IISERP-COF9 subjected to different
chemical treatments.

Ph.D Thesis, D. Chakraborty; 2020 177



Chapter 5

N.r"'
WN/ |
Hydrolysis
OH in water
X
N

3
N:‘"
|
“NZ Hydrolysis
_)in St Unstable
\
N
H

Figure A.5.8. Scheme showing that the presence of —OH group in the framework imparts stability
through keto-enol tautomerism (triformyl phenol unit) whereas the benzene analogue is unstable to
hydrolysis.

Microscopic studies:

Figure A.5.9. (A, B) Scanning Electron Microscopic images of IISERP-COF9.

Ph.D Thesis, D. Chakraborty; 2020

178



Chapter 5

Weight% Atomic%
64.43 69.83

10.61 9.86

24.95 20.30

100.00

10pm 7 Eectron image 1

Sum Specti

0 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 1
Scale 16948 cts Cursor: 0.382 (338 cts)

Figure A.5.10. Energy Dispersive X-Ray (EDX) images of ISERP-COF9.
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Figure A.5.11. Elemental mapping of ISERP-COFO9.
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Figure A.5.12. Atomic Force Microscopic (AFM) images of IISERP-COF9.

Figure A.5.13. Field Emission Transmission Electron Microscopic (FETEM) images of ISERP-COF9
at different magnifications showing that the spheres are made of aggregated COF flakes.
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Characterizations of Cu@COF:

Cu@IISERP-COF9

Intensity (a. u.)

IISERP- COF9

10 20 30 40 50 60
20 (°)

Figure A.5.14. Powder- X-Ray diffraction of IISERP-COF9 and Cu@IISERP-COF9. The PXRDs
indicate that the COF retains its structural integrity after nanoparticle loading.
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Figure A.5.15. (A, B) Scanning Electron Microscopic images of Cu@lISERP-COF9.
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Figure A.5.16. (A, B) Field Emission Transmission Electron Microscopic (FETEM) images of COF
and Cu@COF respectively. (B) High Resolution TEM (HRTEM) images of Cu@COF showing lattice

fringes indexed to Cu nanoparticle.
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Figure A.5.17. Energy Dispersive X-Ray (EDX) images of Cu@IISERP-COF9 before catalysis.
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Figure A.5.18. Elemental mapping of Cu@IISERP-COF9.
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Figure A.5.19. AFM images of Cu@IISERP-COF9.

Ph.D Thesis, D. Chakraborty; 2020 183



Chapter 5

50 nm

Av. partl size: 2m ‘

A. partcle size: 2.46 n

Frequency

Frequency
-]

»
1

o
1

10 15

B Particle Size
— Gaussian Fit

20 25 30 35 40
Diameter (nm)

104

o N
n 1

1.5

[ Particle Size
~ Gaussian Fit

2.0 25 3.0 35
Diameter (nm)

Figure A.5.20. The particle size distribution of Cu@IISERP-COF9 at two different magnifications.
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Figure A.5.21. XPS spectra of the as-synthesized Cu@COF.
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Figure A.5.22. PXRD of the composite pyrolyzed at 600°C under an inert atmosphere. This converts
the COF into carbon. Characteristics peaks reveal the coexistence of Cu and Cu,O nanoparticle in the
composite. Face-center cubic Cu (JCPDF Card No.: 85-1326). Cubic phase Cu,O (JCPDS card No.: 75-

1531).
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Figure A.5.23. XPS for the solid catalysts isolated at different time intervals during the catalytic
process.
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Characterizations of Cu @ COF after catalysis:
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Figure A.5.24. Powder- X-Ray diffraction of ISERP-COF9 and Cu @ IISERP-COF9 before and after
catalysis. The PXRDs indicate that the COF matrix and the catalyst retain their structural integrity after
the catalytic process.
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Figure A.5.25. (A) IR spectra of Cu loaded IISERP-COF9 before and after catalysis. (B) IR spectra of
the solid samples frozen at different time intervals for mechanistic study. The Cu loaded COF shows a
Cu-N stretching peak at 1016 cm™ indicating that there is some interaction between the Cu and nitrogen
from the framework.
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Figure A.5.27. Energy Dispersive X-Ray (EDX) images of Cu @ IISERP-COF9 after catalysis.
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Figure A.5.28. Elemental mapping of Cu @ IISERP-COF9 after catalysis.
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Figure A.5.29. XPS spectra for the composite after the catalytic process.
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Figure A.5.30. Solid-state UV spectra of ISERP-COF9 and Cu nanoparticle doped COF.
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Figure A.5.31. EDX analysis of the catalyst recovered during the reaction showing presence of

chlorine.

Nuclear Magnetic Resonance (NMR), High Resolution Mass Spectroscopy (HRMS) and
Gas Chromatography (GC) data:

la: 2-methyl-6-phenylhexa-3,5-diyn-2-ol:

/OH

%
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IH NMR (400 MHz, CDCls): & = 7.48 — 7.46 (m, 2H), 7.35 — 7.28 (m, 3H), 1.57 (s, 6H).
13C NMR (101 MHz, CDCls): 6 =132.6, 129.3, 128.5, 121.6, 86.7, 78.9, 73.2, 67.1, 65.9, 31.2.
HRMS: calcd for C13H120 [M +H]* 185.0924, found 185.0927.

1b: 3-methyl-7-phenylhepta-4,6-diyn-3-ol:

) V== Lo
_ \

'H NMR (400 MHz, CDCls): & = 7.52 — 7.50 (m, 2H), 7.39 — 7.34 (m, 3H), 1.83 — 1.72 (m,
3H), 1.56 (s, 3H), 1.12 — 1.09 (t, J = 4 Hz, 3H).

13C NMR (101 MHz, CDCls): 6 =132.5,129.2,128.4, 121.6, 85.9, 78.5, 73.2, 69.4, 68.1, 36.4,
29.0, 9.0.

HRMS: calcd for C14H140 [M +H]" 198.1027, found 198.1030.

1c: 6-phenylhexa-3,5-diyn-2-ol:

/7 \_ — .
./ T\

IH NMR (400 MHz, CDCl3): & = 7.49 — 7.46 (m, 2H), 7.37 — 7.28 (m, 3H), 4.68 — 4.63 (m,
1H), 1.52 — 1.50 (d, J = 8 Hz, 3H).

13C NMR (101 MHz, CDCl3): 6 =132.7, 129.4, 128.5, 121.5, 84.1, 78.8, 73.2, 68.9, 59.0, 24.1.
HRMS: calcd for C12H100 [M +H]* 170.0721, found 170.0722.

1d: 5-phenylpenta-2,4-diyn-1-ol:

— S \OH

IH NMR (400 MHz, CDCls): & = 7.53 — 7.44 (m, 2H), 7.40 — 7.27 (m, 3H), 4.41 (s, 2H).
13C NMR (101 MHz, CDCls): & = 133.39, 129.36, 121.81, 80.84, 79.06, 73.58, 70.93, 52.15.
HRMS: calcd for C11HgO [M +H]* 156.0618, found 156.0621.

le: 6-phenylhexa-3,5-diyn-1-ol:

Y o
— o

IH NMR (400 MHz, CDCl3) § = 7.52 — 7.49 (m, 2H), 7.40 — 7.30 (m, 3H), 3.82 (t, J = 8 Hz,
2H), 2.67 (t, J = 8 Hz, 2H).
13C NMR (101 MHz, CDCls) & = 132.6, 129.1, 128.4, 121.7, 81.0, 75.4, 74.0, 66.9, 60.8, 24.0.
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HRMS: calcd for C11HgO [M +H]* 170.0722, found 170.0724.

2a: 2-methyl-6-(p-tolyl)hexa-3,5-diyn-2-ol:

/ \ e — < OH
!H NMR (400 MHz, CDCls): § = 7.37 (d, J = 8 Hz, 2H), 7.11 (d, ] = 8.0 Hz, 2H), 2.34 (s, 3H),
1.56 (s, 6H).
13C NMR (101 MHz, CDCls): §=139.7, 132.5, 129.3, 118.5, 86.4, 79.2, 72.6, 67.3, 65.8, 31.2,
21.7.
HRMS: calcd for C14H140 [M +H]* 198.1027, found 198.1030.

2b: 3-methyl-7-(p-tolyl)hepta-4,6-diyn-3-ol:

I Ny == Lo
_ \

'H NMR (400 MHz, CDCl3): § =7.37 — 7.35 (m, 2H), 7.12 — 7.10 (m, 2H), 2.34 (s, 3H), 1.76
—1.73 (m, 2H), 1.52 (s, 3H), 1.08 — 1.04 (t, J = 8 Hz, 3H).

13C NMR (101 MHz, CDCls): §=139.7, 132.5, 129.3, 118.5, 85.6, 78.9, 72.7, 69.5, 68.3, 36.5,
29.1,21.7,9.1.

HRMS: calcd for C1sH160 [M +H]* 212.1229, found 212.1232.

2c: 6-(p-tolyl)hexa-3,5-diyn-2-ol:

/ \ OH
IH NMR (400 MHz, CDCls) § 7.36 (d, ] = 8 Hz, 2H), 7.11 (d, ] = 8 Hz, 2H), 4.67 — 4.63 (m,
1H), 2.34 (s, 3H), 1.50 (d, J = 4 Hz, 3H).
13C NMR (101 MHz, CDCl3): 6 =139.8, 132.6, 129.3, 118.4, 83.7, 79.1, 72.6, 69.0, 59.0, 24.1,
21.7.
HRMS: calcd for C13H120 [M +H]+ 184.0924, found 184.0930.

2d: 5-(p-tolyl)penta-2,4-diyn-1-ol:

— o \OH

IH NMR (400 MHz, CDCls): § = 7.41 (d, J = 8 Hz, 2H), 7.15 (d, J = 8 Hz, 2H), 4.44 (s, 2H),
2.38 (s, 3H).
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13C NMR (101 MHz, CDCls): & = 139.6, 132.3, 129.0, 127.9, 118.1, 79.9, 78.8, 72.4, 70.5,
51.5,21.4.
HRMS: calcd for C12H100 [M +H]+ 170.0721, found 170.0722.

2e: 6-(p-tolyl)hexa-3,5-diyn-1-ol:

/ \ —— s ——
— \—OH

'H NMR (400 MHz, CDCl3): 6 =7.36 (d, J = 8 Hz, 2H), 7.11 — 7.09 (m, 2H), 3.78 (t, J = 6 Hz,
2H), 2.62 (t, J = 6Hz, 2H), 2.33 (s, 3H).

13C NMR (101 MHz, CDCls): § =139.5, 132.5, 129.3, 118.7, 80.7, 75.7, 73.4, 67.1, 60.9, 24.1,
21.7.

HRMS: calcd for C13H120 [M +H]* 184.0924, found 184.0928.

3a: 2-methyl-6-(m-tolyl)hexa-3,5-diyn-2-ol:

2% WA
_ S

'H NMR (400 MHz, CDCl3): § = 7.29 — 7.25 (m, 2H), 7.21 — 7.14 (m, J = 2H), 2.31 (s, 3H),
1.57 (s, 6H).

13C NMR (101 MHz, CDCls): & = 138.3, 133.1, 130.3, 129.8, 128.4, 121.4, 86.6, 79.2, 72.9,
67.3, 65.9, 31.3, 21.3.

HRMS: calcd for C14H140 [M +H]* 198.1027, found 198.1030.

3b: 3-methyl-7-(m-tolyl)hepta-4,6-diyn-3-ol:

I N == Lo
\

IH NMR (400 MHz, CDCls) § 7.33 — 7.31 (m, 2H), 7.25 — 7.18 (m, 2H), 2.35 (s, 3H), 1.81 —
1.75 (m, 1H), 1.56 (s, 3H), 1.10 (t, J = 8 Hz, 3H).

13C NMR (101 MHz, CDCls): & = 138.6, 133.5, 130.6, 130.1, 128.8, 121.8, 86.1, 79.2, 73.3,
69.8, 68.6, 36.9, 29.5, 21.6, 9.4.

HRMS: calcd for C15H160 [M +H]* 212.1229, found 212.1235.

3c: 6-(m-tolyl)hexa-3,5-diyn-2-ol:
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7 _
— b

IH NMR (400 MHz, CDCl3): § = 7.29 — 7.24 (m, 2H), 7.21 — 7.15 (m, 2H), 4.67 — 4.62 (m,
1H), 2.31 (s, 3H), 1.51 (d, J = 8 Hz, 3H).

13C NMR (101 MHz, CDCl3): §=138.0, 133.9, 132.9, 131.1, 130.1, 129.5, 128.5, 128.1, 121.6,
121.0, 83.6, 78.8, 72.5, 68.7, 58.7, 23.8, 21.0.

HRMS: calcd for C13H120 [M +H]* 184.0924, found 184.0931.

3d: 5-(m-tolyl)penta-2,4-diyn-1-ol:

7 N\

— OH

IH NMR (400 MHz, CDCls): 8 =7.29 (d, ] = 8 Hz, 2H), 7.21 — 7.15 (m, 2H), 4.41 (s, 2H), 2.31
(s, 3H).

13C NMR (101 MHz, CDCls): § = 138.0, 133.5, 132.9, 130.1, 129.5, 128.1, 121.0, 80.0, 78.7,
72.6,70.4,51.5, 21.0.

HRMS: calcd for C12H100 [M +H]* 170.0721, found 170.0725.

3e: 6-(m-tolyl)hexa-3,5-diyn-1-ol:

72 N
— \—OH

'H NMR (400 MHz, CDCl3) § 7.28 — 7.25 (m, 2H), 7.20 — 7.13 (m, 2H), 3.78 (t, J = 8 Hz, 2H),
2.63 (t, J =6 Hz, 2H), 2.31 (s, 3H).

13C NMR (101 MHz, CDCls): 6 = 137.9, 132.9, 129.8, 129.5, 128.1, 121.3, 80.5, 75.5, 73.4,
66.8, 60.6, 23.8, 21.0.

HRMS: calcd for C13H120 [M +H]* 180.0924, found 180.0932.

4a: 2-methyl-6-(4-(trifluoromethyl)phenyl)hexa-3,5-diyn-2-ol:

Ph.D Thesis, D. Chakraborty; 2020

194



Chapter 5

N N\ /

— OH
¢ \= \

'H NMR (400 MHz, CDCl3): & = 7.56 (s, 4H), 1.58 (s, 6H).

13C NMR (101 MHz, CDCls): & = 132.6, 125.3, 125.2, 125.2, 125.1, 87.8, 75.3, 66.5, 65.6,
30.9.

HRMS: calcd for C14H11F30 [M +H]" 252.0824, found 252.0829.

4b: 3-methyl-7-(4-(trifluoromethyl)phenyl)hepta-4,6-diyn-3-ol:

N 7N — /[,
FF ___\OH

1H NMR (400 MHz, CDCla): § = 7.61 (s, 4H), 1.82 — 1.76 (m, 2H), 1.57 (s, 3H), 1.11 (t, J =8
Hz, 3H).

13C NMR (101 MHz, CDCl3): § = 132.6, 125.2, 125.2, 87.1, 75.4, 69.2, 67.5,36.2, 8.7.
HRMS: calcd for C15H13F30 [M +H]" 266.0926, found 266.0933.

4c: 6-(4-(trifluoromethyl)phenyl)hexa-3,5-diyn-2-ol:

0=
7T — — N\

IH NMR (400 MHz, CDCl3): & = 7.60 (s, 4H), 4.73 — 4.68 (m, 1H), 1.56 (d, J = 4 Hz, 3H).
13C NMR (101 MHz, CDCls): § = 132.6, 130.9, 130.6, 125.2, 125.2, 125.2, 125.1, 124.9, 122.2,
85.1, 75.2, 68.2, 58.7, 23.7.

HRMS: calcd for C13HoFsO [M +H]* 238.0621, found 238.0625.

4d: 5-(4-(trifluoromethyl)phenyl)penta-2,4-diyn-1-ol:

SO

'H NMR (400 MHz, CDCl3): 8 =7.61 (s, 4H), 4.46 (s, 2H).
13C NMR (101 MHz, CDCl3): § = 132.7, 125.2, 125.2, 81.5, 75.2, 69.8, 51.5.
HRMS: calcd for C12H7F30 [M +H]* 224.0418, found 224.0422.

4e: 6-(4-(trifluoromethyl)phenyl)hexa-3,5-diyn-1-ol:
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FF /\::
F — \—OH

'H NMR (400 MHz, CDCls): & = 7.59 (s, 4H), 3.84 (t, J = 6 Hz, 2H), 2.68 (t, ] = 6 Hz, 2H).
13C NMR (101 MHz, CDCl3): §=132.6, 130.9, 130.7, 130.3, 130.0, 125.5, 125.5, 125.2, 125.2,
125.1, 125.1, 122.2,82.4, 76.1, 73.5, 66.3, 60.5, 23.8.

HRMS: calcd for C13HoF30 [M +H]* 238.0621, found 238.0629.

5a: 6-(4-bromophenyl)-2-methylhexa-3,5-diyn-2-ol:

Br / \ e —— / OH
L

'H NMR (400 MHz, CDClg): & = 7.46 — 7.42 (m, 2H), 7.33 — 7.30 (m, 2H), 1.56 (s, 6H).
13C NMR (101 MHz, CDCls): 6=133.9, 131.8, 123.8, 120.6, 87.4, 77.7, 74.3, 66.9, 65.9, 31.1.
HRMS: calcd for C13H11BrO [M +H]* 262.0013, found 262.0025.

5b: 7-(4-bromophenyl)-3-methylhepta-4,6-diyn-3-ol:

Br /\ — :/;I
%

IH NMR (400 MHz, CDCl3): § = 7.48 — 7.43 (m, 2H), 7.38 — 7.31 (m, 2H), 1.77 — 1.70 (m,
2H), 1.52 (s, 3H), 1.06 (t, J = 8 Hz, 3H).

13C NMR (101 MHz, CDCls): 6 =133.0, 129.7, 128.9, 122.0, 86.3, 79.0, 73.7, 69.8, 68.6, 36.9,
29.5,9.4.

HRMS: calcd for C14H13BrO [M +H]* 276.0116, found 276.0122.

5c: 6-(4-bromophenyl)hexa-3,5-diyn-2-ol:

Br /_\ — <OH

'H NMR (400 MHz, CDCl3): § = 7.52 — 7.47 (m, 2H), 7.38 — 7.34 (m, 2H), 4.71 — 4.65 (m,
1H), 1.54 (d, J = 4 Hz, 3H).

13C NMR (101 MHz, CDClg): 6 =133.7, 131.6, 123.6, 120.2, 84.4, 77.4, 74.1, 68.5, 58.7, 23.8.
HRMS: calcd for C12HoBrO [M +H]" 247.9811, found 247.9813.

5d: 5-(4-bromophenyl)penta-2,4-diyn-1-ol:

Ph.D Thesis, D. Chakraborty; 2020

196



Chapter 5

o\ .

— OH
'H NMR (400 MHz, CDCls): § = 7.57 — 7.41 (m, 2H), 7.39 — 7.29 (m, 2H), 4.40 (s, 2H).
13C NMR (101 MHz, CDCls): § = 132.02, 131.86, 81.10, 74.3, 51.77.
HRMS: calcd for C11H;BrO [M +H]" 233.9708, found 233.9715.

5e: 6-(4-bromophenyl)hexa-3,5-diyn-1-ol:

N
Br —— —

p— \—OH
'H NMR (400 MHz, CDClg): & = 7.49 — 7.45 (m, 2H), 7.37 — 7.33 (m, 2H), 3.82 (t, J = 6 Hz,
2H), 2.66 (t, J = 6 Hz, 2H).
13C NMR (101 MHz, CDCls): 6 =133.7, 131.5, 123.3, 120.5, 81.6, 74.9, 74.0, 66.5, 60.5, 23.8.
HRMS: calcd for C12H9BrO [M +H]" 247.9811, found 247.9820.

6a: 6-(4-methoxyphenyl)-2-methylhexa-3,5-diyn-2-ol:

H3CO /_\ e —— < OH

'H NMR (400 MHz, CDCl3): & = 7.50 — 7.38 (m, 2H), 6.92 — 6.80 (m, 2H), 3.83 (s, 3H), 1.60
(s, 6H).

13C NMR (101 MHz, CDCl3): §=160.2, 133.9, 113.9, 113.3, 86.0, 78.8, 71.8, 67.1, 65.6, 55.1,
31.0.

HRMS: calcd for C14H1402 [M +H]* 214.1026, found 214.1029.

6b: 7-(4-methoxyphenyl)-3-methylhepta-4,6-diyn-3-ol:

H3CO / \ —— <:|

H NMR (400 MHz, CDCls): 6 = 7.47 — 7.43 (m, 2H), 6.88 — 6.84 (m, 2H), 3.84 (s, 3H), 1.82
—1.71 (m, 2H), 1.55 (s, 3H), 1.10 (t, J = 8 Hz, 3H).

13C NMR (101 MHz, CDCls): §=160.2, 134.0, 114.0, 113.3, 85.1, 78.6, 71.9, 69.2, 68.2, 55.2,
36.3, 28.9, 8.8.

HRMS: calcd for C15H1602 [M +H]* 228.1229, found 228.1236.

6¢: 6-(4-methoxyphenyl)hexa-3,5-diyn-2-ol:
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OH
H3;CO / \ —— {

— N

!H NMR (400 MHz, CDCl3): § = 7.43 — 7.39 (m, 2H), 6.84 — 6.80 (m, 2H), 4.67 — 4.62 (m,
1H), 3.80 (s, 3H), 1.50 (d, J = 4 Hz, 3H).

13C NMR (101 MHz, CDCls): §=160.5, 134.3, 114.2, 113.4, 83.5, 79.0, 72.0, 69.1, 59.0, 55.4,
28.4,24.1.

HRMS: calcd for C13H1202 [M +H]* 200.0824, found 200.0826.

6d: 5-(4-methoxyphenyl)penta-2,4-diyn-1-ol:

/ N_= —
H3CO — —
—. \OH

'H NMR (400 MHz, CDCl3): & = 7.44 — 7.40 (m, 2H), 6.84 — 6.81 (m, 2H), 4.40 (s, 2H), 3.80
(s, 3H).

13C NMR (101 MHz, CDCls): 6 =160.3, 134.1, 114.0, 113.1, 79.7, 78.7, 71.8, 70.5, 55.2, 51.5.
HRMS: calcd for C12H1002 [M +H]* 186.0721, found 186.0722.

6e: 6-(4-methoxyphenyl)hexa-3,5-diyn-1-ol:

H3CO / \ e ———
—_— \—OH

'H NMR (400 MHz, CDCl3): § = 7.46 — 7.42 (m, 2H), 6.87 — 6.84 (m, 2H), 3.83 — 3.80 (m,
5H), 2.66 (t, J = 6 Hz, 2H).

13C NMR (101 MHz, CDCls): 6 =160.0, 134.0, 113.9, 113.5, 80.1, 75.4, 72.5, 66.9, 60.7, 55.1,
23.9.

HRMS: calcd for C13H1202 [M +H]* 200.0824, found 200.0825.

7a: 6-(3-methoxyphenyl)-2-methylhexa-3,5-diyn-2-ol:

i W
_ \

H;CO

IH NMR (400 MHz, CDCls): § = 7.28 — 7.22 (m, 1H), 7.11 — 7.09 (m, 1H), 7.02 (m, 1H), 6.95
—6.92 (m, 1H), 3.81 (s, 3H), 1.60 (s, 6H).
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13C NMR (101 MHz, CDCls): 6 = 159.1, 129.3, 124.9, 122.3, 117.0, 115.8, 86.5, 78.5, 72.7,
66.8, 65.6, 55.1, 30.9.
HRMS: calcd for C14H1402 [M +H]* 214.1026, found 214.1032.

7b: 6-(3-methoxyphenyl)-2,2-dimethylhexa-3,5-diyn-1-ol:

H;CO

'H NMR (400 MHz, CDCl3): § = 7.28 — 7.22 (m, 1H), 7.12 — 7.09 (m, 1H), 7.03 — 7.02 (m,
1H), 6.95-6.92 (m, 1H), 3.81 (s, 2H), 1.85-1.71 (m, 2H), 1.55 (s, 3H), 1.10 (t, J = 8 Hz, 3H).
13C NMR (101 MHz, CDCls): & = 159.1, 129.3, 124.9, 122.3, 117.0, 115.8, 85.8, 78.2, 72.8,
69.2, 67.9, 55.1, 36.2, 28.8, 8.8.

HRMS: calcd for C1sH1602 [M +H]* 228.1229, found 228.1231.

7c: 6-(3-methoxyphenyl)hexa-3,5-diyn-2-ol:

72\ sk
_ AN

H3;CO

'H NMR (400 MHz, CDCls): & = 7.28 — 7.23 (m, 1H), 7.12 — 7.09 (m, 1H), 7.03 — 7.02 (m,
1H), 6.99 — 6.93 (m, 1H), 4.71 — 4.66 (m, 1H), 3.81 (s, 3H), 1.54 (d, J = 8 Hz, 3H).

13C NMR (101 MHz, CDCl3): 6 = 159.1, 129.3, 124.9, 122.2, 117.0, 115.9, 83.8, 78.5, 72.7,
68.6, 58.7, 55.1, 23.8.

HRMS: calcd for C13H1202 [M +H]* 200.0824, found 200.0829.

7d: 5-(3-methoxyphenyl)penta-2,4-diyn-1-ol:

/ N\
\

— OH

H3CO

IH NMR (400 MHz, CDCl3): & = 7.25 — 7.19 (m, 1H), 7.09 — 7.07 (m, 1H), 7.00 — 6.99 (m,
1H), 6.93 — 6.90 (m 1H), 4.41 (s, 2H), 3.78 (s, 3H).

13C NMR (101 MHz, CDCls): & = 159.1, 129.4, 125.0, 122.1, 117.0, 116.0, 80.3, 78.3, 72.7,
70.3, 55.1, 51.5.
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HRMS: calcd for C12H1002 [M +H]* 186.0721, found 186.0733.

7e: 6-(3-methoxyphenyl)hexa-3,5-diyn-1-ol:

H3;CO

'H NMR (400 MHz, CDCls): § = 7.25 — 7.18 (m, 1H), 7.07 — 7.05 (m, 1H), 6.98 (s, 1H), 6.90
—6.88 (m, 1H), 3.80 — 3.77 (m, 5H), 2.63 (t, J = 6.2 Hz, 2H).

13C NMR (101 MHz, CDCls): & = 159.0, 129.3, 124.9, 122.5, 117.0, 115.6, 80.9, 75.1, 73.5,
66.6, 60.6, 55.1, 23.8.

HRMS: calcd for C13H1202 [M +H]* 200.0824, found 200.0828.
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Summary

Porous materials are the new generation materials which have diverse applications. Tuning the
porous structure, one can achieve favorable host-guest interaction leading to unique properties.
The thesis deals with the synthesis and characterizations of the different porous materials. The
thesis is divided into two parts. In part-1, gaseous guest adsorption has been studied and in the

second part, the guest is an active nanoparticle that catalyzes challenging organic reactions.

Part 1 consists of two chapters. In chapter 2, selective adsorption of Xe (noble gas) has been
studied using stable porous polymers. It is very important to capture Xe from the off-gas stream
of'anuclear power plant. The present technology (cryogenic separation) doesn’t provide energy
efficiency during Xe extraction from the air. In order to demonstrate the ability of porous
materials as a potential alternate for noble gas capture, we have chosen stable, easily
synthesizable, stable, porous polymers. The polymers were able to separate Xe over Kr at
different temperatures at 1 bar pressure. The IAST selectivities revealed that the polymers are
selective towards Xe over other gases such as Kr, N2, and CO>. Further, dynamic breakthrough
analysis exhibited higher retention time for Xe compared to the other gases. The thermal and
chemical stability of the polymers is an important feature for the application in harsh
conditions. Although, the high Xe capacity, selectivity, and molecular confinements are the
potential points to be addressed. However, here we have presented porous polymers for Xe

capture for the first time.

In chapter 3, we have adopted an ultra-microporous MOF having uniform pore to demonstrate
the high capacity, selectivity and confinement effect. The MOF (Ni-PyC) had high Xe uptake
at 298K, 1 bar which saturated at low pressure. The heat of adsorption and selectivity studies
revealed the preferential adsorption of Xe over other gases. We compared our material to the
recently reported benchmark MOF (SBMOF-1) and cage (CC3) and found that the MOF
possessed the highest uptake and selectivities over these materials. To understand the
interaction within the pore, we took help from theoretical calculations. The DFT studies
revealed that in Ni-PyC Xe had a slightly greater interaction with the framework compared to
the SBMOF-1. Further °Xe NMR spectroscopy was performed to demonstrate the molecular
confinement effect. It has been validated that the ultra-microporous materials and high surface

area contribute to the better adsorption of noble gases.

Part 2 deals with the covalent organic frameworks supported active nanoparticles for catalysis.
In chapter 4, a microporous, stable COF has been prepared by Schiff base condensation. The

stability was attributed to the microporosity, keto-enol tautomerism, and interplanar hydrogen



Summary

bonding. CO> adsorption studies were performed and the COF exhibited selective CO>
adsorption over N2 and CHa. The breakthrough separation studies were performed and the COF
had greater retention time for CO> indicating selective nature under dynamic conditions. Ag
has been an important metal to fix CO: into value-added products. In this chapter. Ag
nanoparticles are loaded into the COF and the CO; fixation was studied using the propargyl
alcohol. The reaction produced cyclic carbonates with high yield, turn over number and turn
over frequency. The ability of the COF to host active Ag nps and selective CO, capacity
synergistically contribute to the high degree of CO> fixation reaction.

In chapter 5, Cu nanoparticle loaded COF has been studied for challenging Glaser-Hay
coupling. Glaser-Hay coupling leads to the C-C bond formation between two terminal alkynes.
Here we are able to catalyze the reaction in heterogeneous fashion using Cu@COF. A detailed
mechanistic study revealed that the reaction proceeded via the anionic pathway. The XPS
studies of the frozen sample at different time intervals exhibited significant peaks shifts and
alternation in the Cu 2p satellites. Thus, this indicated the oxidative addition and reductive
elimination involved in the catalytic cycles. We performed DFT and control reactions to show
the role of the COF. The hydrogen bonding sites present in the COF pore directed the formation
of hetero-coupled product in the reaction. The recyclability and the post-catalysis stability

studies had proven the robustness of the Cu@COF catalyst.

In this thesis, we have covered a wide range of porous materials and discussed the applications
based on the pore architecture and different functionalities present in the frameworks. Three
distinct porous materials are used here, namely MOF, POF, and COF. Among these three
candidates, MOFs have metal nodes coordinated by organic linkers. MOFs display a high
degree of crystallinity and tuneability. However, the presence of metal-ligand co-ordinate
bonds destabilizes the system and the MOFs are hydrolyzable in the presence of moisture,
acids, and bases. On the other hand, porous polymers (POFs) contain covalent bonds (C-C, C-
N, C=N, etc.) which are remarkably stable. The polymers exhibit exceptional stability towards
acids, bases, organic solvents, and humidity. But the organic porous polymers are amorphous
in nature and they are often non-reproducible during synthesis. It becomes difficult to study
the structure- property relationship of a porous organic framework due to the lack of
crystallinity. Covalent Organic Frameworks (COFs) are the crystalline organic polymers that
are formed by covalent linking of the organic building blocks. This brings in the additional

advantage of crystallinity to the framework. The rational choice of building blocks results in
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different porous architecture, surface area, and functionalities. Still, several disadvantages are
associated with COFs, particularly the stability of Schiff bonds in case of imine bonded COFs.
But, the introduction of electronically active groups (electron-donating/withdrawing groups),

hydrogen bonding moieties, etc. render stability into the framework.

The importance of porous supports for different applications has been demonstrated in the
thesis. An ultra-microporous (POFs and MOFs) network favors selective gas adsorption, while
the high degree of interaction sites present in the pore (COFs) prepares an optimal nanoreactor
through the inclusion of nanoparticles. Our experimental and theoretical approach validates the

advantages of porous solids for gas separation and catalytic processes.
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Chemistry (Great Britain)
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Pd Nanoparticles Decorated on Hypercrosslinked Microporous Polymer:
A Highly Efficient Catalyst for the Formylation of Amines through Carbon
Dioxide Fixation

Author: Sk Manirul Islam, Asim Bhaumik, Sk Safikul Islam, et al

Publication: ChemCatChem
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Licensed Content 3
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and Application to CO, Capture
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O'Keeffe,Omar M. Yaghi
Publication: Science
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Licensed Content Wang,Cart?Iyn
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Furukawa,Michael
O'Keeffe,Omar M. Yaghi
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Licensed Content 319
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Direct Observation and Quantification of CO, Binding Within an
Amine-Functionalized Nanoporous Solid
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A Fine-Tuned Fluorinated MOF Addresses the Needs for Trace
CO2 Removal and Air Capture Using Physisorption

Author: Prashant M. Bhatt, Youssef Belmabkhout, Amandine Cadiau, et al
ACS Publications Publication: Journal of the American Chemical Society
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Publisher: American Chemical Society

Date: Jul 1, 2016
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from (COMPLETE REFERENCE CITATION). Copyright (YEAR) American Chemical Society." Insert appropriate
information in place of the capitalized words.

- One-time permission is granted only for the use specified in your request. No additional uses are granted (such as
derivative works or other editions). For any other uses, please submit a new request.

If credit is given to another source for the material you requested, permission must be obtained from that source.
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Attribution 4.0 International (CC BY 4.0)

This is a human-readable summary of (and not a substitute for) the license.

You are free to:

Share — copy and redistribute the material in any medium or format
Adapt — remix, transform, and build upon the material
for any purpose, even commercially.

The licensor cannot revoke these freedoms as long as you follow the license terms.

Under the following terms:

Attribution — You must give appropriate credit, provide a link to the license, and indicate if
changes were made. You may do so in any reasonable manner, but not in any way that
suggests the licensor endorses you or your use.

No additional restrictions — You may not apply legal terms or technological measures
that legally restrict others from doing anything the license permits.

Notices:

You do not have to comply with the license for elements of the material in the public
domain or where your use is permitted by an applicable exception or limitation.

No warranties are given. The license may not give you all of the permissions necessary for
your intended use. For example, other rights such as publicity, privacy, or moral rights may
limit how you use the material.

https://creativecommons.org/licenses/by/4.0/

7


https://creativecommons.org/licenses/by/4.0/legalcode
https://freedomdefined.org/

2/3/2020 Rightslink® by Copyright Clearance Center

. Copyright . . -
a3 g RightsLink® A = 2

Center Home Help Email Support Debanjan Chakraborty v

Separation of rare gases and chiral molecules by selective
binding in porous organic cages

Author: Linjiang Chen et al

SPRINGERNATURE Publication: Nature Materials
Publisher: Springer Nature
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Copyright © 2014, Springer Nature
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