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Synopsis

The prime motivation of this thesis work is to design, syntheses and functional studies of neutral N-donor
linker based cationic metal-organic frameworks (MOFs) towards their potential application for
industrially relevant light hydrocarbon separation and efficient remediation of toxic aquatic pollutants.
Metal-organic frameworks (MOFs) have come forth as the most important subset of functional porous
materials owing to their several advantages over the traditional porous materials. Generally, MOFs are
classified into ionic and neutral frameworks, depending upon the residual charge on the framework
backbone. Distinct terminal donor groups have been employed for synthesis of MOFs such as N-
heterocyclic aromatic rings, carboxylates, phosphonates, sulfonates, etc. Among them, neutral N-donor
based ligands possess several advantages likewise other donating groups and it can render formation of
cationic MOFs with counter anions free inside the pores. Whereas the counter anions can act as the extra-
framework functionalities for cationic MOFs, the organic building blocks can also be custom-designed
via pre- or post-synthetic functionalization to introduce desired functional groups. Although cationic
MOFs have been employed toward several applications like catalysis, sensing, ion-conduction etc., its’
utility toward extremally challenging light hydrocarbon separation and selective aquatic pollutant
remediation is still to be explored. In this context, one of the prime objectives of this thesis work is
functional studies of cationic MOFs toward selective separation of industrially relevant light
hydrocarbons. To archive this, attempts were made to design and synthesize several functional cationic
MOFs with both different inorganic and organic anions inside the pores as extra-framework
functionalities. Apart from light hydrocarbon separation, water pollution from toxic industrial as well as
radioactive wastes is another major concern which requires urgent attention. In this context, functional
cationic MOFs were synthesized and employed toward selective recognition and removal of such

hazardous substances from water based on principles of host guest interactions and ion exchange.

Chapter 1. Introduction

At the outset, a brief discussion about MOFs and the scope in terms of structural diversity and
methodology is included. Role of judicious choice of the building blocks as well as metal nodes in
synthesizing functional MOFs has been presented. Particularly, contribution of various types of organic
ligands in preparation of MOFs have been discussed in details and the scope for neutral N-donor ligand-
based MOFs is presented. In addition, classification of MOFs based on the structural diversity
(generations of MOFs) and the residual framework charge (ionic and neutral) is discussed in details.
Further, different routes of synthesizing ionic MOFs have been discussed in details. A summary of the

diverse applications of ionic MOFs has been included, particularly in the field of light hydrocarbon



separation and toxic aquatic pollutants remediation. In this context, several industrially challenging light
hydrocarbons and their importance in petrochemical industries has been discussed in details. In addition,
water pollutions by toxic and hazardous pollutants have been discussed thoroughly. As the focus of the
current work is utilization of cationic MOFs toward industrial and environmental applications, a brief
state-of-art overview has been provided. In particular, as the tunability of functional anions inside the
cationic MOFs is the prime focus, the strategies for synthesis of cationic MOFs along-with the role of

anions have been briefly summarized.

Part-1: Functional Cationic MOFs for efficient Industrially Relevant Low Hydrocarbon

Separation

Light hydrocarbons, such as acetylene, ethylene, ethane, propane etc. are the backbone of the petroleum-
based commodity industries. The global annual production of these light hydrocarbons is estimated as
more than 200 million tons with a gigantic market valuation of $254.6 billion in 2016, which is expected
to touch $475.8 billion by 2023. The state-of-the-art separation process such as cryogenic and/or
fractional distillation, solvent extraction etc. are extremely energy-intensive as it involves a gigantic ~ 230
gigawatts of energy consumption per day globally, accounting for ~ 40% of total global industrial energy
consumption. To address this issue, new type of sorbent material is required for the efficient and selective
separation of these light hydrocarbons with a lesser energy and capital requisite. In this section, we
devoted our effort toward pore-engineering of stable cationic MOFs via tuning the functional
uncoordinated anions inside the pore. This section of the thesis is separated into two chapters, chapter-2
and chapter-3. In chapter-2, the very first example of light hydrocarbon separation in a cationic MOF
series has been demonstrated across a previously unreported pre-functionalized platform of isoreticular
cationic metal-organic frameworks. While in chapter-3, the practical issue of lack of chemical stability in
cationic MOFs have been address along with utilization of bulky organic sulfonic acid ligands for

efficient and selective C;H; separation from its’ industrial impurity CO.

Chapter 2. Three-in-one CyH> Selectivities Guided Adsorptive Separation across an

Isoreticular Family of Cationic Square Lattice MOFs

Purification of C,H, from other light hydrocarbons such as C;Hs, CO, and CH. by selective adsorption is
an important process in commodity chemical industries. In this chapter, we present a novel approach to

address this challenge by a series of three new isostructural cationic metal-organic frameworks (MOFs),



namely iMOF-nC (n = 5, 6, 7) featuring multiple functionalities with strong binding affinities toward
CzH.. All three MOFs exhibited higher adsorption uptake for C,H; than the other three light hydrocarbons
in single component measurements. Ideal Adsorbed Solution Theory (IAST) and simulated breakthrough
experiments demonstrated the excellent selectivity of iMOF-nC for C;H> and high-efficiency in
purification of C,H, from other light hydrocarbons at room temperature. Moreover, dynamic column
breakthrough with the best performing material, i.e. iIMOF-6C confirmed its’ potential towards real-time
applicability. In addition, Density Functional Theory (DFT) calculations further revealed the various
functional interaction sites inside the MOF frameworks which preferentially interact with C,H, than other
three light hydrocarbons. This report provides an alternative approach for development of functional
cationic materials for efficient separations of light hydrocarbons.

Reference: S. Dutta,’ S. Mukherjee,” O. T. Qazvini, A. K. Gupta, S. Sharma, D. Mahato, R. Babarao, S.
K. Ghosh, Angew. Chem. Int. Ed. 2021, 61, €202114132.
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Chapter 3. C2H2 Induced Structural Dynamism Driven Efficient CoH2/CO2 Separation by a

Water-stable Cationic Metal-organic framework

Extending the idea of exploration of cationic MOFs for light hydrocarbon separation utilizing various
functional anions inside the framework, a novel cationic MOF (iMOF-8C) having free sulfonic acid
moiety as counter anions were synthesized. Further, iMOF-8C found to exhibit a rare guest-induced
anion-dynamism-based gate-opening behavior towards C;H,. Further, the single component adsorption
isotherms revealed excellent selectivity for C;H> over its’ industrial impurity, i.e. CO,. Additionally,
IAST calculations, simulated breakthrough studies and dynamic column breakthrough experiments
corroborated well with the high efficiency of iIMOF-8C in the purification of C,H, from C;H»/CO,



mixtures, which is recognized as very crucial but challenging task in industrial separation. Moreover,
theoretical studies confirmed the structural dynamism upon incremental loading of C2H2 molecules
inside iIMOF-8C framework. (Manuscript under revision)

Part-11: Sensing and Capture of Toxic Aquatic Pollutants by Water Stable Cationic MOFs

Growing industries is a part of growth of modern civilization and urbanization. But release of their toxic
effluents, which are generated from those industries, directly into the mainstream water bodies has
resulted into the heavily increasing environmental pollution. To address this issue, we devote our effort
toward synthesis and functional studies of water stable cationic MOFs toward efficient remediation of
toxic and hazardous aquatic pollutants. This section is also divided into two chapters, chapter-4 and
chapter-5. In chapter-3, we have utilized a water stable luminescent cationic MOF for selective
recognition of toxic oxo-anions (CrO.*, Cr,07*, HAsO.*, HAsOs*) from water via a bimodal
recognition process. While in chapter 5, we have utilized a chemically stable cationic MOF having
hydrophobic pore surface for efficient sequestration of heavy metal based oxo-anion (chromate and

perrhenate) from water.

Chapter 4. A Luminescent Cationic MOF for Bimodal Recognition of Chromium and Arsenic

based Oxo-anions in Water

In this chapter, a Zinc based water stable luminescent cationic MOF (iMOF-4C) was synthesized
formulated on rational choice of organic building block to afford chemical stability as well as ionic
nature. iIMOF-4C exhibited excellent luminescence quenching behavior toward toxic industrial pollutants

such as CrO,*~ and Cr,O7*" oxo-anions in water. On the flipside, it showed a rare luminescence turn-on

Vi



response toward toxic arsenic based oxo-anions, i.e. HAsO4*, HAsOs*". Such bimodal recognition
behavior in a stand-alone material is indeed rare in the domain of MOFs. Further, the “turn-off” and
“turn-on” efficiency of iMOF-4C was found to be comparable with the highest reported values in the
domain of porous materials, highlighting its’ potential toward practical applicability. In addition, the
theoretical calculations confirmed the alteration in electronic properties of iMOF-4C upon interacting

with different toxic oxo-anions and indicate the origin of distinctive fluorescence responses.

Reference: S. Dutta, ' S. Let, ¥ M. M. Shirolkar, A. V. Desai, P. Samanta, S. Fajal, Y. D. More, S. K.
Ghosh, Dalton Trans. 2021, 50, 10133-10141.
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Chapter 5. A Stable Cationic MOF For Rapid and Efficient Scavenging of Toxic Oxo-anions

from Water

In this chapter, we have synthesized a robust cationic MOF (iMOF-2C) with hydrophobic pore surface
toward efficient remediation of toxic industrial waste e.g., CrO4*~ and radioactive waste TcOs (ReOs
anion was used as the surrogating anion of radioactive TcO, anion). iIMOF-2C showed excellent capture
efficiency via ion-exchange toward these oxo-anions as the saturation uptake capacity values were found
to be among the highest values reported in the literature. In addition, it showed excellent selectivity as
well as recyclability up to 10 cycles, rendering its’ potential toward real-time applicability. Further,
theoretical calculation studies revealed the preferential oxo-anion binding sites inside iMOF-2C, resulting

in such high efficiency in oxo-anion removal.

Reference: S. Dutta, P. Samanta, B. Joarder, S. Let, D. Mahato, R. Babarao, S. K. Ghosh, ACS Appl.
Mater. Interfaces 2020, 12, 41810—41818.
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Chapter 6. Summary and Perspectives

In conclusion, a brief synopsis of the understandings acquired by the library of cationic MOFs presented
in chapters 2-5 has been provided. This work primarily focuses on systematic design, synthesis and
functional studies of cationic MOFs to address the challenging industrial separation as well as
environmental pollution issues. An overview on the influence of counter anions (both inorganic and
organic anions) in pore-engineering of functional cationic MOFs to direct the structure-property
correlation for targeted applications have been discussed. The outcomes from this thesis work in the
domain of cationic MOFs for efficient separation of light hydrocarbons and remediation of environmental
pollutants has been discussed with regard to state-of-art. Such studies based on functional cationic MOFs
for light hydrocarbon separation and water pollutants remediation could provide new avenues to develop
next generation ionic materials to address the concerning industrial and environmental issues in near

future.
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Abbreviations

Anal. Analysis
Calc. Calculated
CCDC Cambridge Crystallographic Data Centre
DMF N,N’-dimethylformamide
DCM Dichloromethane
EtOH Ethanol
FT-IR Fourier transform infra-red spectroscopy
g Gram
MeOH Methanol
mg Milligram
min Minutes
mL Milliliter
mM Millimolar
mmol Milli moles
MOF Metal-Organic Framework
PCP Porous Coordination Polymer
PXRD Powder X-Ray Diffraction
RT Room Temperature
SCXRD Single-Crystal X-Ray Diffraction
TGA Thermogravimetric Analysis
uv Ultraviolet
FE-SEM Field Emission Scanning Electron Microscopy
MeCN Acetonitrile
NMR Nuclear Magnetic Resonance
iMOF lonic Metal-Organic Framework
EDX Energy Dispersive X-ray Analysis
ICP-AES Inductively Coupled Plasma Atomic Emission Spectroscopy
cMOF Cationic Metal-Organic Framework




Rights and Permissions

Chapter 2:

Reprinted (adapted) with permission from Angew. Chem. Int. Ed. 2022, 61, e202114132.
Copyright 2022: John Wiley and Sons. (License Number: 5318681116102)

Chapter 4:

Reprinted (adapted) with permission from Dalton Trans., 2021, 50, 10133-10141. Copyright
2021: Royal Society of Chemistry.

Chapter 5:

Reprinted (adapted) with permission from ACS Appl. Mater. Interfaces, 2020, 12, 41810-41818.
Copyright 2020: American Chemical Society.



Research Publications

(T- indicates equal contribution)

Included in Thesis:

1.

Recognition and Sequestration of Toxic Inorganic Water Pollutants with Hydrolytically Stable Metal-
organic Frameworks (Review).

Subhajit Dutta, Sumanta Let, Shivani Sharma, Debanjan Mahato and Sujit K. Ghosh.

Chem. Rec., 2021, 21, 1666 1680.

Post-synthetic Modification Approaches in Metal-organic Frameworks for Sensing and Capture of
Water Pollutants (Review).

Soumya Mukherjee,” Subhajit Dutta,” Sahel Fajal and Sujit K. Ghosh.

Dalton Trans. 2021, 50, 17832-17850.

Three-in-one C,H; selectivities guided adsorptive separation across an isoreticular family of cationic

square lattice MOFs.

Subhajit Dutta,” Soumya Mukherjee,” Omid T. Qazvini, Shivani Sharma, Debanjan Mahato,
Ravichandar Babarao and Sujit K. Ghosh.

Angew. Chem. Int. Ed., 2022, 61, €202114132.

C2H2 induced structural dynamism driven efficient C,H./CO; separation of in a water-stable cationic
metal-organic framework.

Subhajit Dutta,” Shivani Sharma,” Omid T. Qazvini, Gourab K. Dam, Ravichandar Babarao, Soumya
Mukherjee and Sujit K. Ghosh.

(Manuscript Submitted).

A Luminescent Water-Stable Cationic MOF for Bimodal Recognition of Cr (V1) and As (V & 111)
Oxo-anions in Water.

Subhajit Dutta,” Sumanta Let,” Mandar M. Shirolkar, Aamod V. Desai, Partha Samanta, Sahel Fajal,
Yogeshwar D. More and Sujit K. Ghosh.

Dalton Trans., 2021, 50, 10133-10141.

A Water Stable Cationic MOF with Hydrophobic Pore Surface as Efficient Scavenger of Oxo-anion
Pollutants from Water.

Subhajit Dutta, Partha Samanta, Biplab Joarder, Sumanta Let, Debanjan Mahato, Ravichandar
Babarao and Sujit K. Ghosh.

ACS Appl. Mater. Interfaces, 2020, 12, 37, 41810-41818.

Not Included in Thesis:

xi



10.

11.

12.

13.

14.

15.

Imidazolium functionalized chemically robust ionic porous organic polymers (iPOPs) toward toxic
oxo-pollutants capture from water.

Arunabha Sen,” Subhajit Dutta,” Gourab K. Dam, Partha Samanta, Sumanta Let, Shivani Sharma,
Mandar M. Shirolkar and Sujit K. Ghosh.

Chem. Eur. J., 2021, 27, 1 -9.

Synthesis and structural elucidation of neutral N-donor linker based bi-porous isostructural cationic

metal-organic frameworks.

Subhajit Dutta, Aamod V. Desai, Partha Samanta and Sujit K. Ghosh.

Inorganica Chimica Acta., 2019, 486, 401-405.

An Amide Functionalized Ultramicroporous MOF for Triple Selectivity in C2H2 Adsorption..
Subhajit Dutta,” Soumya Mukherjee,” Tarak Nath Mandal, Omid T. Qazvini, Avishek Karmakar,
Matthias Vandichel, Debanjan Mahato and Sujit K. Ghosh.

(Manuscript Submitted).

Partha Samanta,’ Subhajit Dutta,” Sumanta Let, Arunabha Sen, Mandar Shirolkar and Sujit K.
Ghosh.

Cost-effective Route to Dual Phase Scavenger of lodine with Chemically Stable Hydroxy-
functionalized Hyper-cross-linked Polymers (HCPs).

(Manuscript Submitted).

Chemically Stable lonic Viologen-Organic Network: An Efficient Scavenger of Toxic Oxo-anions
from Water.

Partha Samanta, Priyanshu Chandra,” Subhajit Dutta,” Aamod V. Desai and Sujit K. Ghosh.
Chem. Sci., 2018, 9, 7874-7881.

Post-synthetically modified magnetic hyper crosslinked microporous polymers (HCPs) for toxic
water pollutants capture.

Sumanta Let, Subhajit Dutta, Partha Samanta, Shivani Sharma and Sujit K. Ghosh.
(Manuscript Under minor revision in ACS Appl. Mater. Interfaces).

MOFs for Detection of Explosive and related toxic Nitro-aromatic compounds (NAC) (Book
Chapter).

Partha Samanta, Subhajit Dutta and Sujit K. Ghosh.

(DOI: 10.1016/B978-0-12-814633-0.00002-8).

Neutral nitrogen donor-based MOFs for sensing based applications (Review).

Shivani Sharma, Subhajit Dutta, Gourab K. Dam and Sujit K. Ghosh.

Chem Asian J., 2021, 16, 1 — 20.

Fluorescent “Turn-on” Sensing Based on Metal-organic Frameworks (MOFs) (Review).

xii



16.

17.

18.

19.

20.

21.

22.

23.

Avishek Karmakar, Partha Samanta, Subhajit Dutta and Sujit K. Ghosh.

Chem. Asian J., 2019, 14, 4506- 4519 (Cover Page).

A Dye@MOF Composite as Luminescent Sensory Material for Selective and Sensitive Recognition
of Fe(lll) ions in Water.

S Sumanta Let, Partha Samanta, Subhajit Dutta and Sujit K. Ghosh.

Inorganica Chimica Acta, 2019, 500, 119205.

Selective and sensitive recognition of Fe** ion by a Lewis basic functionalized chemically stable
metal-organic framework (MOF).

Sahel Fajal, Partha Samanta, Subhajit Dutta and Sujit K. Ghosh.

Inorganica Chimica Acta, 2019, 500, 1193592

Functionalized ionic porous organic polymers exhibiting remarkable iodine uptake from both vapor
and agqueous medium.

Arunabha Sen, Shivani Sharma, Subhajit Dutta, Mandar M. Shirolkar, Gourab K. Dam, Sumanta Let
and Sujit K. Ghosh.

ACS Appl. Mater. Interfaces, 2021, 13, 29, 34188-34196

Advances in adsorptive separation of benzene and cyclohexane by metal-organic framework
adsorbents (Review).

Soumya Mukherjee, Debobroto Sensharma, Omid T. Qazvini, Subhajit Dutta, Lauren K. Macreadie,
Sujit K. Ghosh and Ravichandar Babarao.

Coord. Chem. Rev., 2021, 437, 213852.

Rapid, selective capture of toxic oxo-anions of Se (1V), Se (VI) and As(V) from water by an ionic
metal-organic framework (iMOF).

Shivani Sharma, Sumanta Let, Aamod V. Desai, Subhajit Dutta, Gopalsamy Karuppasamy, Mandar
M. Shirolkar, Ravichandar Babarao and Sujit K. Ghosh.

J. Mater. Chem. A, 2021,9, 6499-6507.

Metal-organic Frameworks (MOFs) Based Luminescent Sensory Probes for the Recognition of
Cationic Water Pollutants (Review).

Partha Samanta, Sumanta Let, Writakshi Mandal, Subhajit Dutta and Sujit K. Ghosh.

Inorg. Chem. Front., 2020, 7, 1801.

Post-synthetically modified metal-organic framework as a scaffold for selective bisulphite recognition
in water.

Arunabha Sen, Aamod V. Desai, Partha Samanta, Subhajit Dutta, Sumanta Let and Sujit K. Ghosh.
Polyhedron 2018, 156, 1-5.

Luminescent Metal-Organic Frameworks as Chemical Sensors (Book Chapter).

Xiii



24,

25.

26.

217.

28.

29.

Yogeshwar D. More, Sahel Fajal, Subhajit Dutta and Sujit K. Ghosh.

(Manuscript Submitted).

Adsorption of CO- by high performance porous carbon derived from cotton stalk crop-residue
collected across diverse geographical locations in India.

Manpreet Singh, Nitin Borkhatariya, Subhajit Dutta, Sujit K. Ghosh, Pratyush Maiti, Subhadip
Neogi and Subarna Maiti.

J. CO2 Util. 2022, DOI: 10.1016/j.jcou.2022.101975.

Metal-organic framework based ‘Molecular Nose’ for selective recognition of toxic VOC-styrene.
Arunabha Sen, Sahel Fajal, Subhajit Dutta, Aamod V. Desai, Writakshi Mandal and Sujit K. Ghosh.
(Manuscript Submitted).

Unprecedented Boosting of Luminescence Property of a Hybrid Blue Perovskite via Loading
into Metal-Organic Polyhedra Matrix.

Samraj Mollick, Satyam Saurabh, Yogeshwar D. More, Writakshi Mandal, Sahel Fajal, Tarak Nath
Mandal, Mandar M. Shirolkar, Subhajit Dutta and Sujit K. Ghosh.

(Manuscript Submitted).

Atomically Dispersed Pd (I1)- tethered N-Heterocyclic carbene on a Porous Polymer — A
Heterogeneous catalyst for C-C coupling at Room Temperature.

Sumanta Let, Gourab K. Dam, Sahel Fajal, Partha Samanta, Subhajit Dutta and Sujit K. Ghosh.
(Manuscript Submitted).

A Hydrolytically Stable Luminescent Cationic MOF for Selective Detection of Toxic
Organic Arsenic in Water.

Gourab K. Dam, Subhajit Dutta, Sahel Fajal, Sumanta Let, Pratibha Agarwala, and Sujit K. Ghosh.
(Manuscript Submitted).

Highly Stable and End-Group Tuneable Metal-organic Framework UiO-66/PVVDF Composite
for Superior Triboelectric Nanogenerator Application.

Yogeshwar D. More, Satyam Saurabh, Samraj Mollick, Sachin Kumar Singh, Subhajit Dutta, Sahel
Fazal, Anil Shetty, Mandar M. Shirolkar, Suresh Panchal, Minal Wable, Satishchandra Ogale and
Sujit K. Ghosh.

(Manuscript Submitted).

Xiv



Chapter 1

Introduction



| Chapter 1

1. Introduction
1.1 Metal-organic frameworks (MOFs):

The domain of porous materials has seen a meteoric surge throughout scientific community over the last
few decades owing to their widespread utility across a variety of fields.! Amongst its sub-classes, metal-
organic frameworks (MOFs) or porous coordination polymers (PCPs) have come forth as a new research
hotspot on account of their tremendous potential as next generation inorganic-organic hybrid materials.?
MOFs are solid-state porous crystalline materials encompassing potential voids, constructed from bi-/multi-
dentate organic struts which extend infinitely through metal nodes in a periodic manner to form a framework
structure (Figure 1.1). The void space inside the framework typically remain preoccupied by the solvent
molecules utilized during the synthesis process, counter ions and unreacted ligands.® Generally, depending
upon the pore-aperture size, MOFs are categorized as (i) ultramicroporous MOFs (pore size < 0.7 nm), (ii)
microporous MOFs (pore size < 2 nm) and Mesoporous MOFs (pore size > 2 nm). The liberty of designing

and tailor-made syntheses of MOFs with a vast range of organic ligands and metal cations bestow

Organic Ligand ‘ Metal ion/

Cluster
COOH S0y PO Ni(IT) Cu(1D)
Co(II
COOH  so;  pog Self-assembly 2e(IV) ot
NG ON=N e(1l)
i S
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Metal-organic Frameworks (MOFs)

Figure 1.1 Schematic representation illustrating the general protocol to synthesize metal-organic frameworks
(MOFs).
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probability of infinite combinations of networked structures which are proven to be frontrunners in the
fields of gas adsorption, sensing, ion conduction, catalysis, environmental pollutant capture, drug-delivery

etc.*8

1.1.1 Building blocks of MOFs:

Typically, 3d transition metal cations are preferred choice for the preparation of MOFs along with different
kinds of organic ligand systems. Selection of these first row transition metal cations have certainly become
crucial as they offer range of advantages, e.g., Fe(Il) can impart magnetic property, Zn(I1) or Cd(Il) [ d°
cations] can impart fluorescence properties in the system. On the other hand, certain metal ions such as
Zn(I1) cation (for dynamic coordination sphere) and Cu(ll) (for Jahn-Teller distortion) have shown promises
toward developing dynamic MOFs.%** In pursuit of synthesizing new materials, chemical stability has
become a crucial challenge both in terms of compound synthesis and for its subsequent real-time
implementation. When it comes to MOFs, the framework stability is directly correlated with the metal-
ligand bond strength, which underscore the importance of judicious choice of the metal cations in designing
and synthesis of the MOFs.1518

On the other hand, the library of organic ligands consists of a wide range of diverse functionalities, in terms
of both terminal binding moieties as well as nature of the core or backbone.*®-?! The organic ligands can be
broadly classified as (a) Oxygen-donor ligands [e.g. carboxylates(R-COOH), sulfonates(R-SO3H),
phosphonates (R-PO(OH),) etc.] and (ii) Nitrogen-donor ligands having N-heterocyclic aromatic groups as
terminal binding unit (pyridine, imidazole, triazole, adenine, pyrazine etc.). From the inception of MOFs,
carboxylate-based ligands are been utilized for the synthesis of majority of the MOFs because of their strong
binding ability with most of the metal cations. On the contrary, albeit N-donor ligands have been commonly
utilized as the co-ligand with carboxylate-terminal linkers, the domain of standalone MOFs built from N-
donor ligands is yet to investigated thoroughly.?>?% Further, N-donor ligands can be broadly classified into
two, (i) neutral and (ii) ionic ligands depending upon their charge. lonic N-donor linkers with N-
heterocyclic aromatic groups such as pyrazolate, imidazolate, tetrazolate etc. can form strong coordination
bond with the metal center owing to their higher pKa values, imparting higher resistance to hydrolysis.
Typically, neutral N-donor moieties such as imidazole, pyridine, triazole etc. have been utilized for the
synthesis of cationic MOFs and as a co-ligand they are used to increase the porosity or provide extra
functional sites. Despite the fact that the field of MOF has witnessed the growing supremacy of O-donor
ligand-based MOFs and have been investigated for numerous applications, N-donor ligand-based MOFs

are also catching up with potential solutions in a variety of disciplines.
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Figure 1.2 Generation-wise classification of MOFs depending upon the fate of the compound after the evacuation of

guest molecules.

1.1.2 Types of MOFs:
1.1.2.1 Classification of MOFs based on structural aspect:

Generally, it is observed that the structural rigidity of the MOF can alter upon removal or desolvation of
the occluded guest solvent molecules from the voids. On this basis, MOFs can be broadly classified into 3
generations (Figure 1.2).%6 The 1st generation MOFs are known to undergo complete disintegration of the
framework upon removal of solvent molecules. The 2nd generation MOFs known to be rigid and retain
their structural integrity after guest removal. The 3rd generation MOFs are known as the dynamic MOFs
which can alter their structural rigidity upon guest removal and can come back to its’ initial phase upon

antagonistic stimulus. MOFs.
1.1.2.2 Classification of MOFs based on charge: Neutral MOFs and ionic-MOFs:

The Apart from the structural aspect, depending upon the residual charge of the framework backbone,

MOFs are generally classified into two, i.e. neutral MOFs and ionic MOFs (Figure 1.3).2"?8 In case of
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Figure 1.3 Classification of MOFs on the basis of the charge of the framework backbone.

neutral MOFs, the positive charge of the metal center is typically balanced out either by various charge
balancing moieties such as negative charge of the counter anions or negatively charged coordinating
ligands. On the other hand, the framework backbone of ionic MOFs (iMOFs) have a residual
uncompensated charge (positive or negative) thereby resulting in cationic/anionic frameworks with some
extra framework counter-ions. The preparation of ionic or neutral MOFs can be achieved with various
approaches and the synthetic protocols are guided by the fundamentals of coordination chemistry which
directly underscore the significant role of choice of organic ligands and metal ions.

1.1.2.2a Neutral MOFs:

The literature of MOFs has witnessed a clear predominance of reported electronically neutral MOFs in
which the positive charges on the metal center are fully balanced by the coordinating moieties itself. In such
cases the electronic charge is counterbalanced by the anionic linkers (mostly carboxylates-based ligands)

or negatively charged anions of the metal salts coordinated to the metal center (Figure 1.4a).2%3!
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1.1.2.2b lonic MOFs:

Typically, ionic MOFs form due to presence of uncompensated framework charge and therefore
necessitating extra framework ions either negative or positive to maintain the overall charge neutrality. On
the basis of the residual charge of the framework backbone, ionic MOFs are classified into two, anionic and
cationic MOFs. The framework backbone of cationic MOFs possesses a net positive charge which is
counterbalanced by the uncoordinated anions present inside the pores. In case of anionic MOFs, the
framework backbone bears a residual anionic charge which is balanced by the uncoordinated cations
(Figure 1.4b-1.4c). Although, the partial occupation of the uncoordinated ions can cause pore blocking and
complete accessibility to the surface area, but the free counter-ions offer extra ionic functionality which are
found to be extremely suitable for different applications.*34

Figure 1.4 Packing diagrams of few benchmark MOFs with different charge of the framework backbone, a) neutral
MOF, b) anionic MOF and c) cationic MOF. The corresponding crystal structure data have been reproduced with
permission from reference 17, 18 and 116 respectively. (Color code: C, grey; O, red; N, blue; Zr, navy blue; Zn,

yellow; Ni, dark green. H-atoms have been omitted for clarity).

1.1.2.2b.1 Anionic MOFs:

An anionic MOF is primarily consisting of a negatively charged framework backbone with extra
uncoordinated counter cations to neutralize the overall charge. Typically, metal cations having higher
coordination numbers are commonly used to prepare anionic MOFs which yield in ionic character when a
higher number of organic ligands concentrate around the metal nodes. In such cases, the compound show

enhanced chemical stability as the central metal node gets protected with the higher number of ligands.5-%
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Figure 1.5 Schematic representation of routes to synthesize anionic MOFs via pre-synthetic and

post-synthetic methods.

The routes for constructing anionic MOFs are challenging since they are mostly accidental. However, few
organic solvents like N, N-dimethylacetamide (DMA), N, N diethyl formamide (DEF), N, N-
dimethylformamide (DMF) etc. can undergo hydrolysis and subsequent decarbonylation in
solvothermal conditions to generate [NH2Et2]* or [NH2Me;]" cations, yielding in the formation of

anionic frameworks (Figure 1.5).3%%
1.1.2.2b.2 Cationic MOFs:

Likewise, cationic MOFs are primarily consisting of a positively charged framework backbone with extra
uncoordinated anions to neutralize the overall framework charge. The counter anions typically remain free
inside the porous channels of the framework or can coordinate to the mental centre via weak electrostatic
interactions. In recent years, cationic MOFs have exhibited extraordinary potential toward applications like
sensing, environmental pollutant capture, catalysis etc. Owing to its’ several advantages such as pre-
functionalized cationic framework backbone, uncoordinated polar functional anions inside the pores etc.,
cationic MOFs are regarded as the next generation anion exchange material for various environmental

applications.?’
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Figure 1.6 Schematic representation of routes to synthesize cationic MOFs via pre-synthetic and

post-synthetic methods.

Despite of such huge potential, exploration of cationic MOFs in the domain of industrial separation and

aquatic remediation is at very nascent phase which is the prime object of this thesis work.
1.1.2.2b.3 Design and Fabrication of Functional Cationic MOFs:

Cationic MOFs can be synthesized either by pre-synthetic approach or by post-synthetic modifications of
a secondary functionality in a neutral framework. 3%4¢ The rational synthetic strategies of cationic MOFs
are summarized in Figure 1.6. The main design strategy of cationic MOFs is based on pre-synthetic ligand
designing in which neutral N-heterocyclic donor moiety linked ligands are mainly utilized. Representative
examples of such N-donor ligands are presented in Figure 1.7. In this regard, five-member terminal
donating groups such as imidazole, triazole, pyrazole etc. are preferred owing to smaller size and

1.7



| Chapter 1

-_ = —N
N i i & “/\\j\ NQ
N

AN

N
| = Z 0 ]l 0 i\\
=N

=z

. | = 0 N 0

N S | | !
e *

7 (N {/ C’ -

HN—N N— N

Z

Figure 1.7 Schematic representation of list of organic ligands to be used for synthesis of ionic MOFs.

stronger binding ability over the six membered heterocycles such as pyridine, pyrazine etc. The vicinity of
the coordination sphere of the central metal will be strengthen by using such lesser bulky 5-membered N-
heterocyclic moieties which can result into a higher density of the ligand moieties around the central
metal centers, enabling hexa-coordination to the metal nodes and shielding from the influence of
external species. Further, the coordination number of the particular metal ion gets satisfied by solely
the functional ligands and the metal center gets covered by the high number of 5-membered rings,
which acts as shield here from water molecules, imparting hydrolytic stability in the MOF. Another
approach to synthesize cationic MOFs via pre-synthetic approach is to utilize cationic imidazolium
moieties in the ligand backbone. Such ligands comprise of positively charged nitrogen atom which

intrinsically impart cationic nature to the framework.
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Moreover, Carboxylic acid-based ligands are also employed to synthesize cationic MOF via pre-
functionalization approach. In this method, the carboxylic acid ligands having nitrogen heteroatom (e.g.
pyridine moiety) appended can be reacted with alkyl halide (R-X) moieties via nucleophilic substitution
which yield in N-R*X™ moiety, having the halide (X”) anions uncoordinated inside the pores. On the other
hand, postsynthetic modification (PSM) of neutral MOFs is another effective technique of synthesize
cationic MOFs. For example, PSM-based approach can be employed for oxidation of metal centres such as
Fe?* to convert into oxidised metal centre Fe®*, which will result in a requirement of extra negative charge
to balance the overall framework's charge. Oxidation of such MOFs can result in generation of cationic

frameworks containing extra-framework anions to balance overall charge.
1.1.2.2b.4 Advantages of Cationic MOFs:

Cationic MOFs have shown enormous promise to become the frontrunner as the next generation cationic/
anion-exchange materials owing to its’ several supreme features including tunable architecture, bimodal
functionalization in terms of both framework backbone and uncoordinated functional anions, surface
functionalization, ease in ion-exchange processes and so on. Strategic functionalization of cationic MOFs
has resulted in the emergence of critical features such as physicochemical stability and tunable pore
size both of which are required for the development of advanced ionic materials. In addition, cationic MOFs
can be tuned both in terms of framework building units and appended functionality for their applicability
for selective anion exchange and enhancing the overall interactions of guest anions with the framework.
Particularly, the tunability of the uncoordinated anions as the extra-framework functionality has proven to
be game changer in various applications such as environmental pollutant sensing and capture, catalysis,
optoelectronic based applications etc. These anions can be varied depending upon the demand of the
application and offer a wide range of library of functional anions such as: NOs~, ClO4~, CI, Br~, BF4~, SO4,
SiFe™ etc. Apart from these inorganic anions, organic moieties with carboxylic acid (-COOH), sulfonic acid
(-SOsH) or phosphonic acid (-POzH) groups can also serve as the extra framework anion to balance the
overall charge of the cationic framework. The additional advantage of these uncoordinated anions is the
pore size of the cationic framework can also be tuned by varying these anions. Hence, the cationic
framework nanospace can be functionalized as well as tuned by these functional anions for target specific
applications. Moreover, in case of ion-exchange based applications, cationic MOFs enable to exchange the
targeted guest anions via ion-exchange process which ensures no leaching of the incoming anions. Thus,

cationic MOFs can impart selectivity with high efficiency in ion-exchange based applications.
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Figure 1.8 Schematic representation illustrating the diverse potential applications of MOFs.

&

20
) Conduction

1.2 Applications of ionic MOFs:

Thanks to the numerous structural and characteristic advantages of MOFs, they have proven suitable toward

tackling of several real-world applications (Figure 1.8), such as, sensing of environmentally toxic species,

gas separation and storage, industrially relevant light hydrocarbon separation, fuel cell applications, ion

conduction, removal of toxic and hazardous waste, heterogeneous catalysis, magnetism etc.*’-*® The insight
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of structure-property correlation has a huge impact in rapid progress of MOFs toward these emerging
applications. Furthermore, the functional networks can be tuned to meet the needs of any target-specific
applications. On account of such huge potential, advancement of the MOFs continues as an eminent
crystalline porous material which, in the next few years, will strive significant attention in terms of real-
time applicability. In this current thesis, we focus on design, synthesis and functional studies of neutral N-
donor ligand based cationic MOFs toward exclusively selective separation of industrially relevant light

hydrocarbons and remediation of toxic aquatic pollutants, which are discussed herein:
1.3 Light hydrocarbon separation:

Energetically efficient as well as cost-effective separation and purification of light hydrocarbons are of the
most fundamental challenges in petrochemical industries globally.>%4 Every year, millions of tons of C2
light hydrocarbons are generated from petroleum, coal, and natural gas via an interconnected network
of chemical processes and purification methods. Light hydrocarbons like acetylene (CzH,) and ethylene
(C2H.) have been regarded as the key components of various commaodity chemicals, such as fibers, plastics,
rubber, acrylic acid derivatives, vinyl compounds, ethynyl alcohols and so on. Among them, acetylene is
one of the most crucial raw chemicals in electronic as well as petrochemical industries.®>%” However,
industrial production of C;H; inevitably yield some impurities such as CO2, C;H4, CH4 etc. which are very

difficult to separate due to their almost similar physical properties and can degrade the purity of C;H;

mmﬁﬁ

Adsorbate molecules o, C,H, C,H, C,H,
Boiling point (K) 194.7 188.4 169.4 184.5
Quadrupole moment
4.3 3.0 1.5 0.65
(x 1026 e.s.u. cm?)

Polarisability 44 .3-

29.1 33.3-39.3 42.5
(x 102> cm?3) 44.7
Kinetic diameter (A) 3.3 3.3 4.16 4.44

Figure 1.9 Schematic representation illustrating selective light hydrocarbon separation by cationic MOFs.

1.11



| Chapter 1

&)

- -/

Selective Light
Hydrocarbon

[ )
C!!j Separation

Figure 1.10 Schematic representation illustrating selective light hydrocarbon separation by cationic MOFs.

significantly (Figure 1.9). Thus, C2H. purification is crucial from two distinct aspects: selective separation
of trace amount of CoH2 from its C2H4/CO2/CH4 mixtures and elimination of any other contaminants to
produce ultra pure C,H,.8" Traditional separation and purification techniques for CoH, involve cryogenic
distillation, solvent extraction, chemical reactions etc. which possess several drawbacks. Solvent absorption
methods typically involve higher energy consumption and low selectivities in the regeneration process.
Moreover, with the usage of volatile organic solvents, these methods induce environmental pollution and
rapid degradation. Similarly, cryogenic distillation bears a huge energy-expensive footprint and a high-
energy penalty owing to the similar physiochemical properties (e.g. boiling points) of C.H,, CO,, C;Ha etc.
Hence, significant challenges still remain in the development of sustainable, effective and energy-efficient
techniques for separation and purification of C,H,."*™ On the other hand, C,Hs is primarily
generated from steam cracking of naphtha and ethane (C:Hs) along with hydrogenation of C;H..
Typically, C2H. is the major product during C2Hs production, and hence C,H./C;Hs separation is required
to remove unwanted C.Hs from the mixture of incomplete conversion. A highly complex and energy-
intensive process is involved for production and purification of CoH, from its” naphtha creaking by-products
such as propylene and other C2—C6 olefins. Moreover, similar physiochemical properties of these light
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hydrocarbons such as molecular sizes and shapes, boiling points etc. make these separation processes highly
challenging and energy-expensive, which necessitate alternative separation methods with lesser energy-
footprints and higher efficiency. For example, the most traditionally utilized method, cryogenic distillation,
is highly energy-demanding as it requires operational pressures of 7—28 bar along with the temperatures of
183-258 K combined with high reflux ratios (e.g. 2.5-4 for C,H4/C;Hg) and high tray numbers (>100) to
achieve the purity of polymer-grade C,Ha. Given the massive market for light hydrocarbons, even minor
betterments in separation performance will make a substantial impact both in terms of reducing the

operating costs and lowering the carbon footprint.’s-8*

In this regard, adsorption driven separation processes offer enormous promise as viable alternatives which
can facilitate a transition from conventional cryogenic distillation technologies to energy-efficient light
hydrocarbons purification. This process affords both hydrocarbon purification as well as separation via
adsorbing either the trace or major component, respectively. Typically, the conventional porous materials
like activated carbon or zeolites fail to perform efficiently both in terms of selectivity and efficacy. Under
this backdrop, ultramicroporous MOFs in particular have shown tremendous potential toward these highly
challenging separations. Such materials offer unique advantages such as: (1) designability: enabling the
prospective design of the target compound with enhanced structural predictability which subsequently yield
in control over the structures-property correlation; (2) tunability: the porous void can be delicately tuned
by the appropriate choice of metal cations and organic ligands; (3) ease of functionalization: various
functional moieties can be conveniently incorporated inside the pore of MOFs to enable specific
interactions with the incoming gas molecules, enhancing their separation capabilities (Figure 1.10).85%
Hitherto, most of the studies of MOFs based gas separations are primarily focused on the methods to tune
the framework functionalities and pore dimensions to improve the separation performance toward a targeted
sorbent molecule. Although, till date several MOFs have been utilized towards such separation, but the
domain of ionic MOFs still remains rarely explored in this regard. Particularly, cationic MOFs are very
well suited for selective sorption and separation of such light hydrocarbons owing to their pre-
functionalized ionic framework backbone along with contribution of the functional counter anions in
preferential interaction with the incoming gas molecules. Tunability in building block functionality as well
as uncoordinated anions renders huge opportunities to design and synthesis of novel functional cationic
MOFs with optimum pore-aperture and appropriate functionalities to address this challenging industrial

issue of light hydrocarbon separation.
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1.4 Toxic aquatic pollutants remediation:

Water is the essential resource to all living beings and according to the united nations (UN), the water
consumption is estimated to increase by 20-55% by 2050.6° In this regard, water pollution has become
the most serious environmental crisis globally in the twenty-first century, causing the massive deterioration
to the marine ecosystem as well as human beings.®1% The escalating impact of rapidly expanding
industrialization and urban sectors throughout the globe is the primary cause of water contamination.
Consequently, dumping of waste water from various industries as well as radioactive waste from nuclear
power plants are among the prime contributors toward water pollution.*-1%2 |n addition, the major chemical
water contaminants include both organic and inorganic pollutants (Figure 1.11).2%%197 The organic
contaminants include antibiotics, pesticides, herbicides, pharmaceuticals, toxic dyes etc. On the other hand,

Chemical Water Pollutants

Organic Pollutants Inorganic Pollutants
* Dyes * Heavy metals

* Pharmaceutical products « Oxo-anions

+ Oils + Radioactive waste

» Pesticides/ Herbicides
* Personal care products

Figure 1.11 Schematic representation illustrating classification of the chemical water pollution.

inorganic contaminants can be classified into two, (1) cationic pollutants and (2) anionic pollutants. The
cationic inorganic pollutants include toxic heavy-metal ions comprising of lead (Pb?"), mercury (Hg?"),
cadmium (Cd?*) along with several ionic radionuclides such as uranium (UO2%*), cesium (Cs*), strontium
(Sr?*) cations. The anionic counterpart consists of heavy-metal oxo-anions such as CrO4%, Cr,07*, AsO.*,
SeOs%, Se04? along with different radioactive anions, e.g. pertechnetate (**TcO4 ). Many of these pollutants

feature in the “Priority pollutant list” by environmental protection agency (U.S.). All these toxic and

1.14



| Chapter 1

hazardous pollutants possess extreme threat to ecological symbiosis and thus, safe disposal of such
contaminants is of paramount scientific as well as industrial interest. On account of this, selective sensing
and sequestration of the toxic aquatic pollutants has been regarded as the primary steps toward complete
remediation of the pollutants. In this context, the protype material should possess few key features such as
hydrolytic stability for a long period of time for enhanced efficiency. Another important factor is simple,
rapid and precise response toward the targeted pollutants. Among the state-of-the art sensory techniques,
the photoluminescence method-based signal transduction in MOFs has attracted huge scientific attention
because of its several advantages such as: (i) quick response time, (ii) High sensitivity and selectivity (iii)
Heterogeneous phase (ii) very low limit of detection range etc.1981* Apart from sensing, effective removal
and degradation of aquatic pollutants from the natural water bodies is regarded as a viable solution toward
remediation of these toxic pollutants. Such demand necessitates development of new functional materials
which offer some key features like stability, kinetics, uptake capacity etc. for its real-time applicability. In
this regard, ionic MOFs have shown tremendous promise owing to their unique shape-memory effect as
well as shape-template effect which can be introduce easily in such systems by judicious choice of

cationic/anionic components.**?1* Thus introduced features distinctly enhances the interactions between

lonic MOFs for Polluted Water Treatment

» F
l o
unn 4 B Polluted water

»b .

Figure 1.12 Schematic representation illustrating remediation of toxic and hazardous water pollutants by MOFs.
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the ionic framework backbone and incoming toxic pollutants thereby improving selectivity (Figure 1.12).
Moreover, ionic MOFs enable the mode of sequestration via ion-exchange which plays very crucial role in
removal kinetics and selectivity toward the pollutants. In the field of MOFs, several neutral MOFs (NU-
1000, UiO-66 etc.) with different functionalities such as zirconium clusters as building units have been
utilized for removal of these aquatic pollutants, specially the heavy-metal based oxo-anions.'* However,
ionic MOFs, particularly the cationic MOFs are very rarely explored toward the capture of oxo-anions with
lower charge density.!'® Hence, in order to fast-track the development and explore the huge potential of
ionic MOFs, our effort have been devoted toward selective sequestration of the toxic oxo-anions via
cationic MOFs.

1.5 Thesis Overview:

Herein, the work accomplished in this thesis has focused on the design and synthesis of neutral N-donor
based cationic MOFs for energy and environmental applications. Although cationic MOFs are recently
getting attention in various application fields, but they have rarely been explored toward efficient light
hydrocarbon separation and selection remediation of toxic aquatic pollutants. The entire thesis divided in
two parts and each part further consists of two chapters each. In part-I, efficient separation of industrially
relevant light hydrocarbons by several functional cationic MOFs were described in details, while in part-11
selective sensing and capture of toxic aquatic pollutants by novel water stable cationic MOFs have been

addressed and described in details.

In the second chapter (Chapter 2), a series of novel iso-structural cationic MOFs were synthesized by
varying the uncoordinated inorganic anions (ClO4 , BFs, NO3 ) inside the pore. Further, all these MOFs
were found to show excellent adsorptive separation of industrially relevant light hydrocarbons (C2H., COg,
C2Ha, CHa). This work demonstrates the first example of a cationic MOF series delivering such challenging
and efficient hydrocarbon separation even in dynamic conditions. The knowledge acquired regarding the
technicalities and real-time applicability of cationic MOFs was then further applied to prepare a series of
novel water-stable, cationic MOF with different functional organic anions inside the MOFs (Chapter 3).
Further, the MOFs showed excellent selective separation of C,H from its industrial impurity CO- in an
efficient manner. Interestingly, one of these MOFs (iMOF-8C) showed very rare temperature dependent
adsorptive gate opening behavior towards C;H,. This work marks the first example of a cationic MOF
exhibiting such stepped isotherms towards C,H., resulting in a huge separation performance between
C2H./CO:..

We further continued our effort to develop and explore water stable cationic MOFs toward selective

recognition and sequestration of toxic environmental pollutants, which can serve as the next generation
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alternative to tackle environmental pollution. On account of that, in the fourth chapter (Chapter 4) a novel
Zn(11) based water stable cationic MOF was synthesized and employed toward selective detection of several
heavy metal based toxic oxo-anions (CrO4*", Cr.0,*",HAsO4*", and HAsOs*"). The compound was found
to exhibit a very rare dual turn off/on fluorescence response toward these oxo-anions. It showed a rapid
quenching behavior with excellent limit of detection values toward chromium based oxo-anions CrO*",
Cr,0%". On the other hand, it showed fluorescence enhancement toward arsenic based oxo-anions HAsO4*",
and HAsO3?". Further in the fifth chapter (Chapter 5), we focused on to integrate robustness and chemical
stability to cationic MOFs to be suited for real-world problems. Along this line, we have synthesized a
Ni(Il) based robust, water stable cationic MOF with hydrophobic pore surface. The central metal node was
strategically protected by hydrophobic shielding which yielded in high chemical stability of the material.
Further, the material showed excellent removal of toxic CrO4* anions both in terms of kinetics and
saturation uptake capacity and showed selective removal of CrO4> anions even in presence of competing
anions such as NOs , CI7, NOs~ etc. Environmental pollution due to radioactive waste, particularly by
another oxo-anion, TcO4™ ion, has been a huge concern because of the abundance of its radioactive isotope
technetium (**Tc). Due to its safety handling issue in common laboratory, the capture of TcO4™ anions were
carried out by using its surrogating anion ReQ4, in which the material registers a very high saturation
uptake capacity value. In addition, the material showed excellent recyclability toward both the oxo-anions,
showing its potential as a real-time applicable material.
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With the rapid growth in industrialization across the globe during last few decades, hydrocarbon-based
compounds evolved as the most vital chemicals and energy resources, with a huge demand and wide
utilization even in our daily life.! For example, acetylene (CzH-) is widely exploited as key commodity
and important raw material for industrial production of several important chemicals and as a fuel. Olefins
such as ethylene, propylene, butadiene etc. are essential commodity chemicals for industrial manufacture
of different polymers, e.g., polyethylene, polyvinyl chloride, polypropylene, polystyrene, polyester etc. as
well as other organic chemicals.? The global annual production of these light hydrocarbons are estimated
as more than 200 million tons with a gigantic market valuation of $254.6 billion in 2016, which is
expected to touch $475.8 billion by 2023.® Separation of such hydrocarbon mixtures into their pure single
components is a vital process as they are further employed to manufacture high-quality gasoline,
polymers, plastics in the petrochemical industry. Generally, during the industrial production, all these
hydrocarbons contain a significant amount of impurities, resulting in lower-purity crude material for
further processes. The similar physiochemical properties (size, boiling points, kinetic diameters etc.) and
reactivity typically render a great difficulty in separation of these hydrocarbon mixtures (Figure 1).*
Current separation and purification methods in the petrochemical industry mainly relies upon cryogenic
distillation-based separation, chemisorption and solvent extraction, fractional distillation etc. which are
highly capital and energy-intensive process (~ 230 gigawatts of energy consumption per day globally).*
The energy footprint of such separation and purification processes accounting for ca. 40% of overall
industrial energy consumption 15% of total global energy consumption.>® Hence, developing alternative
separation methods which can reduce the energy costs significantly is extremely enticing. In this regard,
Metal-organic frameworks (MOFs) or porous coordination polymers (PCPs) have attracted tremendous
attention owing to its’ advantages like high surface area, tunable porosity and pore surface, structure
property correlation etc. Particularly, cationic MOFs, being a significant subclass of ionic MOFs, have
shown tremendous potential in the field of sensing, catalysis, pollutant capture etc. Although recent years
have witnessed the emergence of functional MOFs as physisorbent materials for separation of

various gases and light hydrocarbons, but ionic MOFs are yet to be explored in this domain.

This section consists of two chapters i.e. chapter 2 and chapter 3. In chapter 2, an iso-structural series of
cationic MOFs with different functional anions (CIO, , BF, and NOs ) inside the porous channels as
extra-framework functionality was utilized for selective separation of light hydrocarbon for the first time
in the domain of ionic MOFs. While in chapter 3, two water stable cationic MOFs with =-electron rich
bulky organic sulfonic acid anions have been employed toward selective C,H. sorption and separation.
Both the chapters primarily focus on designing and functionalization of cationic MOFs as

ultramicroporous sorbent material for selective light hydrocarbon separation.
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2.1 Introduction

Under the backdrop of the current industrial energy consumption accounting for ca. 15% of the global
energy landscape, and the fact that ca. 40% of this industrial energy is used just for commodity
separations and purifications imply the high societal need to lower the energy footprint of purifications.™
Besides, the demand for commodities is estimated to be tripled by 2050.%! This underscores the need to
replace the existing energy-intensive purification technologies that majorly suffer from high energy
footprint. These include state-of-the-art methods: chemisorption, solvent extraction, azeotropic and/or
fractional and/or cryogenic distillation, and therefore need to be replaced with energy-efficient
alternatives such as recyclable/regenerable physisorption.!

Separation and purification of light hydrocarbons in an energy-efficient manner is of fundamental
relevance to petrochemical industries.*® Typically, light hydrocarbons such as acetylene (C,H.) and
ethylene (CzH.) are utilized to produce several commodity chemicals, such as plastics, fibres, rubber,
vinyl compounds, acrylic acid derivatives, a-ethynyl alcohols, among others.[5” Industrial production of
C2H> continue to rely upon energy-intensive state-of-the-art, including methane (CH.) combustion and/or
steam cracking of naphtha. Exacerbating the energy footprint and producing waste, these processes often
co-produce other C»-C; gases such as CHa4, C2H4 and carbon dioxide (CO.).[®! Even when present in trace
concentrations, C;H, is a catalytic poison in C,H, polymerization, therefore its presence blocks the
desired C,H4 flow, inadvertently leading to explosions. Flammability of C,H,, with the widest range
among flammables, 2.5-81 %, compounds this problem.[®! In this context, it is rather unsurprising to
notice the recent upsurge in research interest to develop porous physisorbents for energy-efficient C,H>
capture driven adsorptive separation from mixtures of industrial relevance, including but not limited to
C2H2/CO,, CoHa/CoHa, CoH2/CH4.Y Despite recent advances, the oft-encountered handicaps to achieve
such small molecule separations primarily stems from their close physicochemical properties, such as
similar kinetic diameters and boiling/melting points. Y In this context, porous framework solids, metal-
organic frameworks (MOFs) have recently emerged with benchmark early performance indicators for
C2H, separation.*? Nevertheless, combining multiple binary selectivities to achieve C,H, separation from
more than one gas mixtures is a task yet unaddressed by MOFs, despite the high efficiency entailed.
Considering C,H2/CO>, CoH2/CoH., C:H2/CH4 mixtures, hereinafter denoted as C2-C1 separations, MOFs
have established several new benchmarks in the past few years.'®! Thanks to their compositional

modularity i.e. amenability to crystal engineering principles, controlled pore environments could elicit
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Selective C;H,
Adsorption

Figure 2.1. Schematic representation of the design principle leading to iMOF-nC series; design of the
cationic pore environment enables C,H; selectivity over other C2-C1 gases. (colour codes: grey or gold —
C, White — H, red — O).

just the right pore sizes, electrostatics and diffusion barriers, reflected in their optimal sorption
thermodynamics and kinetics for these gas sorbates.[** %1 Recently, ionic metal-organic frameworks
(iMOFs) have emerged as promising lead candidates in several applications.[*l Cationic MOFs, a
subclass of ionic MOFs integrating dual features viz. cationic backbone and free counter anions have
delivered record-high performances in the fields of water pollutant capture, heterogeneous catalysis,
molecular recognition and sensing.*” 81 Here we envision that upon systematic fine-tuning of the
uncoordinated anions alongside the use of a pre-functionalized organic ligand can facilitate selective
MOF-C;H: interactions, despite leveraging simple and one of the most abundant network topologies,
square lattice (sql). Whereas organic ligands functionalized with polar substituents, such as —F, —ClI,
—OH, —NH_, —CO;H are known to promote C,H; specific interactions by inducing additional electronic
polarization on the MOF pore surfaces, modulation of pore environments to maximize C;H> selectivity

guided binary C2/C1 separations is an approach we introduce herein.

Despite some recent reports demonstrating the utility of cationic MOFs as adsorbents, these simple,
modular porous solids remain underexplored to an extent that our literature survey could only find one
prototypical cationic MOF (ZJU-48a; [ZnsO(EDDA)4(ad)..(HEDDA),.6DMF.27H,0]; H.EDDA = (E)-
4,4'-(ethene-1,2-diyl)dibenzoic acid; ad = adenine) to exhibit adsorption selectivity among the C2/C1

light hydrocarbons.® %! Considering these aspects, herein we introduce a new cationic isoreticular family
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ClOs BFy
5

Figure 2.2. (a) Schematic representation of the synthetic protocol leading to isoreticular iMOF-nC series,
by varying the uncoordinated anions within its pores; (b, ¢) Perspective view of iMOF- 5C showing its bi-
porous nature with two types of ultramicroporous channels sustaining the framework (colour codes: grey
—C, blue — N, red — O, cyan — Cu)..

of three two-dimensional (2D) ultramicroporous (< 7 A) MOFs, namely iMOF-nC. Crafted with a
flexible, pre-functionalized neutral N-donor linker L, N,N'-bicyclo[2.2.2]oct-7-ene-2,3,5,6-
tetracarboxdiimidebi(1,2,4-triazole), the iMOF-nC series contains three different uncoordinated counter
anions (ClO4~, BF4, NO3") inside the porous channels to afford iMOF-5C, iIMOF-6C and iMOF-7C,
respectively. Strategic choice of the electronically polarized dianhydride core-based ligand (L) equipped
with additional functionalities, such as carbonyl oxygen atoms, coordinated N,N-dimethyl formamide
(DMF) molecule, unsaturated m-electron cloud and free N-termini of the triazole groups, appear
promising as a C.H. selective supramolecular scaffold, leading us to examine them thoroughly as

adsorbents (Scheme 1).
2.2 Experimental
2.2.1 Materials and measurements.

All solvents and reagents were commercially available and used without any purification.

2.3



| Chapter 2

2.2.2 Synthesis

Synthesis of Ligand N,N’-bicyclo[2.2.2]oct-7-ene-2,3,5,6-tetracarboxdiimide bi(1,2,4-triazole), L. A
previously reported protocol was followed to synthesize the ligand (L).’ A mixture of BTD
(bicyclo[2.2.2]oct-7-ene-2,3,5,6-tetracarboxylic dianhydride) (5 g, 20 mmol) and 4-amino-1,2,4-triazole
(5.04 g., 60 mmol) were dissolved in 75 mL acetic acid. The mixture was heated to reflux at 120 °C for

72 h under N2 atmosphere. Upon cooling to room temperature, the reaction mixture was centrifuged,

filtered, and washed thrice with N,N-dimethylformamide (DMF), water and ether to remove the excess
acetic acid from the final crude product. After vacuum-drying the solid residue for a few hours, white

powder form of ligand L was obtained.

Synthesis of IMOF-5C. iIMOF-5C was synthesised by slow diffusion based crystallization. 1 mL DMF
solution of the ligand L (0.05 mmol, 19 mg) was poured into a cylindrical glass tube. On top of this ligand
solution layer, 1 mL benzene was added as a layer. This was followed by adding another layer of 1 mL
methanolic solution of Cu(ClO4)2.6H,0 (0.05 mmol, 18.57 mg). The triple layered diffusion system was
kept isolated without any disturbance. Deep blue coloured crystals were obtained after 15 days. iMOF-5C
crystals were collected by filtration, washed with DMF and methanol for several times. Single crystals of
iMOF-5C were obtained in ~ 45% yield (based on Cu(ll) content). Followed by CHsCN exchange,
activation was conducted under high vacuum at 60 °C to obtain the guest free phase iMOF-5C. Highly
disordered free ClO4 anion and guest molecules inside iMOF-5C were not located by low temperature
single crystal X-ray diffraction; PLATON SQUEEZE analysis and thermogravimetric analysis leads us to
determine the molecular formula of iIMOF-5C as {[CuL2(DMF);](ClO4)..xG}» (G = disordered guest

molecules).

Synthesis of iIMOF-6C. iIMOF-6C was synthesised by slow diffusion based crystallization. 1 mL DMF
solution of the ligand L (0.05 mmol, 19 mg) was poured into a cylindrical glass tube. On top of this ligand
solution layer, 1 mL benzene was added as a layer. This was followed by adding another layer of 1 mL
methanolic solution of Cu(BF4)2.xH20 (0.05 mmol, 11.9 mg). The triple layered diffusion system was
kept isolated without any disturbance. Rod shaped blue coloured crystals were obtained after 15 days.
iMOF-6C crystals were collected by filtration, washed with DMF and methanol for several times. Single
crystals of iIMOF-6C were obtained in ~ 45% vyield (based on Cu(ll) content). Followed by CHsCN

exchange, activation was conducted under high vacuum at 60 °C to obtain the guest free phase iMOF-6C.
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Highly disordered free BF4 anion and guest molecules inside iIMOF-6C were not located by low
temperature single crystal X-ray diffraction; PLATON SQUEEZE analysis and thermogravimetric
analysis leads us to determine the molecular formula of IMOF-5C as {[CuL2(DMF);](BF4)2.xG} (G =

disordered guest molecules).

Synthesis of iIMOF-7C. Similarly, iIMOF-7C was synthesised by slow diffusion based crystallization. 1
mL DMF solution of the ligand L (0.05 mmol, 19 mg) was poured into a cylindrical glass tube. On top of
this ligand solution layer, 1 mL benzene was added as a layer. This was followed by adding another layer
of 1 mL methanolic solution of Cu(NOs)..3H.O (0.05 mmol, 12.2 mg). The triple layered diffusion
system was kept isolated without any disturbance. Deep blue coloured crystals were obtained after 15
days. iMOF-7C crystals were collected by filtration, washed with DMF and methanol for several times.
Single crystals of iIMOF-7C were obtained in ~ 45% yield (based on Cu(ll) content). Followed by
CHsCN exchange, activation was conducted under high vacuum at 60 °C to obtain the guest free phase
iMOF-7C. Unfortunately, despite of several attempts, we were unable to solve the structure of iMOF-7C
framework crystallographically. Furthermore, comparison between the as-synthesized powder X-ray
diffraction (PXRD) patterns of iMOF-6C and iMOF-7C revealed their isostructural nature (Appendix
2.15).

2.2.3 Physical Measurements.

PXRD patterns were recorded on a Bruker D8 Advanced X-Ray diffractometer using Cu K[ radiation
(A= 1.5406 A) in a 20 range 5° to 40°, with a scan speed of 0.6° min'. All infra-red (IR) spectra were
recorded using a NICOLET 6700 FT-IR spectrophotometer, using KBr pellets in the range of 400— 4000
cm™. Thermogravimetric analysis (TGA) traces were recorded on a Perkin-Elmer STA 6000 TGA
analyser under N, atmosphere, with a heating rate of 10° C min. Field emission scanning electron
microscopy (FESEM) images were captured using a FEI Quanta 3D dual beam ESEM at 30 kV.
Ultraviolet (UV) spectra were acquired on a Shimadzu UV 2600 Spectrophotometer.

2.2.4 X-ray structural studies.

Single-crystal X-ray data of iIMOF-nC were collected at 150 K on a Bruker D8 Venture Duo X-ray
diffractometer equipped with Microfocus X-ray source (operated at 50 W; 50 kV/1 mA), graded
multilayer optics for monochromatic Mo Ko radiation (A = 0.71073 A) focused X-ray beam and Photon

100 CMOS chip-based detector system. Crystal was on nylon CryoLoops (Hampton Research) with
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Paraton-N (Hampton Research). The data integration and reduction were processed with SAINT software.
(211 A multi-scan absorption correction was applied to the collected reflections. The structure was solved
by the direct method using SHELXTL 22 and was refined on F? by full matrix least-squares technique
using the SHELXL-971®! program package within the WINGX 4 program. All non-hydrogen atoms
were refined anisotropically. All hydrogen atoms were located in successive difference Fourier maps, and
they were treated as riding atoms using SHELXL default parameters. The structures were examined using
the Adsym subroutine of PLATON 2° to ensure that no additional symmetry could be applied to the
models. Guest molecules in iIMOF-5C and iMOF-6C are highly disordered and could not be modelled
properly, so the diffused electron densities resulting from them were masked by the Olex2 programme
261 similar to the SQUEEZE/PLATON 71 and the results were appended in the CIF files. The SQUEEZE
option was used to eliminate the contribution of disordered guest molecules. Crystallographic data for
iMOF-5C and iMOF-6C: CCDC 2058422 and 2058428 contains the supplementary crystallographic data
for this paper (Tables S7 and S8).

2.2.5 Gas sorption measurements.

N2 adsorption—desorption isotherms from 0 to 1 bar at 77 K with liquid nitrogen were measured by a
Micrometrics ASAP 2460 volumetric gas adsorption analyzer. The measurements of gas adsorption of
hydrocarbons from 273 to 313 K precisely controlled through a LAUDR RP890 recirculating control
system with absolute ethyl alcohol were carried out by a Micrometrics ASAP 2020M volumetric gas

adsorption analyzer.
2.2.6 Calculation of BET surface areas.

We determined BET surface areas from CO; adsorption isotherms at 195 K according to the following
procedures(?82°:;

1) A section of the adsorption isotherm branch was selected where v (1 —PE) increases versus (Pi),
0 0

where v is the amount of CO, adsorbed.

R _ . o . (o)
2) Within this section, sequential data points that led to a positive intercept in the plot of (1 "P)
(12

Pg

] against

(P/Py), were identified. This plot results in a slope a, and a positive intercept b. The amount of CO;

adsorbed in the initial monolayer is v,,, = -
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3) The BET surface area was determined based on the following equation:

1(mol)

3,-1
= X ——
Apgr = vy (cm°g™") 22400(cm?)

x 0y (A2) x Ny(mol™) x 10 ()

Where Na is Avogadro’s constant (6.023x10%2 mol™) and oy is the cross-sectional area of a CO, molecule,
which is 17.0 A2, 129

2.2.7 Qq Calculation for iMOF-nC (n =5, 6, 7).

A virial-type expression of the below form was used to fit the combined 273 and 298 K isotherm data of
C;H; for iMOF-nC compounds (n = 5, 6 and 7 corresponding to ClO4~, BF4~ and NO3™), where P is the
pressure described in Pa, N is the adsorbed amount in mmol g, T is the temperature in K, a; and b; are
virial coefficients, and m and n are the number of coefficients used to describe the isotherms. Qs is the
coverage-dependent enthalpy of adsorption and R is the universal gas constant. All fitting was performed
using Origin Pro 2016. BY Fitting parameters thus obtained for the three iIMOF-nC adsorbents can be
found in Appendix 2.49-S51.

m n
n
InP =InN + ZaiNi + Z (k) b;N;
i=0 i=0

Qst was calculated from the virial model using the equation below.

m
—Qst = —RZ a;N;
i=0

2.2.8 Adsorption selectivity from IAST.

The selectivities for the adsorbate mixture composition of interest were calculated from the single-
component adsorption isotherms using Ideal Adsorbed Solution Theory (IAST), using a modified version
of the program pylAST. B2 First, the single-component isotherms for the gas sorbates at 298 K were fitted

to the dual-site Langmuir-Freundlich (DSLF) equation. &I

n(P) = q1(k P)™ q2 (ko P)™2
1+ (a Py 1+ (kP

In this equation, g; is the amount adsorbed per unit mass of material (in cm®g™), P is the total pressure (in

bar) of the bulk gas at equilibrium with the adsorbed phase, g, and g, are the saturation uptakes (in cm® g
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1 for sites 1 and 2 respectively, k, and k, are the affinity coefficients (in bar™) for sites 1 and 2
respectively, and n; and n2?! represent the deviations from the ideal homogeneous surface (unit-less) for
sites 1 and 2 respectively. Selectivity for adsorbate i relative to adsorbate j was calculated using the

following equation.

/)
Si/_ = $7
J ( l/yj)

Here, x; and x; are the mole fractions of components i and j, respectively, in the adsorbed phase, and y;
and y; are the mole fractions of components i and j, respectively, in the gas phase. DSLF fitting plots thus

obtained for the three iIMOF-nC sorbents can be found in the parameters included in (§52-S54).
2.2.9 Breakthrough Curve Simulation Details.
Mathematical Modelling.

Considering a fixed bed adsorption column of length L filled with iIMOF-nC (n = 5, 6 and 7
corresponding to ClO4~, BF4s~ and NOj3"), following assumptions were made to develop a mathematical
model B*371 that could be solved using proper numerical methods to calculate the concentration of gasses

at different elapsed times along the bed.

Bed length
o 00 o0
®0g000® o
Inlet mixture [ > ...... . . ' . —> Product
00% 0 0 ¢

adsorbent € = Bed voidage

Figure 2.3. Schematic diagram of a fixed adsorption bed
The following assumptions were made:
- The dynamic behaviour of the fluid obeys an axially dispersed plug flow model.

- The gradient of the concentration along the radial and angular directions were neglected.
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- The flow velocity is varied along the bed and it is calculated from the total mass balance

equation.
- The gas property is described by the Peng-Robinson equation of state.

- Adsorption kinetics into the particles are assumed to obey instant adsorption model (equilibrium

model), where adsorbates are adsorbed instantly with no resistance.
- The pressure drop is considered along the bed using the Ergun equation.
- The adsorption columns operate under isothermal conditions.

- Mixed gas isotherms are calculated by Extended Single-Site Langmuir Freundlich (SSLF)
method. (81

Based on the preceding assumptions, the component and overall mass balances in the bulk phase of the

adsorption column are written as follow:

aCl’ a(uCl) aZCi
ot - oz T Panigz

Nne
oC _ 9(ul) 0q;
€= "5, —(1—€)PSZ(E)

aq;
-(1—¢)ps B

Where Ci and q; are, respectively, concentration of components in the gas phase and in the adsorbed
phase, z is the axial coordinate in the bed, Da is the effective axial dispersion coefficient, u is the
superficial gas velocity, ps is the adsorbent density, nc is the number of the adsorbed components in the

mixture and ¢ is the bed voidage. The value of Dax was calculated through the following equation B

gDax,i

Dm,i

=20+ 0.5 Sc; Re

Where Re is the Reynolds number and Sc is the Schmidt number and Dn; is the molecular diffusivity of
component i in the mixture which was calculated by following equation:
1-y

n Yi
x=J Di,x

Dm,i =
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Where y; is the mole fraction of component i and Dix is molecular diffusivity of component i in
component x which was calculated by Wile-Lee equation “°. An instant adsorption model (equilibrium
model) were assumed, where adsorbates are adsorbed rapidly with no transfer resistance. This means g; in

equation 1 can be replaced with g;: 1243

qi = q;

i is then related to concentration in the gas phase through isotherms. The Extended Single-Site

Langmuir Freundlich method was used to predict the isotherm of gases in the mixture as below: 24

abPl/t

q’." e
C1+Y P

Where a, b, and t are constants. To calculate these constants, single gas isotherms were fitted by Single-

Site Langmuir Freundlich model as shown in Appendix 2.52, 2.53 and 2.54.

abP '/t
q=—75-
1+ bPt

The pressure drop is defined by the Ergun’s equation as: [*4]

(;_IZJ _ <37.5 (1—¢e)?uu +0.875p (1- e)u2> ©)

(rpgo)zs?’ &3
Where P is the local pressure at the z axial coordinate, u is the gas viscosity, ¢ is the shape factor

(assumed 1 in this work) and p is the gas density.

Breakthrough curves were then calculated for a mixture of 50/50 C,H,/CO;, CoH,/C2H4 and C,H2/CH4 at
298 K and 1.05 bar for three beds packed with the iMOFs. The bed was initially pressurized with helium.
An equimolar or 1/99 mixture of C,H,/CO; or C,H2/C,H4 or C2H2/CH4 was introduced to the system. This
mixture with a total flowrate of 1.6 cm3/min at 298 K and 1.05 bar was passed through an adsorption
column packed with 0.3 gram of material. A summary of bed and feed characteristics are presented in
Table S1:
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Table 1. Adsorption column parameters and feed characteristics used for the simulations.

Adsorption bed Feed
Length: 38 mm Total Flow rate: 1.6 cm3*/min
Diameter: 6 mm Temperature: 298 K

Amount of adsorbent in the bed: 0.3 g Pressure: 1.05 bar

Adsorbent average radius: 0.2 mm

Numerical Methods.

Numerical solutions of the nonlinear parabolic PDEs derived from mass and momentum balance were
conducted by an implicit method of lines using finite difference method for the spatial derivatives. Firstly,
the second and first space derivatives were discreted by central and upwind- differential scheme
(backward), respectively. In this way, the sets of partial equations were transformed to the sets of ODEs
with respect to the time derivative terms. The length of the bed was divided to 50 increments and the set
of equations were solved by the Implicit Euler method with a time step of one second. °]

2.2.10 Experimental Breakthrough experiments. In a typical breakthrough experiment, ~ 0.3 g of pre-
activated (evacuated at room temperature in Micromeritics SmartVacPrep™ using dynamic vacuum)
iMOF-6C was placed in a quartz tube (8 mm internal diameter; 8 mm x 6 mm x 400 mm) to form a
packed adsorbent bed. First, the bed was purged by a 20 cm® min* flow of He gas at 298 K for 60 min
prior to each of the breakthrough experiments. The gas flow was switched to the binary equimolar gas
mixtures (C2H./CO,, C,H2/C;H4 and C,H,/CH4), maintained at a total flow rate of 1.6 cm® min. In each
experiment, the outlet composition was continuously monitored by a SRI Instruments 8610C gas

chromatograph until complete breakthrough was achieved.
2.2.11 Molecular Modelling Details.
Simulated annealing.

Based on the experimental crystallographic data of the iIMOF-6C structure, the initial location of different
gas molecules were obtained from the classical simulated annealing technique using classical force field
as implemented in sorption module in Materials Studio. “¢1 The interactions of anion-adsorbent and anion-

anion were modelled as a combination of pairwise site-site Lennard-Jones (LJ) and Coulombic potentials.
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The LJ potential parameters for both the framework atoms and the adsorbates are adopted from the
Universal force field (UFF). ¥/ The charges for the framework atoms were assigned based on the Qeq
charges as implemented in Materials Studio package.

In the simulated annealing method, the temperature was lowered stepwise, allowing the gas molecule to
reach a desirable configuration based on different moves such as rotation, translation and repositioning
with preset probabilities of occurrence. This process of heating and cooling the system was repeated in
several heating cycles to find the local minima. Forty heating cycles were performed where the maximum

temperature and the final temperature were 10° K and 100 K, respectively.
DFT calculations.

Periodic geometric optimization and the static binding energies for gas molecule including C,Hz, CzHa,
CO; and CH4 with the iIMOF-6C framework was calculated using density functional theory (DFT) as
implemented in the software package VASP 5.4.4. [ |t is well-known that standard DFT methods based
on generalized gradient approximation do not fully account for the long-range dispersion interactions
between the framework and the bound adsorbates. To accurately estimate static binding energies for each
gas molecule with the framework, we implemented dispersion corrections using DFT-D3 method."!
Electron exchange and correlation were described using the generalized gradient approximation Perdew,
Burke, and Ernzerhof (PBE) % form and the projector-augmented wave potentials were used to treat core
and valence electrons. BY In all cases, we used a plane-wave kinetic energy cutoff of 600 eV and a
Gamma-point mesh with kpoints (2 x 2 x 1) for sampling the Brillouin zone. The ionic coordinates and

the cell parameters were fully relaxed until the Hellman-Feynman ionic forces were less than 0.02 eV/A.
Binding energies.

The initial preferential location of each gas molecule in the primitive cell of corresponding MOF
structures were obtained from the classical simulated annealing technique as described above. Static

binding energies (AE) at 0 K in vacuum were calculated using the following expression

AE = Eyor+Gas — EMOF,def — Egas

where Exrefers, respectively, to the total energies of the MOF + gas complex, the deformed MOF alone in

its adsorbed state, and the gas molecule respectively.

2.3 Results and discussion
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Structural analysis.

Single crystals of the three iIMOF-nC variants were prepared at room temperature via slow diffusion
technique (details in the supporting information). X-ray diffraction quality crystals for iIMOF-5C and
iIMOF-6C were synthesised by reacting L with Cu(ClO4),.6H.0O and Cu(BF4)2.xH20 respectively in a
solvent combination of DMF, benzene and methanol (Figure 2.1a). Single crystal X-ray diffraction (SC-
XRD) studies revealed similar unit cell parameters as well as an identical coordination environment for
iMOF-5C and iMOF-6C, indicative of their isoreticular nature. Powder X-ray diffraction (PXRD)
patterns were found to be in agreement, confirming isoreticularity (Appendix 2.12). Both MOFs were
found to crystallize in orthorhombic Cmcm space group (Appendix Tables 2.6, 2.7). The asymmetric unit
of iMOF-5C is found to comprise of one Cu(ll), two half L ligands and one DMF molecule coordinated to
the Cu(ll) flanked by three free CIO4 anions. On the flipside, in iIMOF-6C, the asymmetric unit consists
of one Cu(ll), two half ligands (L) and one DMF molecule coordinated to the central Cu(ll) that
comprises three free BF4 anions (Appendix 2.1- Appendix 2.4). In both iMOF-5C and iMOF-6C, Cu(ll)
is octahedrally coordinated by four independent L ligands and two independent DMF molecules, which
further extends to form a 2D sheet like structure typical of sql topology networks free from any
interpenetration (Appendix 2.5, 2.6, 2.11). The residual positive charges of these networks were found to
be neutralized by the tetrahedral CIO, and BF, anions residing freely inside the voids of iMOF-5C and
iMOF-6C, respectively. The overall 2D structures are found to be bi-porous in nature having
ultramicroporous channels of dimension 4.5 x 4.6 A% and 5.3 x 5.4 A? (Figure 2.1 b,c). PLATON analysis
revealed that iIMOF-5C and iMOF-6C possess large guest-accessible voids of 4085 A3 and 4198 A3
respectively, omitting the solvent molecules which represent 31.2% and 32.1% of the corresponding unit
cell volumes. The one-dimensional channels in these iMOFs are decorated with polar carbonyl oxygens,
while unsaturated n-electron cloud endow the Connolly surfaces with potential ability to engage in host-
guest interactions (Appendix 2.7-2.9). Moreover, the triazole N-termini of the ligands coordinate to the
Cu(Il) centres, allowing the other N’s to remain free, thereby acting as a complementary functionality
(Appendix 2.5, 2.6). Employing a similar synthetic strategy while altering the metal salt to
Cu(NO:s)..3H;0, another isoreticular MOF, iMOF-7C was obtained where the pores were occluded with
NO;~ anions (Figure 2.1a). Due to poor crystallinity, despite several attempts, single crystal structure of
iMOF-7C could not be determined. PXRD patterns of both iMOF-5C and iMOF-6C indicate bulk phase
purity and high crystallinity (Appendix 2.13, 2.14). Slight differences observed between the simulated
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Figure 2.4. Single-component C2-C1 adsorption isotherms at 298K for (a) iMOF-5C; (b) iMOF-6C; (c)
iMOF-7C; IAST selectivities of all the iMOF-nC for (d) C,H2/C,Ha mixtures (1/1, viv); (e) C2H./CO;
mixtures (1/1, viv); (f) CoH2/CH4 mixtures (1/1, viv); (g) C2H2/CoHa mixtures (1/99, viv); (h) CoH2/CO;
mixtures (1/99, v/v); (i) C2H2/CH4 mixtures (1/99, v/v) . (colour codes: black — C;H>, orange — C;Ha, red
— COg, green — CHa).

and as-synthesised patterns can be attributed to the evaporation of low-boiling solvent molecules
occluded inside the 2D frameworks of iMOF-5C and iMOF-6C. This is aligned with routine observations
among layered MOFs in which the 2D sheets tend to slip from their original positions, resulting in slight

changes to the as-synthesised structures. Nevertheless, the overall framework integrity remains
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unaltered.® Moreover, comparison of the PXRD patterns of as-synthesised iMOF-6C and iMOF-7C
established their isoreticular nature (Appendix 2.15). Thermogravimetric analysis (TGA) profiles of the
activated iMOF-5C, iMOF-6C and iMOF-7C recorded under N, atmosphere revealed guest-free nature
until 573 K (Appendix 2.17-2.19). FT-IR spectra of the MOFs confirmed the presence of characteristic
ligand peaks along with a peak at ~ 1100 cm™ for iMOF-5C corresponding to the uncoordinated ClO4~; a
peak at ~ 1200 cm™* for iMOF-6C corresponding to the uncoordinated BF,~ and a peak at ~ 1400 cm™
for iIMOF-7C corresponding to NOs;~ anions (Appendix 2.20). Field emission scanning electron
microscopy images of iMOF-nC crystals revealed rod shaped morphologies and EDX spectral data was in
agreement with the respective elemental compositions (Appendix 2.21-2.26, Appendix Table 2.6).

Gas sorption studies.

Substantiating permanent microporosity, low-temperature (195 K) CO, adsorption recorded upon the
iIMOFs revealed typical Type 1 isotherms, registering uptakes of 80 cm® g%, 100 cm® gt and 45 cm® g
for iIMOF-5C, iMOF-6C and iMOF-7C respectively (Appendix 2.27-2.29). Only insignificant uptakes for
N2 (77 K) were noted, which is in agreement with the presence of free counter anions partially occluding
the pores of iIMOF-nC, an oft-encountered feature in ionic MOFs. Brunauer—Emmett—Teller (BET)
surface areas were determined from the CO; (195 K) isotherms following Rouquerol criteria: 242, 330
and 109 m? g for iMOF-5C, iMOF-6C and iMOF-7C, respectively (Appendix 2.30-2.32).5% Pore size
distribution analysis based on the Horvath-Kawazoe model from CO2 (195 K) data validated
ultramicroporosity (~ 5-6 A) along the iMOF-nC series, which is consistent with the pore dimensions

derived from X-ray structural analysis (Figures 2.2b, 2c, Appendix 2.33).

C2H2, CzH4, CO2 and CH,4 adsorption experiments were recorded on all three iIMOFs at 298 K. For these
four sorbates, all iIMOF-nC analogues exhibited the highest saturation uptakes for C,H, (Figure 2.2 a-c).
At 298 K and 1 bar, the saturation uptake trend in iMOF-5C is: C;H (1.45 mmol g*) > CO, (0.65 mmol
g?!) > CoH4 (0.30 mmol g?t) > CH,4 (0.29 mmol g?), the most preliminary signature of C,H, selectivity
(Figure 2.2a). Likewise, the saturation uptake trend in iMOF-6C was found to be: CoH: (1.11 mmol g?) >
CO2 (0.59 mmol g1) > C;H4(0.25 mmol g*) > CH4 (0.23 mmol g?) (Figure 2.2b). Further, for iMOF-7C,
the trend appeared to be: CoH, (0.70 mmol g*) > CO, (0.61 mmol g?) > CH, (0.51 mmol g?) > C,H,4
(0.35 mmol g?) (Figure 2.2c). Importantly, iMOF-nC MOFs exhibit rapid C.H, uptakes in the low-
pressure region at 298 K, as low as 3000 ppm, i.e. 3 mbar: iMOF-5C (0.86 mmol g*) > iMOF-6C (0.77
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Figure 2.5. For iMOF-6c, simulated dynamic column breakthrough curves for equimolar mixtures of
C2H2/CyH4 (a), C2H2/CO; (b) and C,H2/CHs (c) (total flow rate: 1.6 cm® min); experimental dynamic
column breakthrough curves for equimolar mixtures of C,H,/CoH4 (d), C2H2/CO; (e) and CH2/CH4 (f)
(total flow rate: 1.6 cm® min?). (a-f) each maintained at 298 K and 1 bar. Filled symbols: simulated

breakthrough profiles; open symbols: experimental breakthrough profiles. (colour codes: black — CoH,

orange — CzHa, red — CO,, green — CH,).

mmol g*) > iIMOF-7C (0.52 mmol g?) (Appendix 2.34-2.36). Conversely, the three competing C2/C1
gases registered negligible uptakes under identical conditions. A similar adsorption selectivity trend was
followed by iMOF-nC at 273 K (Appendix 2.37-2.39). The isosteric enthalpies of adsorption (Qs) for
iIMOF-nC were calculated from fitting the 298 K and 273 K isotherms to dual-site Langmuir Freundlich
isotherm model. The low-coverage Qsi(C2H) were found to follow the trend: 38 kJmol* (iMOF-6C) >
35.5 kJmol? (iMOF-5C) > 35 kJmol™ (iMOF-7C) (Appendix 2.40-2.43). The favourable thermodynamics
between the iIMOF-nC frameworks and C,H, molecules was evident from their Qs(C.H.) at low coverage,
which is one of the prime qualifying criterion in terms of leveraging sorption selectivity (Qs ~ 35-50
kJmol?), generally regarded an optimal range in gas adsorption thermodynamics to potentially induce any
adsorptive separation.> Fitting the 298 K pure gas isotherms to dual-site Langmuir-Freundlich equation,
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clear differences among the fractional uptakes of C,H and the three other gases could be noted. These
differences imply comprehensive C,H»/C;Hs, C:H2/CO, and C.H./CHs selectivities (Appendix 2.44,
2.45).

Ideal Adsorbed Solution Theory (IAST) Calculations.

To mimic the real-world gas separation conditions and to understand the applicability of these iMOFs,
IAST selectivities for the binary mixtures of C:H2/CO;, CoH2/CoHs and CoH2/CH4 (1/1 and 1/99; v/v)
were determined using experimental single-component adsorption isotherms at 298 K under 1 bar (Figure
2.2 d-i). The IAST selectivity trend for CoH2/C2H4 (1/1, v/v) was 105 (iMOF-6C) > 78 (iMOF-5C) > 12
(iIMOF-7C) and for CoH./CoHa (1/99, viv), it was evaluated as: 25 (iMOF-6C) > 14 (iMOF-5C) > 8
(iMOF-7C) (Figure 2.2 d,g) (all values refer to IAST selectivities at the saturation pressure of 1 bar). This
indicates a clear order of C;H, adsorption selectivity in iMOF-nC: iMOF-6¢ > iMOF-5¢ > iMOF-7c.
Importantly, upon excluding molecular sieves, the CoH2/C,H4 IAST selectivities for iIMOF-5C and iMOF-
6C (1/1, v/v) are comparable to the benchmark physisorbents including MOFs (Appendix Table 2.1).
IAST selectivities for C,H./CO; (1/1, v/v) mixture (iMOF-6C) > 6 (iMOF-5C) > 4 (iMOF-7C) and for
(2/99, viv) C;H2/CO2: 15 (iIMOF-6C) > 9 (iMOF-5C) > 8 (iMOF-7C) (Figure 2.2 e,h). These high values
are also found comparable to the current benchmark MOF sorbents (Appendix Table 2.2). Further, this
trend remains unaltered for C;H./CH, (1/1, viv) at 1 bar: 27 (iMOF-6C) > 15 (iMOF-5C) > 8 (iMOF-7C)
and for (1/99 v/v) C,H2/CHa: 38 (iMOF-6C) > 19 (iMOF-5C) > 16 (iMOF-7C) (Figure 2.2 f-i). Notably,
these values of iIMOF-nC found to be comparable with some benchmark MOFs reported in literature
(Appendix Table 2.3). IAST results disclose that the C2-C1 selectivity across iMOF-nC platform of
sorbents is set at iIMOF-6C > iMOF-5C > iMOF-7C, which unsurprisingly agrees with the observed trend
in Qs(C2Hy).

Simulated breakthrough separation studies.

Building on these results, we then demonstrated the feasibility of using iMOFs for C,H2/CzHa, C2H2/CO;
and C;H,/CH4 separations under dynamic conditions encountered in industrial processes. Breakthrough
curve simulation using a fixed adsorbent bed containing 0.3 g of the iMOFs were conducted at room
temperature and atmospheric pressure using a previously reported methodology (details in the Supporting
information).8! Equimolar mixtures of these mixtures were used as feeds to mimic a range of industrial
process conditions. For the case of CoH2/C,Hs, as evident in Figures 2.3a, Appendix 2.46a, 2.46d, CzH.

eluted through the bed first in case of all three iIMOF-nC to yield an outflow of pure gas. Conversely,
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because C.H- is more strongly adsorbed, it breaks through following a substantial time lapse. Similarly,
iMOF-nC exhibited excellent separation performances for C,H,/CO; and C,H»/CH4 mixtures as in both
the cases CO- and CH, broke through first, while the signal for C,H, was not detected over a significant
time (Figure 2.3b-c: Appendix 2.46b-2.46c, 2.46e-2.46f). These simulation breakthrough results
underscore the utility of iIMOF-nC for addressing the pressing challenge of separating industrially

iIMOF-6C>C;H, iIMOF-6C>C2H,
-43.73 kJ/mol - 37.64 kJ/mol

iMOF-6C>CO, iIMOF-6C>CH,
- 39.24 kJ/mol - 26.44 kJ/mol

Figure 2.6. DFT optimisation based energy-optimised binding sites: (a) C2Hz; (b) C2Ha; (c) COy; (d) CH4
in iIMOF-6C, each. (colour codes: grey — C, blue — N, red — O, cyan — Cu, pink- B, yellow- F).
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important C2-C1 gases such as C2H2/Cz2Hs, C2Ho/ CO2 and CoHo/ CHa.

Experimental breakthrough separation performance.

The promising isotherms based IAST selectivities and simulated breakthrough curve results prompted us
to study the CyH2/CO,, CyH2/CoHa, CaH2/CH4 separation performances for the best-performing MOF,
iIMOF-6C, using a total flow rate of 1.6 cm®min (see details in the Supporting information, Appendix
2.48). Under ambient temperature and pressure (298 K and 1 bar), dynamic column breakthrough (DCB)
experiments with three gas mixtures as aforementioned were carried out while the eluted components
were continuously monitored through gas chromatography. Figure 2.3d-f reveal that in each case, CzH;
breakthrough occurred significantly later in comparison to CO; (13.0 versus 2.0 min g* for C,H,/CO,),
C2H. (10.1 versus 1.4 min g for CoH,/C2H.) and CH. (17.6 versus 1.3 min g for CoH./CH.). For iMOF-
6C, C,H. saturation uptakes calculated from the C,H,/CO,, C>H./C;Ha, C:H2/CH4 DCB profiles are 19.8,
19.1 and 20.1 cm® g! respectively, are in good agreement with the single - component C;H,

isotherm - based uptake at half - coverage (21.1 cm® g under ambient equilibrium conditions).

Moreover, iIMOF-6C maintained phase purity and acetylene uptake capacity as the initial DCB cycle in
subsequent cycles (Appendix 2.55, 2.56).

Theoretical calculations.

To understand the superior adsorption performances of iMOF-nC towards C,H; and to delve deeper into
the mechanism of gas adsorption, both density functional theory (DFT) and Monte Carlo simulations
were performed (See Sl for details on molecular modelling). First, based on the DFT optimized model of
iMOF-6C, NVT simulated annealing using Monte Carlo approach were performed to recognize the most
preferable site of various gas molecules within the porous framework. Secondly, the binding energies
between the MOF structure and different gas molecules were calculated based on periodic model using
the dispersion corrected DFT method (DFT-D3) as implemented in the software package VASP 5.4.4.156]
The preferential lowest energy binding sites identified from classical NVT simulated annealing is
considered as the initial position for further DFT optimization. Figure 2.6 shows the optimized structure
and the favourable binding location of C;H,, C:H4, CHsand CO; in iMOF-nC.

Consistent with the adsorption isotherms shown in Figure 2.2a, the calculated static binding energy
follows the order C,H, (—43.73 kJ/mol), CO, (-39.24 kJ/mol), C.H4 (-37.64 kJ/mol) and CH, (-26.44
kJ/mol) in iIMOF-6C (Figure 2.6 a-d, Appendix Table 2.4), agreeing qualitatively with the experimental
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adsorption enthalpies at low loading. The observed trend in binding energies can be explained on account
of multiple factors. These include the likelihood of realising optimal binding between the ideally
shaped/sized sorbate molecules and the narrow-pore MOF channels. As shown in Figure 2.6a, iMOF-6C

exhibits several C;H; binding sites. Strong interactions were found between (HC=CH:--0O=C(MOF)),
(HC=CH:--F-B (uncoordinated anion)) and (HC=CH ---N—C (triazole unit)) whereas n—m interactions

sustain the binding between w electron rich bicyclo-unit and C;H, molecules. In contrary, significantly
weaker interactions found for other gases (C2Hi, CO, and CHy.) result in relatively low binding energies.

This further corroborates with IAST predicted C>H: selectivities against CoHs, CO2 and CHa.
2.4 Conclusion

Exploiting crystal engineering design across one of the simplest topologies (viz., sql) and fine-tuning the
pore environments by anion modulation, for the first time, herein a cationic MOF series delivers light
hydrocarbon separation performance. Thanks to its multiple functionalities (carbonyl oxygen atoms,
coordinated DMF molecules, unsaturated n-electron cloud etc.) along the pore including three different
anions occluding the channels, compositional modularity directly impacts separation performances as
anticipated. In addition, the tetrafluoroborate variant, iMOF-6C, emerges as the lead sorbent to register
new benchmarks in three-in-one C,H, adsorption selectivity (unifying C,H./C;H4, C,H./CO, and
C,H2/CH,) driven adsorptive separation under dynamic conditions, a rarity among all physisorbents
hitherto documented, including zeolites, silica and activated carbon. Moreover, theoretical studies further
corroborated well with the high affinity and selectivity of iMOF-nC frameworks toward CzH, (in terms of

favourable interactions and binding energies) over C;H4, CO; and CHa.

This work not only inaugurates any systematic study of light hydrocarbon separation among cationic
MOFs, but perhaps more importantly, the combination of three binary separation performances in iMOF-
6C validated by multiple experiments and theoretical calculations underscores the pressing need to
explore this class of modular physisorbents in future. CoH: selective binding sites, as computationally
determined herein, also indicate the yet untapped potentials of ionic supramolecular scaffolds, rather
abundant in today’s MOF literature. Development of such multiple-in-one separating sorbents able to
remove several impurities (gases/vapors) at one step stands out in terms of cost and energy efficiency of
commodity purifications. In hindsight, the current design approach might potentially hold a key to

mitigate the existing environmental footprints of the state-of-the-art technologies.
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2.5 Appendix section

Appendix 2.1. Asymmetric unit of iMOF-5C (colour codes: grey - C, blue - N, red — O, cyan — Cu, green
— ClI, colourless - hydrogen).

Appendix 2.2. Asymmetric unit of iMOF-6C (colour codes: grey - C, blue - N, Red — O, cyan — Cu,
yellow — F, pink — B, colourless - hydrogen).

2.21



| Chapter 2

-

[ - V‘ ‘\

N >

T® <
<

Appendix 2.3. ORTEP diagram of asymmetric unit of iMOF-5C presented in thermal ellipsoids (50%
probability).

Appendix 2.4. ORTEP diagram of asymmetric unit of iMOF-6C presented in thermal ellipsoids (50%
probability).
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Appendix 2.5. Coordination environment of iMOF-5C (colour codes: grey - C, blue - N, red — O, cyan —

Cu, colourless - hydrogen).

Appendix 2.6. Coordination environment of iMOF-6C (colour codes: grey - C, blue - N, red — O, cyan —
Cu, colourless - hydrogen).
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Appendix 2.7. Perspective packing view of iMOF-5C along c axis. (colour codes: grey - C, blue - N, red
— 0O, cyan — Cu, colourless - hydrogen).

Appendix 2.8. Perspective packing view of iMOF-6C along ¢ axis. (colour codes: grey - C, blue - N, red
— 0O, cyan — Cu, colourless - hydrogen).
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Appendix 2.9. Perspective packing view of iMOF-5C along b axis; (colour codes: grey - C, blue - N, red

— 0, cyan — Cu), ClO4 anions and H atoms omitted for clarity.

Appendix 2.10. Interplanar distance in iMOF-5C between two consecutive layers as shown in orange
and green (ClO4 anions and H atoms omitted considering crystallographic disorder and clarity).
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Appendix 2.11. sql topology of iMOF-5C; two consecutive undulating layers are shown in orange and

green (ClO4 anions and H atoms omitted considering crystallographic disorder and clarity).
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Appendix 2.12. Simulated PXRD patterns of iMOF-5C and iMOF-6C.
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Appendix 2.13. Powder X-ray diffraction patterns of iMOF-5C.
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Appendix 2.14. PXRD patterns of iMOF-6C.
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Appendix 2.15. PXRD patterns of as-synthesized iMOF-6C and iMOF-7C. Inset shows the PXRD

patterns zoomed at low angle.
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Appendix 2.16. PXRD patterns of iIMOF-7C, compared to the simulated pattern of iMOF-6C.
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Appendix 2.17. TGA profiles for iIMOF-5C.
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Appendix 2.18. TGA profiles for iIMOF-6C.
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Appendix 2.19. TGA profiles for iIMOF-7C.
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Appendix 2.20. IR spectra of iIMOF-5C (green), iIMOF-6C (wine red) and iMOF-7C (dark yellow).
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Appendix 2.21. FESEM images of iMOF-5C crystals.

Appendix 2.22. Elemental mapping recorded on iMOF-5C crystals.
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Appendix 2.24. Elemental mapping recorded on iMOF-6C crystals.
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Appendix 2.25. FESEM images of iMOF-7C crystals.

Appendix 2.26. Elemental mapping recorded on iMOF-7C crystals.
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Appendix 2.27. Low temperature adsorption isotherms of iMOF-5C.
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Appendix 2.28. Low temperature adsorption isotherms of iMOF-6C.
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Appendix 2.29. Low temperature adsorption isotherms of iIMOF-7C.
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Appendix 2.30. CO; adsorption isotherm at 195 K and BET surface area plots for iMOF-5C.
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Appendix 2.31. CO; adsorption isotherm at 195 K and BET surface area plots for iMOF-6C.
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Appendix 2.32. CO; adsorption isotherm at 195 K and BET surface area plots for iMOF-7C.
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Appendix 2.33. Pore size distribution plots for iMOF-nC.
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Appendix 2.34. Single-component adsorption isotherms for iIMOF-5C recorded at 298 K.
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Appendix 2.35. Single-component adsorption isotherms for iIMOF-6C recorded at 298 K.
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Appendix 2.36. Single-component adsorption isotherms for iMOF-7C recorded at 298 K.
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Appendix 2.37. Single-component adsorption isotherms for iIMOF-5C recorded at 273 K.
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Appendix 2.38. Single-component adsorption isotherms for iIMOF-6C recorded at 273 K.

2.39

| Chapter 2



| Chapter 2

w
o

—e—C,H, (273K)
—e—CO, (273K)

N
()]
1

9'1)

o 204

-
(@) ]
|

Uptake (cm
=

Se
0-/

I 1 1 I 1 I
00 02 04 08 0B 10

P (bar)

Appendix 2.39. Single-component adsorption isotherms for iMOF-7C recorded at 273 K.
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Appendix 2.40. Isosteric enthalpy of adsorption profile of C;H, for iIMOF-5C.
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Appendix 2.41. Isosteric enthalpy of adsorption profile of C,H, for IMOF-6C.
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Appendix 2.42. Isosteric enthalpy of adsorption profile of C,H, for IMOF-7C.
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Appendix 2.43. Isosteric enthalpy of adsorption profiles for C;Hz in iMOF-nC adsorbents.

2.42



| Chapter 2

a) 12+ r b) 12— . . 12 C) 12 : —12
2 104 2 104 Lo 2 2 104 Lo 2
13 . ———-' 3 E £ E £
E E 3 E 3
< 08+ < 08 Fos S = 084 ros =
s s | s ]
8 06 iMOF-5C 8 06+ MOF-SE‘ ros a 5 06 ros g
I CH, CH =11 = CH, CO, =111 o" = T’
O 0.4 o 044 04 E o 0.4 0.4 9
K K 3 K T
5 02 5 02 Loz & S 02 Loz §
2 2 2 B g
8 Te—_— ] g & £
T 004 £ o004 Foo i £ 004 Loo &

T T T T T T T T T T . .
00 02 04 06 08 10 00 02 04 06 08 10

q P (bar) P (bar) f
) 12+ T e) 12— - ' ! 12 ) 12— ' : . — 12
2 104 2 10 Lio @ 2 10 Lo ©
E : E £ E g
= 08+ = E < 084 los E

] Q
5 s g k| 3
5 06+ s s g & 084 IMOF-6C os &
- - - - T .
= - - o - CH:CH =11 .
o 04 o o o 041 22 4 F04 5
® © ® © ©
5 02 5 s § 024 toz §
= = T = °
8 : 8 g B 8
£ 00 £ i £ 004 Loo &

r T T T T T r T T T T

00 02 04 06 08 10 00 02 04 06 08 10

P (bar) h . P (bar)

g) 124 T ) 12— . . . 12 I) 12— ; : ; —r 12
k) o o ) @
S 1.0+ S 1.0 tio 2 2 1.0 Lio 2
E -~ £ E S— E E iIMOF-7C £
= 08 < 08+ hoa £ = o8- CH;:CH =11 fos %
] 2 2 2 K]
-] a © a S
8 064 iMOF-7C 8 064 iMOF-7C roé a 2 064 06 o

o CH:CH,=1:1 « CH,:CO,=1:1 2o “ c.
3~n,4- R £~ 0.4 zr o o4 8 gwn,a- Loa &
k] g 2 g 2 E
5 02 5 024 Loz & 5 02 Loz §
] - E] /—___— ] S B
o [ o © o
£ oo+ £ o004 oo £ 00 m— Loo &

T T T M T M T T T T T T T M T T T M T T T T M T M T T T
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
P (bar) P (bar) P (bar)

Appendix 2.44. Fractional uptake adsorption isotherms (v/v, 1:1) at 1 bar and 298 K of (a) CoH./C,H, for
iIMOF-5C, (b) C2H2/CO, for iMOF-5C, (c) CoH2/CH4 for iMOF-5C, (d) C2H2/C;H, for iMOF-6C, (e)
C2H2/CO; for iIMOF-6C, (f) C.H2/CH4 for iMOF-6C, (g) C2H./C,H4 for iIMOF-7C, (h) C,H2/C,H4 for
iIMOF-7C, (i) C2H2/CH4 for iMOF-7C.
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Appendix 2.45. Fractional uptake adsorption isotherms (v/v, 1:99)at 1 bar and 298 K of (a) C2H2/C2H.
for iIMOF-5C, (b) C.H2/CO; for iMOF-5C, (c) C,H2/CH4 for iMOF-5C, (d) C.H2/C;H4 for iMOF-6C,
(e) CoH2/CO; for IMOF-6C, (f) C2H,/CH4 for iIMOF-6C, (g) C2H2/C2H. for IMOF-7C, (h) CoH2/CoH4 for
IMOF-7C, (i) C2H2/CH4 for iMOF-7C.
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Appendix 2.46. Simulated breakthrough curves for equimolar mixtures of C,H»/C;Ha4, C;H2/CO, and
C2H./CO, with a flowrate of 1.6 cm®/g at 298 K and 1 bar in fixed-bed columns packed with 0.3 g each of

iMOF-5C (a-c) and iMOF-7C (d-f).

2.45



| Chapter 2

a) b) ¢
0.8 H 0.8+ ! 0.8+ l
? .
o o o 11
Q O S
o o ! o
0.4 0.4+ 0.4 4
[ ]
. 4
.
" !
0.0 | T 0‘0'|'|'|'|'| T 0'0'|'\'|'\'|'\'|'
0 8 12 16 0 4 8 12 16 20 24 28 0 4 8 12 16 20 24 28 32
Time (min) Time (min) Time (min)
d) e) f)
0.8 0.8 .! 0843
L ]
o (=3 o 1
S ¢ S
o (@] O .
0.4 H 0.4+ 0.4
[
.
1e
! !
2
0.0 T T T T 0.0 T T T T T T T 00 T T T T
0 8 12 16 20 0 4 8 12 16 20 24 28 0 10 20 30 40 50
Time (min) Time (min) Time (min)
9) h) i)
0.8 0.8+ .’ 0.8
. .
L]
: . -
Q Q Q
O O [} (6]
0.4 0.4 4 0.4+
*
2
0.0 T T 00 T T T T T 0.0 T T T T
0 4 6 0 4 8 12 16 20 0 10 20 30 40
Time (min) Time (min) Time (min)

Appendix 2.47. Simulated breakthrough curves for 1:99 mixtures of C,H./C,H4, C2H./CO; and C,H,/CO>
with a flowrate of 1.6 cm®/g at 298 K and 1 bar in fixed-bed columns packed with 0.3 g each of iIMOF-

5C (a-c), iIMOF-6C (d-f) and iIMOF-7C (g-i).
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Appendix 2.48. Schematic of gas mixing unit, gravimetric gas uptake analyser and gas separation

analyser for breakthrough experiments (1. 3-way valve;
4. water bath; 5. 6-way valve).

20

2. mass flow controller; 3. packed MOF column;

Model Qst (User)
Equation y=In(x)+1/T*(a0+a1*x+a2*x*2+a3 x 3+ad x 4+ab"x"5)+(b0+b 1 *x+b2*x*
2+b3"x"3)
Plot A [+
-f 30* -4274.56931 + 25.61241 -4274.56931 £ 25.61241
al* -396.5912 £ 182.93275 -396.5912 + 182.93275
az2* -86.57068 + 317.27322 -86.57068 + 317 27322

152 6646 + 170.24714
-10.16884 + 36 07841
5.3653 + 667347

b0* 2391036 4+ 0.08879 2391036 £ 0.08879
bt 210077 + 0.62234 210077 £ 062234
b2* 0.72865 £ 1.03425 0.72865 = 1.03425
Jb3 -0.65439 £ 0.48505 -0.65439 + 0.46505
T 27320 20820
Reduced Chi-Sqr* 1.37483E-4
R-Square{COD) 0993997 0.99997
R-Square(COD)" 0.99997

Adj. R-Square* 0.99997

152 6646 + 17024714
-10.16884 + 36.07841
5.3653 + 6.67347

—e—298 K
——273 K
—— Virial fit of InP

1
0.8

|
1.6 24

Uptake (mmolg™)

Appendix 2.49. Fitting of the C,H, isotherm data for iMOF-5C to the virial equation.
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Model Qst (User)

y=In(x)+1/T*(a0+a1"x+a2"x"2+a3"x"3+a4"x"4+a5"x"5)+(b0+b1*

Equation XHBZ X2 +D3KA3)

Plot A c

0" -4550.3073 + 6625714 -4550.3073 + 66.25714

at* 13168227 + 660 65052 131 68227 £ 66065052

1 a2 6570.01611 £1500.14196  6578.01611 £ 1500.14196

a3 544267077 £ 1077.4602  -5442.67077 + 1077.46021

ad 360.79765 + 482 38733 360.79765 + 482 38733

a5 -25.56749 + 132.08982 -25.56749 + 132.08982

b0o* 2417151 £0.23411 24.17151 £ 0.23411

b1* 278087 + 2 20672 279087 + 2 29672
4 . b2 -21.75084 + 5.06807 -21.75084 + 5.06907

b3 16.65883 + 2.96669 16.65883 + 2.96669

T 20840 273+0

Reduced Chi-Sar* 000116

R-Square(COD) 0.99982 0.99985

R-Square(COD)* 099984

Adj. R-Square® 0.99982

0.0 0.4 0.8 1.2 1.6
Uptake (mmolg™)

Appendix 2.50. Fitting of the C,H. isotherm data for iMOF-6C to the virial equation.
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(al Model Gst (User)
Equal y=in(xp+1/T*(a0+a1 x+a2*x"2+a3"x"3+ad " x"4+a5"'x*5)+(b0+b1*
[ quation XHDZRD+DINAT)
— Plot A c
L -4189.85353 + 126.38023 -4189.85353 + 126.38023
T al* -2075.62919 + 1842301 -2081.59921 + 179.9512
az2* -4086.12129 + 61457116 -4066 12129 + 614571168
a3 7025.62815 £ 6387.41584 702562815 + 6387.41584
ad* -1108.97667 + 1918.0088 -1108.97667 + 1918.00884
a5" 641.27566 + 625.86502 641.27566 + 62586502
bO* 22.57295 £ 044019 2257295 £ 0.44019
b1* 24 82684 + 6 11587 24 82664 +6.11587
4 -1 b2* 2168755+ 2007278 2168755 + 20.07278
b3* -27.24736 = 18.03584 -27.24736 + 18.03504
T 2080 2730
Reduced Chi-Sar* 0.00218
R-Square(COD) 0.89956 0.99975
R-Square(COD)* 0.99968
Adj. R-Square” 0.99964
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Uptake (mmolg™)
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Appendix 2.51. Fitting of the C,H, isotherm data for iMOF-7C to the virial equation.
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Plot C2H2 (298K) C2H4 (298K) CO2 (298K) CH4 (298K)
a 236479 A+ 0.05161 057144 A+ 0.03111 2.82247 A+ 0.04944 | 3.8079 A+ 0.16403
b 1.55261 A+ 0.0789 1.16514 A+ 0.12767 0.30326 A+ 0.00678  0.08491 A+ 0.00396
t 1.21388 A+ 0.01646 1.1705 A+ 0.03129  1.02595 A+ 0.00277  0.99498 A+ 0.00211
Reduced Chi-Sgr 6.6763E-5 1.11924E-5 3.57597E-7 2.9395E-8
R-Square (COD) 0.99976 0.99912 0.99999 1
Adj. R-Square 0.99974 0.99906 0.99999 1

Appendix 2.52. Single-Site Langmuir Freundlich fits of iIMOF-5C from single-component gas

adsorption isotherms recorded at 298 K.
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Appendix 2.53. Single-Site Langmuir Freundlich fits of iIMOF-6C from single-component gas

adsorption isotherms recorded at 298 K.
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Appendix 2.54. Single-Site Langmuir Freundlich fits of iIMOF-7C from single-component gas

adsorption isotherms recorded at 298 K.
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Appendix 2.55. PXRD patterns of iMOF-6C, comparison versus post-breakthrough experiments.
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Appendix 2.56. C;H, (298 K) adsorption isotherms of iMOF-6C.
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Appendix 2.57. Comparative analysis of the PXRD patterns of iMOF-5C: as-synthesized plotted against

the phase obtained post-sorption experiments.
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Appendix 2.58. Comparative analysis of the PXRD patterns of iMOF-6C: as-synthesized plotted against

the phase obtained post-sorption experiments.
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Appendix 2.59. Comparative analysis of the PXRD patterns of iMOF-7C: as-synthesized plotted against

the phase obtained post-sorption experiments.
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Appendix 2.60. Comparative analysis of the PXRD patterns of iMOF-5C: simulated, as-synthesized, and

the phase obtained after humidity exposure.
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Appendix 2.61. Comparative analysis of the PXRD patterns of iMOF-6C: simulated, as-synthesized, and

the phase obtained after humidity exposure.
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Appendix 2.62. Comparative analysis of the PXRD patterns of iMOF-7C: simulated, as-synthesized, and

the phase obtained after humidity exposure.
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Appendix Table 2.1. Summary of adsorption uptakes, adsorption enthalpies (Qs) and IAST selectivity at
298K 1 bar for 1:1 (v/v) C2H2/C2H4) for C2H: selective sorbents.

CoH;
Adsorbent, Secr uptake CoH4 Qst(C2H>)
network . atl | uptakeat | atlow
dimensionality mZ/ 1 Pore size (A) bar, 1bar, | loading, Sae Ref
(nD) g mmol | mmol g? | kJ mol?
gt
TIFSIX-17-Ni | 237.6 | 3.59 x 3.59 3.135 Z'fg_?gx 388 |6709| 57
SIFSIX-17-Ni | 229.2 | 3.51x3.51 3.303 | 1.293 370 |5064| 58
T'FS';(E'DZ'C“"’ 685 51x5.1 3.9 21 46 2122 | 58
. 46 x45;53x This
iMOF-6C, 2D | 330 e 1.2 0.25 38 105 | \work
. 46x45 53x This
iIMOF-5C, 2D | 242 > 15 0.31 35.5 8 | \Work
S 'Fs'ébz'cu"’ 503 52 x5.2 4.02 219 529 |41.01| 59
NKMgg'l'N" 382 5.8 x 5.8 2.72 2.14 58 30 60
APPT'gg'C'O“" 205 11 x 11 1.75 0.44 28.6 14.71 61
CPL-2, 3D 495 9.0 x 6.0 3.13 1.86 30.8 12 62
. 46x45;53x This
iMOF-7C, 2D | 109 > 0.7 0.35 35 2 | \Work
S'Fs'é([;l'cu’ 1178 | 8.0x8.0 85 411 3037 | 837 | 59
45x%x41;
UTSA-220,3D | 577 3.4 2.53 29 8.8 35
2.1x50
S'Fs'ﬁ)’&z”’ 250 42 %42 3.64 2.24 21/31 | 13.72| 59
JCM-1, 3D 550 39x125 3.34 1.56 36.9 8.1 63
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3.6 %41

7JU-198a, 3D | 343.1 3.25 2.95 261 | 7.2 64
2.1x5.0

S'FSg(D'Z'C“’ 1881 | 105x105 | 5.38 2.02 263 | 495 | 59

NbU-1.3D | 368 3.89 364 | 207 383 | 59 65

SIFSIX-3-Ni. 3D | 368 42 %42 33 175 205 | 598 | 59

HUST-6.3D | 645.3 NA" 3.49 2.38 311 | 38 66

Appendix Table 2.2. Summary of adsorption uptakes, adsorption enthalpies (Qs) and IAST selectivity at
298K 1 bar for 1:1 (v/v) C;H2/COy) for CoH; selective sorbents.

CyH» CO,
Adsorbent, uptake | uptake | Qs(C2H)
network SgeT / Pore size atl atl at low s Ref
dimensionality | m?g? (A) bar, bar, loading, AC
(nD) mmol g~ | mmol g | kJ mol?
1 1
UTSA-300a, 2D | 311 2.4x33 3.3 0.2 57.6 103 67
ZJU-74a, 3D 64 3.6x3.8 3.83 3.08 445 36.5 68
NKM?; INL | 385 | 58x58 2.7 23 603 | 30 69
Sq"16'ac.“"\'o3' 179 46%50 1.33 0.38 386 |27.8 70
FeNi-M'MOF, 4.15 x 4.27;
3D 383 | Joux4c8 4.29 2.72 27 24 71
[N'3(H§§O)G]”’ 289 43 % 4.3 2.4 1.6 40.9 22 72
TIFSIX-A7-Ni | 2376 | 359x350 | 3135 | “)o% | 388 | 209 57
TCuCl, 3D 167 | 3.69 x 3.69 3.0 2.0 41 16.9 73
pacs'cz‘;'v'o':' 196 5.8, 6.6 5.40 2.81 342 | 13 74
SIFSIX-17-Ni | 229.2 | 351x3.51 | 3.303 1.293 37.0 11.7 57
ZJU-40a, 3D 2858 | 102 96 x 9.64 3.34 34.5 11.5 75
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22.3
Co-MOF, 3D | 973 NM 6.47 2.68 33 11 76
JCM-1, 3D 550 | 12.5x 3.9 33 17 36.9 10 77
ZJUT-2a. 3D | 350 32%x32 34 22 415 10 78
TCuBr, 3D 173 | 359 x 3.59 28 2.0 366 | 95 73
UTSA-74a, 3D | 830 8.0x8.0 48 32 31 9 79
. 46 %45 .
iMOF-6C, 2D | 330 caxs 12 0.68 38 8 | This Work
SNNU,;El)SO'A" NM 8.5 4.33 1.98 29 7.27 80
UTSA-83a,2D | 70 35%66 053 017 244 | 62 81
. 46x45 .
iMOF-5C. 2D | 242 caxta 15 0.71 35.5 6 | This Work
MUF-17. 3D | 247 47%x48 27 22 495 6 82
CPM-1070p, 3D | 319 NM 4.35 155 37 57 83
ZIJNU-13,3D | 1352 | 6.8 118 5.28 3.92 335 | 564 84
TCul, 3D 250 | 3.66 x 3.66 22 16 384 | 53 75
UPC-110, 3D | 1384.3 6 3.27 1.08 246 | 51 85
JXNU-5, 3D 406 46,67 25 155 32.9 5 86
iMOF-7C,2D | 100 | 48*45 07 0.61 35 4 | This Work
53x54
SNNU-45,3D | 1006 45 5.08 433 40 45 87
UTSA-220,3D | 577 4'5'5458; 311 340 3.38 29 4.4 88
FJU-90a, 3D | 1572 | 54x51 8.0 4.6 251 | 43 89
CUZ(adBeE))Z(PA)Z’ 401 2%6 219 15 268 | 4.2 90
Hex-Zn-MOF | 2204 | g6.90.8 3.18 221 39 4 01
la, 3D
mot-Cu(Br- 42 x4.7:12
BDC) MOF. 3D | 303 v on1 153 1.08 261 | 39 92
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Cu—CPAH, 3D | 880 69 583 | 393 34 | 36 03
UPC-200(Al)-E-
e | 22128 | 7x11 6.2 25 205 | 3.15 04
JNU-L 3D 818 | 163x66 | 2.7 2.2 13 3 95
Cu-tztp MOF | 2059 | 5486 5.02 3.35 383 | 27 9
la, 3D
Z”"V:'%%F'M' 1360 | 11x11 5.5 5.4 221 2 90

Appendix Table 2.3. Summary of adsorption uptakes, adsorption enthalpies (Qs) and IAST selectivity at
298K 1 bar for 1:1 (v/v) CoH,/CHa,) for C.H; selective sorbents.

C,yH» CHs4
uptake | uptake | Q«(C2H2)
Sget/ . atl atl at low
Adsorbent it Pore size (A) bar. bar, | loading, Sam | Ref
mmol | mmol | kJ mol*
gt gt
ZJU-198a 343 3.6 ié% 2.1 3.07 0.36 26.1 391.1 97
PMOEF-3 1378 40-84 4.94 0.73 21.9 156.5 98
3.9x7.7;10.8
SNNU-65-Cu-Ga 1918.0 | x14.7;11.2 x 2.43 0.55 31.7 120.6 99
14.0
SNNU-65-Cu-Sc 2089.2 NM 3.91 0.68 449 115.5 99
UTSA-121a 1081 5.0 :13'22_)7'1 3.01 0.25 22.6 96 100
JLU-MOF66 471 3.4 X1§;84.6 X 2.30 0.39 35.6 86.2 101
SNNU-65-Cu-In 1936.2 NM 3.13 0.56 234 69.5 101
5.5-6.5,
BUT-70A 460 3.1 0.39 23.9-25.6 | 66.6 102
5.8-6.9
UTSA-85 558 5x5 2.32 0.39 22.9 64 103

2.59



| Chapter 2

[Cu-THBAJ* 1755 | 10,94x22 | 582 | 078 | 397 |t | 104
BSF-1 s35 | 100X o021 | 0 31 | 469 | 105
ZINU-13 1352 | 55114 | 499 | 103 | 335 | 433 | 106
To-N NM NM 091 | 012 | 296 | 43 | 107
ZINU-19 2165 NM 864 | 086 30 | 422 | 108
SNNU-65-Cu-Fe 21120 NM 326 | 062 | 282 | 373 | 99
FJU-99a 802.5 NM 357 | 062 28 | 348 | 109
ZINU-69 1655 NM 724 | 081 | 3L2 | 345 | 110
([CuTDYPT)JDMA) | 1599 | 9x95 253 | 064 | 353 | 337 | 111
ZINU-8 1015 NM 380 | 123 | 324 | 306 | 62
ZINU-70 1748 NM 778 | 094 | NM | 28 | 110
ZINU-71a 1860 NM 845 | 099 | NM | 276 | 110
73U-199 987 | = . S8 | 539 | 0s0 | 385 |5LY| 13
iMOF-6C 4.6 ’;‘gj >3 1 12 | o015 38 27 wak
3x75 25
7JU-15a 1660 | x65,68x | 421 | 049 20 | 255 | 112
6.8
In-MOF-1° 307 | 6.65x1626 | 223 | 069 36 | 246 | 115
55-65, 233,
BUT-70B 695 39 | 039 | 23-27 114
5.8- 6.9 47.9
[Co_ EA-TBP]® NM | 81x60 | 158 | 031 32 | 237 | 116
[Zn(Cp-TBP) 770 | 86x86 | 300 | 125 39 | 224 | 117
UTSA-33a 660 | 31x48 | 409 | 0374 | 32 16 | 118
UTSA-222a 703 | 93x51 | 356 | 055 26 | 19
iMOF-5C HOXA0S3 | 15 | 019 | 35 | 15 vTvak
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SNNU-63 1719.8 11 x11 3.84 0.42 21.6 12.9 120
. 46x45;53 This
iIMOF-7C % 5.4 0.7 0.15 35 7.6 Work
56x8.2:4.4
e ad 47—
ZJU-195 1721.9 T 9.09 1.0 29.9 121
6.4 8.9; 124

*([Cu(TDYPT)].DMA) = ([Cus(L)3(H20)4(HCOO)]-MezNH,*.20DMF); (TDYPT = 5,5'- (triazole-2,5-
diyl) diisophthalate), 2In-MOF-1 = (Me2NH:)15[In15(FBDC)(BDC)]-2.5NMF-CHsCN; (HsFBDC =
2,5- di(2',5'-dicarboxylphenyl)-difluorobenzene), °[Co_EA-TBP] = {[Cog(5-
EIA)s(tmbpy)(OH)2(H20).]-4(H20) }n; (5-H2EIA = 5-ethoxy-isophthalic acid; tmbpy = 3,3" -dimethyl-
4,4' -bipyridine), °[Zn(Cp-TBP)] = [Zn(cpna)s(tmbpy)].-4DMF; (Hzcpna = 6-(4-
carboxyphenyl)nicotinic acid), *[Cu-THBA] = [Cu,THBA(H20),]-(CsH7NO)12-(H20)10,( (HsTHBA =

p-terphenyl-3,2",3",5,5",5"-hexcarboxylic acid)

Appendix Table 2.4. Interaction energies of the studied adsorbate molecules with iMOF-6C determined

by DFT — D3 optimisation.

MOFs Interaction Energies, AE ;.7 (kJ/mol)
CZHZ C2H4 COz CH4
iMOF-6C -43.73 -37.64 -39.24 -26.44
Table S6. EDX analysis of as-synthesized phases of iMOF-nC.
iMOF-5C iMOF-6C iMOF-7C
Element % Weight Element % Weight Element % Weight
C 55.26 C 47.45 C 55.09
N 17.14 N 14.82 N 13.67
0 21.55 B 18.13 0 26.77
Cl 3.84 0 8.08 Cu 4.47
Cu 2.21 F 7.71 Total 100
Total 100 Cu 3.81
Total 100
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Appendix Table 2.5. Crystallographic data for IMOF-5C.

Crystal data

Chemical formula

2(C|0‘502)'2(C|O4,5)'C75H72CU2N35020'0.25(C|4O12)

M,

2334.57

Crystal system, space group

Orthorhombic, Cmcm

Temperature (K) 293

a, b, c(A) 30.2145 (5), 15.3354 (4), 28.1785 (5)
V(A% 13056.5 (5)

Z 4

Radiation type Mo Ka

i (mm) 0.49

Crystal size (mm)

0.18x0.13 x0.12

Data collection

Diffractometer

Bruker APEX3 Photon 100 CMOS chip

Absorption correction

Multi-scan

multi-scan absorption correction

No. of measured, independent and
observed [/ > 20(/)] reflections

112070, 6003, 4667

Rint

0.103

(5in 8/N)max (A7)

0.595

Refinement

RIF?* > 20(F?)], wR(F?), S

0.121,0.297, 1.05

No. of reflections 6003
No. of parameters 418
No. of restraints 129

H-atom treatment

H-atom parameters constrained

w = 1/[0%(F,2) + (0.078P)? + 393.8063P]
where P = (F,* + 2F?%)/3

Apmax; Apmin (e A_3)

1.34, -0.74
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Appendix Table 2.6. Crystallographic data for iIMOF-6C.

Crystal data

Chemical formula

4(BF4)-C76H76Cu2N36020

M, 2288.04

Crystal system, space group Orthorhombic, Cmcm

Temperature (K) 293

a, b, c(A) 30.1696 (3), 15.4430 (2), 28.0909 (3)
V(A% 13087.8 (3)

4 4

Radiation type Mo Ka

i (mm) 0.41

Crystal size (mm)

0.18x0.13 x0.12

Data collection

Diffractometer

Bruker APEX3 Photon 100 CMOS chip

Absorption correction

Multi-scan

multi-scan absorption correction

No. of  measured, independent and | 113789, 6698, 5248
observed [/ > 20(/)] reflections

Rint 0.059

(sin 8/N)max (A™) 0.617

Refinement

R[F*> 20(F?)], wR(F?), S 0.063, 0.200, 1.08
No. of reflections 6698

No. of parameters 395

No. of restraints 21

H-atom treatment

H-atom parameters constrained

w=  1/[c4F?) + (0.1211P)+
where P = (F,2 + 2FZ2)/3

35.2876P]

Apmax, Dpmin (€ A—a)

1.91, -0.60

Computer programs: Bruker APEX3, Bruker SAINT, SHELXT 2014/5 (Sheldrick, 2014), SHELXL2018/1

(Sheldrick, 2018), Bruker SHELXTL.
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3.1 Introduction

The annual revenue of chemical industries is ~$5.7 trillion, accounting for almost 7% of the global gross
domestic product.! Its’ energy impact is much expensive as the chemical commodity separation and
purification processes accounting for > 40% of industrial energy usage. This highlights the social need for
energy-efficient and sustainable chemical manufacturing techniques, considering the fact that this energy
footprint accounts for approximately 15% of worldwide energy consumption.?® Furthermore, it has been
estimated that the demand for chemical commodities would be tripled by 2050. In this context, acetylene
(CoH2), an important feedstock chemical and a vital fuel gas, is typically manufactured either by
incomplete methane combustion or separation of steam cracking distillates generated in the petroleum
refining.*® The state-of-the-art technologies for C.H, purification from its’ gas mixtures are mainly based
on organic solvent extraction, which in-course produce a huge amount of waste solvent and involve
highly energy-intensive processes.”® Hence, developing new separation technologies which enable
efficient C,H, recovery from its’ major industrial impurities e.g. carbon dioxide (CO) is reckoned as an
urgent priority.?*12 In this context, physisorbents with superior adsorptive potential towards C,H; are
regarded as a more energy efficient and environmentally friendly alternative to solvent extractions.**°
Traditional porous sorbent materials such as zeolite, activated carbons etc. found to exhibit lower
adsorption capacities toward these gas mixtures. However, physisorption based separation methods are
certainly handicapped due to the inflexible upper pressure processing limit of pure C;H, (2 bar). In
addition, the physicochemical similarities of CO; and C;H; in terms of linear molecular shapes (3.18 x
3.33 x 5.36 A% and 3.32 x 3.34 x 5.7 A3 for CO, and C;Hy, respectively) and similar boiling points [194.7
K (CO,) and 189.3 K (CzH>)] render significant challenges in separation and purification.6-2!

In this light, adsorptive separation by porous solids are regarded as promising and energy-efficient
alternatives for industrial separation.???® As an significant material class, metal-organic frameworks
(MOFs) have been investigated extensively towards gas separation and storage, sensing, catalysis, drug
delivery, pollutant capture, ion conduction etc.?*® Further, on account of the charge of the framework
backbone, MOFs are generally classified into two classes, viz. neutral MOFs and ionic MOFs (iMOFs).
Furthermore, ionic MOFs are ctagorized into two, anionic and cationic MOFs.*** Amongst, cationic
MOFs featured with a synergy of cationic framework backbone and uncoordinated counter anions are a
special subclass of ionic MOFs which have already shown tremendous promise in several diverse
applications.*-2 Although uncoordinated anions are not a direct component of the framework backbone
in such MOFs, their selection is also very crucial in the preparation. Systematic tuning of the
uncoordinated anions inside the pores along with pre-functionalized organic ligands can play vital role in

selective host—guest interactions
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Scheme 3.1. Schematic representation of the design principle leading to iIMOF-8C series; design of the
cationic pore environment enables C,H: selectivity over other C2-C1 gases. (colour codes: grey or gold —

C, White — H, red — O).

between the MOF and the incoming guest molecules specially in the application of hydrocarbon
separation. It is noteworthy to mention that although cationic MOFs are utilized for several applications in
recent years, but separation of light hydrocarbons utilizing cationic MOFs is still at its’ nascent stage and
to best of our knowledge, there is only few reports in literature of separation of light hydrocarbons by
cationic MOFs.

Accounting all these aspects, herein we introduce a novel two dimensional (2D) cationic ultramicroporous
(< 7 A) MOF, namely iMOF-8C, formulated with a neutral N-donor semi flexible ligand {namely, -
tris(4-(1H-imidazol-1-yl) phenyl) amine} and uncoordinated 2,7-naphthalenedisulfonic acid (2,7-NDSA)
molecules as bulky organic anionic templets inside the pores. The strategic choice of semi flexible ligand
(L) and the presence of polar oxygen atoms of the sulfonic acid groups can be decisive in selective
interaction and sorption of C,H,. Further, the role of the uncoordinated organic anions in selective
adsorption of C,H, at ambient temperature is established by utilizing two different organic sulfonic acid
anions, viz. 4,4'-biphenyldisulfonic acid (BPSA) and 2,7-NDSA. Interestingly, iMOF-8C showed very
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rare guest induced dynamism driven multi-stepped adsorption isotherms towards C,H», resulting in

benchmark adsorptive separation between C>H> and CO. (Scheme 3.1).
3.2 Experimental
3.2.1 Materials:

The solvents and reagents used in this work were available from commercial sources and were further

used directly.
3.2.2 Synthesis:

Synthesis of Ligand {tris(4-(1H-imidazol-1-yl)phenyl)amine}: A reported protocol was
followed to synthesize the ligand.>® A mixture of imidazole (6.22 mmol, 423 mg), tris(4-
bromophenyl)amine (1.04 mmol, 500 mg), K>COs (4.15 mmol, 573 mg) and CuSO, (0.041 mmol,
6.5 mg) was allowed to heat at 160°C under inert atmospheric conditions for 72 hours. Once it is
cooled to ambient condition, the resultant mixture was allowed to dissolve in CH2Cl, (100 ml) and
simultaneously washed with water for several times. The CH:Cl, layer was further allowed to be
dried, which yielded in a white powdered material. The ligand (L) was subsequently recyrstallized
in a 1:1mixture of CH2Cl,: MeOH in yield of 60%.

Synthesis of Compound iMOF-8C: A mixture of the linker (0.02 mmol, 8.86 mg), NiSO4-xH20 (0.02
mmol, 5.60 mg), 1,5-napthalenedisulfonic acid tetrahydrate (0.025 mmol, 9.00 mg) in a combination of
solvent of 2 ml water and 1 ml N,N-dimethylformamide (DMF) was placed in a teflon vial, and heated at
130°C for 48 hours and subsequently allowed to cooldown to room temperature (Appendix 3.1). The
single crystals of iIMOF-8C were collected by filtration and cautiously washed with water and methanol
several times. Single crystals of iIMOF-8C viz. [{Ni(L).}(2,7-NDSA)-xG]» were collected with ~40%
yield. Further, the crystals of iMOF-8C were allowed to dip in MeOH for exchanging the trapped DMF
and water molecules. The MeOH exchanged phase of iMOF-8C was further heated at 75°C maintaining
vacuum to obtain the activated phase of iIMOF-8C. We would like to point out that the highly disordered
uncoordinated anions and guest solvents inside the framework were unable to be located
crystallographically. Employing the SQUEEZE function of PLATON the formula for the guest-free phase
of the MOF was estimated to be [{Ni(L)2}(BPSA)].. Anal. Calcd.: C/N, 4.02; N/S, 3.04; C/S, 12.41.
Found: C/N, 3.88; N/S, 3.12; C/S, 12.65. Crystallographic data for iIMOF-8C: CCDC 2176569 contains
the crystallographic supplementary data for this chapter (Tables S9).

Synthesis of Compound IPM-MOF-201: IPM-MOF-201 was synthesized following a previously

reported protocol which is almost similar as above, except using 4,4’-biphenyldisulfonic acid instead of
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1,5-napthalenedisulfonic acid tetrahydrate as the counter-anion.>® A mixture of ligand (0.02 mmol, 8.86
mg), NiSO4-xH,0 (0.02 mmol, 5.60 mg), 4,4’-biphenyldisulfonic acid [H.BPSA] (9.45 mg, 0.03 mmol),
in a solvent combination of 2 ml water and 1 ml DMF was placed in a teflon vial, and allowed to be
heated at 130°C for 48 hours and subsequently allowed to cooldown to ambient temperature. The single
crystals of IPM-MOF-201 were collected by filtration and carefully washed with methanol and water

several times.

3.2.3 Water Stability Test: The activated iMOF-8C (~100 mg) crystals were dipped in deionised water
(50 ml) at room temperature and kept for 24 hours. The crystalline powder was subsequently collected by
filtration and allowed for air dry. The residual supernatant was carefully stored for further Inductively
coupled plasma atomic emission spectroscopy (ICP-AES) analysis.

3.2.4 Physical Measurements: PXRD patterns were collected with the Bruker D8 X-Ray diffractometer
using Cu Ka radiation (A= 1.5406 A) with a scan speed of 0.6° min™ in the 20 range of 5° to 40°.
Thermogravimetric analysis (TGA) traces were collected with the heating rate of 10°C min on a Perkin-
Elmer STA 6000 TGA analyser maintaining N. atmosphere. All IR spectra were taken using a NICOLET
6700 FT-IR spectrophotometer, having KBr pellets in the 4004000 cm range. Field emission scanning
electron microscopy (FESEM) images were acquired with a FEI Quanta 3D dual beam ESEM at 30 kV.

3.2.5 X-ray Structural Studies: Single-crystal X-ray diffraction data of iMOF-8C were recorded on a
Bruker D8 Venture Duo X-ray diffractometer at 100K crafted with Microfocus X-ray source (operated at
50W; 50 kV/1 mA) along with a Photon 100 CMOS chip based detector system and graded multilayer
optics for monochromatic focused X-ray beam Mo Ko radiation (A = 0.71073 A). Hexagonal single
crystal was kept on nylon Cryo-Loops (Hampton Research) along with Paraton-N (Hampton Research).
SAINT software> was used to conduct the data integration and reduction. The gathered reflections were
subjected to a multi-scan absorption correction. The structure was solved using SHELXTLS direct
approach, and then refined on F2 using the SHELXL-97% software package within the
WINGX® program's complete matrix least-squares methodology. Anisotropic refinement was used on all
non-hydrogen atoms. Using SHELXL default settings, all hydrogen atoms were found in consecutive
difference Fourier maps and handled as riding atoms. To guarantee that no extra symmetry could be given
to the models, the Adsym subroutine of PLATON?® was used to investigate the structures. Because the
guest and anion molecules in iIMOF-8C are very disordered and couldn't be correctly modelled, the
diffused electron densities that resulted from them were eliminated using PLATON's SQUEEZE®®
programme, and the results were appended to the CIF files. To reduce the contribution of disordered guest

molecules, the SQUEEZE option was employed.
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Gas sorption measurements: A BELSORP-Max instrument (BEL Japan) volumetric gas adsorption
analyzer was used to collect N sorption isotherms from 0 to 1 bar at 77 K. A BELSORP-Max instrument
(BEL Japan) volumetric gas adsorption analyzer was used to collect the adsorption isotherms of different
hydrocarbons in the temperature range of 273-313 K, accurately regulated using a Julabo F25-MC
recirculating control system with 60:40 ethylene glycol and deionized water.

Breakthrough Curve Simulation Details
Mathematical Modelling

Considering a fixed bed adsorption column of length L filled with iMOF-8C, following assumptions were
made to develop a mathematical model®®%® that could be solved using proper numerical methods to

calculate the concentration of gasses at different elapsed times along the bed.

Bed length

,
W

o
Inlet mixture — > .. . . . . . > Product
® 0 )

adsorbent € = Bed voidage

Figure S1. Schematic diagram of a fixed adsorption bed.

The following assumptions were made:

- The dynamic behaviour of the fluid obeys an axially dispersed plug flow model.

- The concentration gradient along the radial and angular directions was ignored.

- The flow velocity is calculated using the total mass balance equation and varies along the bed.
- The gas property is described by the Peng-Robinson equation of state.

- Adsorption kinetics into the particles are assumed to obey instant adsorption model (equilibrium

model), where adsorbates are adsorbed rapidly with no resistance.

- The Ergun equation is used to calculate the pressure drop along the bed.
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- The adsorption columns operate under isothermal conditions.
- Mixed gas isotherms are calculated by Extended Dual-Site Langmuir Freundlich (DSLF) method.5

The component and overall mass balances in the bulk phase of the adsorption column are written as
follows, based on the preceding assumptions:

OCL- a(uCl) 62Cl-
ot = oz Panigz

Nc
oC _ 9(ul) 0q;
o= — —(1—e)psZ(E)

aq;
-(1- €)PSE

Where C; is concentration of components in the gas phase and ¢; is concentration of components in the
adsorbed phase respectively. z is denoted as the axial coordinate in the bed, u is the superficial gas
velocity, Da is the effective axial dispersion coefficient, ps is the adsorbent density, € is the bed voidage,
and n is the number of the adsorbed components in the mixture. The following equation has been used to

calculate the value of Day °:

gDax,i

Dm,i

=20+ 0.5Sc; Re

Where Sc is the Schmidt number, Re is the Reynolds number and D, is the molecular diffusivity of

component i in the mixture which was calculated by following equation:

1-y
n Vi
x=] Di,x

Dpi =

Where y; is the mole fraction of component i and Dix is molecular diffusivity of component i in
component x which was calculated by Wile-Lee equation®. The solid linear driving force (LDF) model is

used to describe the mass transfer rate of the gas and solid phases based on the assumptions®’:

dq; .
a_tl = ki(q; — q;)
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Where k; is the overall mass transfer coefficient, g; is the equilibrium concentration of ith component in
the adsorbed phase. An instant adsorption model (equilibrium model) were assumbed, where adsorbates

are adsorbed rapidly with no transfer resistance. This means g; in equation 1 can be replaced with g;:%8%°
qi = 4q;

gi is then related to concentration in the gas phase through isotherms. The Extended Dual-Site Langmuir

Freundlich method was used to predict the isotherm of gases in the mixture as below:%

1 1
. q1b1P; /ts q2b,P; /tz
qi - 1/ + 1/
1+ Z}l:l b1Pj t 1+ Z?:l bZPj t2

Where g, b, and t are constants. To calculate these constants, single gas isotherms were fitted by Dual-Site

Langmuir Freundlich model as shown in Figures S2.

Y Y
q1b1P; 't q2b,P; 'tz

1 1
1+b1Pi /tl 1+b2PL /tz

qi =

The pressure drop is defined by the Ergun’s equation as:™

— = 0.875
0z + P

oP (37.5 (1—29)%uu (1- z—:)u2>
(rpgo)zs?’ €3

Where P is the local pressure at the z axial coordinate, u is the gas viscosity, ¢ is the shape factor

(assumed 1 in this work) and p is the gas density.

Table S1. Adsorption column parameters and feed characteristics used for the simulations.

Adsorption bed Feed
Length: 400 mm Total Flow rate: 11.6 mLn/min
Diameter: 6 mm Temperature: 273 K and 298 K
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Amount of adsorbent in the bed: 0.3 g Pressure: 1 bar

Carrier gas (He) flow rate: 10 mLn/min

Breakthrough curves were then calculated for a mixture of 50/50 C,H./CO, at 273 K and 298 K at 1 bar
for a bed packed with 0.3 g of iIMOF-8C. The bed was initially pressurized with helium. A 50/50 mixture
of C,H2/CO, with helium as carrier gas was introduced to the system. These mixture with a total flowrate
of 11.6 min/min (including 10 min/min of helium) at 273 K and 298 K and 1 bar was passed through the

adsorption column. A summary of bed and feed characteristics are presented in Table S1:
Numerical Methods

The implicit method of lines was used to solve the nonlinear parabolic PDEs derived from mass and
momentum balance using the finite difference method for the spatial derivatives. First, the central and
upwind differential schemes (backward) were used to discretize the second and first space derivatives,
respectively. With respect to the time derivative terms, the sets of partial equations were transformed into
sets of ODEs in this way. The length of the bed was divided into 50 increments, and the set of equations

was solved with a one-second time step using the Implicit Euler method.™

Molecular Modelling Details.

Simulated annealing.

The starting position of distinct gas molecules was determined through the traditional simulated annealing
approach utilising the classical force field as implemented in Materials Studio's sorption module, based on
the experimental crystallographic data of the iMOF-8C structure.” Pairwise site-site Lennard-Jones (LJ)
and Coulombic potentials were used to represent anion-adsorbent and anion-anion interactions. The
Universal force field is used to determine the LJ potential parameters for both the framework atoms and
the adsorbates (UFF).”® The framework atoms' charges were assigned using the Qeq charges implemented

in the Materials Studio package.

The temperature was gradually dropped in the simulated annealing approach, allowing the gas molecule
to achieve a preferred configuration based on various actions such as rotation, translation, and

repositioning with predetermined probability of occurrence. To discover the local minima, this procedure
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of heating and cooling the system was performed numerous times. A total of forty heating cycles were

carried out, with the maximum and final temperatures being 10° K and 100 K, respectively.

DFT calculations.

Density functional theory (DFT) as implemented in the software programme VASP 5.4.4.7* was used to
determine periodic geometric optimization and static binding energies for gas molecules including C>H.
and CO. with the iIMOF-8C framework. Standard DFT approaches based on generalised gradient
approximation are widely recognised for failing to account for long-range dispersion interactions between
the framework and bound adsorbates. We used the DFT-D3 approach to incorporate dispersion
corrections to precisely estimate static binding energies for each gas molecule with the framework.” The
generalised gradient approximation Perdew, Burke, and Ernzerhof (PBE)™ form was utilised to represent
electron exchange and correlation, and projector augmented wave potentials were employed to address
core and valence electrons.”” For sampling the Brillouin zone, we employed a plane-wave kinetic energy
cutoff of 600 eV and a Gamma-point mesh of k-points (2x2x1) in all cases. The Hellman-Feynman ionic

forces were less than 0.02 eV/ until the ionic coordinates and cell parameters were totally relaxed.

Binding energies.
The traditional simulated annealing approach, as mentioned above, was used to determine the initial
favoured placement of each gas molecule in the primitive cell of matching MOF structures. Static binding

energies (AE) at 0 K in vacuum were calculated using the following expression

AE = Eyor+Gas — EMOF,def — Egas

where Exrefers, respectively, to the total energies of the MOF + gas complex, the deformed MOF alone in

its adsorbed state, and the gas molecule respectively.
3.3 Results and discussion

Following a reported protocol while altering the bulky organic anion from 4,4'-biphenyldisulfonic acid
(BPSA) to 2,7-naphthalenedisulfonic acid (2,7-NDSA), we have synthesized an iso-structural cationic
MOF (iMOF-8C) with previously reported IPM-MOF-201.% Single crystals of iMOF-8C were prepared
via solvothermal reaction of NiSO.-xH,0, 2,7-naphthalenedisulfonic acid (2,7-NDSA) and ligand (L)
(1:1.5:1) in a solvent combination of DMF and water (2:1) at 130°C (Appendix 3.1). SC-XRD studies
revealed that the hexagonal-shaped crystals crystallized in R-3 space group. In addition, the unit cell
parameters of iIMOF-8C found to be similar with IPM-MOF-201, substantiating the iso-structural nature
to each other (Appendix 3.3). The asymmetric unit contains one Ni(ll), one ligand (L) molecule and

disordered organic anions and solvent molecules (Figure 3.1a). The presence of the 2,7-NDSA was
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Figure 3.1 (a) Asymmetric unit of iIMOF-8C, (b) Coordination environment in of iIMOF-8C (c) Perspective
packing view of iMOF-8C along c axis (colour - C: grey, N: blue, Ni: green).

corroborated via *H-NMR studies for which the as-synthesized MOF was digested in DsPO4/D,O and
neutralization with NaOD (Appendix 3.8). The Ni(ll) center is octahedrally coordinated to six individual
ligand units which lead to form an extended 2D sheet-structure (Figure 3.1b). The topology further
revealed that iMOF-8C possess binodal kgd topology with (3,6)-connection.>® The residual charge of the
cationic framework is neutralized by the uncoordinated 2,7-NDSA anions populating inside the
framework (Figure 3.1c). The solvent accessible void calculated from the PLATON calculations in
iIMOF-8C is found to be 2754 A3 (49%), considering only the cationic network. The one-dimensional
channels of iIMOF-8C are furnished with r-electron rich surface as well as the functional 2,7-NDSA
anions which endow the polar sulfonic acid groups with potential ability to preferentially interact with the
incoming guest molecules (Figure 3.1c, Appendix 3.5-3.6). All the basic characterizations of iIMOF-8C
were carried out before the subsequent studies. The bulk phase purity and high crystallinity of iMOF-8C
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Figure 3.2 (a) PXRD patterns of iMOF-8C, (b) TGA traces for iMOF-8C, (c) IR spectra of iMOF-8C, (d) Low
temperature (195K) CO, adsorption profile of iIMOF-8C.

was validated from the PXRD patterns (Figure 3.2a). TGA traces of iMOF-8C suggested initial weight
loss of guest water and DMF molecules, but excellent thermal stability upto ~500°C (Figure 3.2b). The
FT-IR spectrum of iIMOF-8C affirmed the presence of all characteristic peaks related to the ligand moiety
along with the peak corresponding to S-O stretching frequency of the sulfonate anion (Figure 3.2c). FE-
SEM images of iMOF-8C revealed the hexagonal shaped morphology of the single crystals and the EDX
spectrums substantiated the homogeneous distribution of all the elements over iIMOF-8C crystals
(Appendix 3.9-3.11). Moreover, iMOF-8C exhibited excellent hydrolytic stability as the PXRD patterns
confirmed the retention of all pecks (Appendix 3.12-3.13). The steric shielding of the metal centres with
six imidazole units result in fulfilment of all coordination sites of Ni(ll) nodes, imparting such hydrolytic
stability (Appendix 3.4). To substantiate permanent porosity, we have recorded low-temperature (195 K)
CO, adsorption of iMOF-8C which exhibited a type-1 isotherm with a step-wise gate-opening behavior
having an uptake of 95 cm? g (Figure 3.2d). The Brunauer-Emmett-Teller (BET) surface area of iMOF-
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Figure 3.3 (a) Single-component C.H, adsorption isotherms at both 273K and 298 K for IPM-MOF-201, (b)
Adsorptive separation of C;H, and CO; by IPM-MOF-201 at 298K, (c) Single-component C,H, adsorption
isotherms at both 273K and 298 K for iMOF-8C, (d) Adsorptive separation of C;H, and CO; by iMOF-8C at 298K.

8C was found to be 189.23 m? g calculated from the CO, (195 K) isotherm adopting Rouquerol.®® The
N, adsorption profile at 77K showed negligible uptake which is corroborates well with the partial pore-
blocking due to presence of the uncoordinated organic anions (Appendix 3.21). Pore size distribution
analysis from CO- (195 K) data substantiated the ultra-microporosity of iMOF-8C, which was found to
be in good agreement with the pore dimensions derived from X-ray structural analysis (Appendix 3.22).
All the basic characterizations were also carried out for IPM-MOF-201 prior to the adsorption studies
(Appendix 3.14-3.20). The bulk phase purity and high crystallinity of IPM-MOF-201 was confirmed
from PXRD patterns whereas the TGA traces of IPM-MOF-201 corroborated well with the initial weight
loss of guest solvent molecules, but excellent thermal stability up to ~500°C (Appendix 3.14-3.15).

Next, we recorded the single component sorption isotherms of CO, and C.H, for both IPM-MOF-201
and iIMOF-8C at 273 and 298 K under 1 bar to delve into their potency for light hydrocarbon adsorption
and separation (Figure 3.3a-3d). IPM-MOF-201 registered the saturation C;H. uptake of 49 mig™ at
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Figure 3.4 (a) Temperature dependent C,H, adsorption isotherms for iMOF-8C, (b) The temperature and gate
opening/closing pressures of C,H.-sorption were fitted with the Clausius— Clapeyron equation for iMOF-8C.

298K and 1 bar. On the flipside, the CO, uptake was 20.6 mlg?, resulting in significant adsorptive
separation of C,H,/CO; at room temperature (Figure 3.3a-3b). Interestingly, iMOF-8C exhibited a multi-
step-gate-opening behaviour toward C,H; with a high saturation C.H, uptake of 86 mlg™ at 298K and 96
mig? at 273K and 1 bar whereas the CO, uptake was 20.6 mlg?, affording an excellent adsorptive
C,H2/CO;, separation of ~60 ml at room temperature (Figure 3.3c-3d). The loading of the gas molecules
per formula unit was also found to be much higher in case of C,H; (5) than CO, (1) indicating clear
selectivity toward C,H, (Appendix 3.24). Moreover, the first and second gate opening pressure (Pg.l and
Pga2) for CoH. at 273 K are found to be 15 kPa and 25 kPa respectively, whereas Pg1 and Pg.2 at 298K
are 36 kPa and 55 kPa respectively (Figure 3.3c). Such variation in Pg with change in temperature
propelled us to explore the C;Hz-sorption behaviour of IMOF-8C at different temperatures. The
temperature dependent adsorption isotherm profiles show that the gate-opening pressure range can vary
from 15 kPa to 50 kPa by varying the adsorption temperature from 273K to 310K (Figure 3.4a). Such
dynamic adsorption behaviour can be directly corelated with pressure-induced anion movement inside the
pores of iIMOF-8C (Figure 3.7). Further, the gate opening/closing pressures and the adsorption
temperatures were fitted via Clausius—Clapeyron equation’® which revealed that the formation enthalpy of
the clathrate AH, is ca. 23.6 kJ mol™* and the dissociation enthalpy, AqH, to be ca. 25.4 kJ mol*(Figure
3.4b). These values are indicative of higher affinity and stronger preferential interaction between C;H;

molecules and iIMOF-8C framework.
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Figure 3.5 (a) IAST selectivities of the iIMOF-8C for C,H,/CO; at different temperatures, (b) Comparison between
simulated and dynamic column breakthrough curves of iMOF-8C for equimolar mixtures of C,H./CO;, (c)

Experimental dynamic column breakthrough curves for equimolar mixtures of C,H./CO; for iMOF-8C recorded for

3 cycles.

To simulate the real-time separation predicament and to understand the potency of iIMOF-8C, we have
determined the IAST selectivity for the binary mixtures of C,H./CO. (1/1; v/v) employing single-
component experimental adsorption isotherms obtained at 298 K under 1 bar (Figure 3.5a). iMOF-8C
found to exhibit an adsorption selectivity of 10 for the mixture of C;H./CO; (1/1; v/v) at 298K whereas it
showed an adsorption selectivity of 26 at 273K. Notably, iMOF-8C found to exhibit highest IAST
selectivity value in the domain of ionic MOFs for C,H2/CO; (1/1; v/v) separation (Appendix Table S1).

Such encouraging values are indicative of the true potential of iIMOF-8C towards real-time C,H,/CO;

separation.
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iMOF-8CoC3H, iMOF-8C>CO,
-64.16 kJ/mol -45.98 kJ/mol

iMOF-8C.1C;H, iMOF-8C.3C,H, iMOF-8C.5C;H,

Figure 3.6 (a) DFT optimization-based energy-optimized binding sites in iMOF-8C for: (a) C2Hy; (b) CO>, (c-€)
Gradual increase of CoH. loading up to the saturation loading limit in iMOF-8C and simultaneous structural as well
as lattice parameter change as a function of loading.

To assess the combined contributions of the uptake capacity and sorption selectivity accurately, we
executed the simulated breakthrough experiments. The simulated breakthrough demonstrates the
concentration differences of C,H,/CO, eluting from the adsorber packed with iMOF-8C as a function of
time (min). As evident in (figure 3.5b), CO, came out first from the adsorber bed for iIMOF-8C and the
retention of C,H. within the bed continued for a significant time until C,H, reached its saturation and
broke through. Therefore, such excellent simulation performance reflects on the exceptional potential of
iIMOF-8C towards combating the crucial challenge of separation of light hydrocarbons such as
C2H2/CO:s.

To validate separation potency of iIMOF-8C in real-time situations, dynamic column breakthrough (DCB)
studies has been performed in which the C;H./CO; (1/1; v/v) mixture was allowed to flow through a fixed
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bed of 300mg iIMOF-8C with a total flow of cm®min at 298K. As described in Figure 3.5b, the C;H>
breakthrough took place significantly later in comparison with CO, (18.0 versus 2.0 min g for C,H,/CO,
(1/1; vIv)). iIMOF-8C exhibited a saturation C,H, uptake of 2.79 mmol g* in the DCB profile which is in
accordance with the experimental single-component saturation uptake from C;H;isotherm at
half-coverage (3.14 mmol g™ under ambient equilibrium conditions). In addition, iIMOF-8C found to
maintain its’ breakthrough performance up to 3 cycles, revealing its’ true potential in real-time

applications (Figures 3.5c).

To acquire further insights regarding the mechanism of such preferential C,H; adsorption performances of
iMOF-8C, both Monte Carlo simulations (MCS) and density functional theory (DFT) were carried out.
First, NVT simulated annealing using MCS technique was performed on the basis of the DFT optimized
model structure of iIMOF-8C to identify the most favourable binding sites for C,H, and CO, molecules

90
80 -

0 20 40 60 80 100

P (kPa)

Figure 3.7 Schematic representation of probable mechanism of C,H; induced anion movement resulting in
multistep adsorption isotherms.

within the iIMOF-8C framework. Secondly, employing the DFT method (DFT-D3) with dispersion

correction, the binding energies between the different gas molecules and the iIMOF-8C framework were
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evaluated on the basis of the periodic model as employed in the software VASP 5.4.4 package. The
favourable binding sites in terms of lowest energy were recognized from classical NVT simulated
annealing which were regarded as the preliminary DFT optimization positions. As described in Figure
3.6a-6b, the favourable binding locations of incoming C,H, and CO., molecules inside the optimized
structure iMOF- 8C. Both DFT and MCS methods has been utilized to understand such dynamism in
C,H: adsorption isotherms exhibited by iMOF-8C. In this study, we have gradually increased the loading
the of C;H in the primitive cell of DFT optimized iIMOF-8C model to understand the selectivity
mechanism and effect of guest loading. The classical NVT simulated annealing studies revealed the
preferential binding sites with lowest energy which were further considered as the initial position for
further DFT optimization. As revealed by Figure 3.6, in all the C;H: loading range, the C;H, molecules
found to occupy the 1D channels as well as the interlayer space of iMOF-8C. As shown in Figure 3.6a,
iMOF-8C exhibits different binding sites toward C,H.. Strong interactions were observed between
(HC=CH---0O=S (uncoordinated anions)), (HC=C:--H-C (MOF)) and (HC=C:--n (MOF)). Moreover,
incremental loading of C2H: in the primitive cell of iMOF-8C revealed a significant structural change as
the distance between 2,7-NDSA molecule and iMOF-8C framework is gradually changing (Figure 3.6c-
6e, Appendix 3.29). Additionally, the alteration in torsion angles as well as the bond angles of ligand L
can be directly corelated with the structural dynamism upon incremental C,H; loading inside iMOF-8C
(Appendix 3.30-3.31). The calculated binding energies are also found to be in well alignment with the
experimental adsorption selectivity: C,H. (-64.16 kJ mol™) > CO; (45.98 kJ mol?).

3.4 Conclusion

In conclusion, herein we have developed a novel cationic ultramicroporous MOF (iMOF-8C)
with functional sulfonic acids as counter anions favoring the selective adsorption of CaHo.
iIMOF-8C exhibited a rare guest-induced anion-dynamism-based gate-opening behavior towards
C2H2 which is for the first time utilized for challenging separation of C>H2/CO,. Further, the
single component adsorption isotherms revealed excellent selectivity for CoH over its’ industrial
impurity, i.e. CO2. Such selectivity is predominantly attributed to the existence of several
functional groups e.g., polar sulfonic acid groups, unsaturated m-electron cloud in framework
backbone etc. In addition, IAST calculations and simulated breakthrough experiments revealed
the high efficiency of iMOF-8C in the purification of CoH> from C2H2/CO2mixtures, which is
recognized as very crucial but challenging task in industrial separation. Moreover, theoretical
calculations further comprehensively supported the high affinity of iMOF-8C toward C>H> over

CO.. This work not only demonstrate systematic exploration of functional sulfonic acid anions in
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a cationic MOF for such hydrocarbon separation for the first time but also provides a new
direction to the development of cationic MOFs and rational designing of functional porous

materials for the pressing industrial challenges of light hydrocarbon separation.
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3.5 Appendix section
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Appendix 3.1 Synthetic protocol leading to the synthesis of iIMOF-8C.
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Appendix 3.2. *H NMR spectra of ligand (L).
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Parameters a () b (A) c(A) a(?) B(°) 7(°) V (A3) Space
Group
IPM-MOF-201 | 16.04(10) | 16.04(10) | 25.00(18) | 90 90 120 | 5574.9(8) R-3
iIMOF-8C | 15.98 (0.04) | 15.98 (0.04) | 25.08 (0.09) | 90 90 120 | 5540.5 (3) R-3

Appendix 3.3. A comparison table of cell parameters of previously reported IPM-MOF-201 and iMOF-

8C.

Appendix 3.4. Coordination environment of iMOF-8C (colour codes: grey - C, blue - N, green — Ni).
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Appendix 3.5. Perspective view of overall packing of iMOF-8C along c-axis (colour codes: grey - C,
blue - N, green — Ni).

Appendix 3.6. Packing diagram of iMOF-8C showing the coordination environment of the metal node
(colour codes: grey - C, blue - N, green — Ni).
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Appendix 3.7. Packing diagram showing construction of a 2D nonplanar sheet like structure of iMOF-

8C.

s

el

s

8.0

[X] 6.0
11 (ppm)

55

as

Appendix 3.8. tH-NMR after digesting iMOF-8C in DsPO./D,0 followed by neutralization with NaOD.
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2pm EHT=1500kv  Signal A=Inlens  Date :23 Dec 2020
— WD=65mm  Mag= 373KX  Time:15:12:34 nsRRFOE

Appendix 3.9. FESEM images of iIMOF-8C crystals.

Element Weight %
C 63.61
N 16.56
o) 11.58
S 4.75
Ni 3.50

Appendix 3.10. EDX analysis of iMOF-8C.
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P—— e —
Soum Electron Image 1

Appendix 3.11. Elemental mapping recorded on iMOF-8C crystals.

Appendix 3.12. Image of single crystals of iIMOF-8C after dipped in water for 7 days.
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" ” A water dipped-7 days

Normalised Intensity (a.u.)

as-synthesized

10 15 20 25 30 35
260(°)

Appendix 3.13. Powder X-ray diffraction patterns of iMOF-8C; as-synthesized (black), water dipped
(red).

Activated

As-synthesized

Simulated

" AP
T T I | |

5 10 15 20 25 30 35
20(degree)

Appendix 3.14. Powder X-ray diffraction patterns of IPM-MOF-201; simulated (black), as-synthesized
(red), activated (blue).
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100 -
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Appendix 3.15. TGA traces for the as-synthesized phase of IPM-MOF-201.
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Appendix 3.16. 'H-NMR after digesting IPM-MOF-201 in DsPO./D,0 followed by neutralization with
NaOD.
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4.4'-Biphenyldisulphonic acid

Ligand

L e

Normalised Intensity (a.u.)

3600 3000 2400 1800 . 1200 600
Wavenumber (cm‘1)
Appendix 3.17. IR spectra of IPM-MOF-201.

11111 EHT=1500kv  SignalA=InLens  Date :30 Dec 2020
WD = 4.8 mm Mag= 145KX  Time 151549 WSERFONE

3 3 . 3
1 -l 1 J LA LA R TV NI R ]
D — TOeadrw  Mey UET Jge sk u

Appendix 3.18. FESEM images of IPM-MOF-201.
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Element Weight %
C 64.69
N 18.35
o) 12.97
S 3.16
Ni 0.82

Appendix 3.20. EDX analysis of IPM-MOF-201.
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100
80
"o 60
= —e— CO,(195K)_Adsorption
O .
;u 40 - —e— N_(77K)_Adsorption
20 -
O : T T I T T
0.0 0.2 0.4 0.6 0.8 1.0
P/P,
Appendix 3.21. Low temperature adsorption isotherms for iMOF-8C.
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Appendix 3.22. Pore size distribution plots for iMOF-8C.
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00015 = B
D_ Adj. R-Square 0.99468
o
SI, 0.0010 -
>
=
o
Q
o 0.0005 - —— BET linear fittings
— for IMOF-8¢c
(S.A)vor.sc = 189.23 m?/g
0.0000 ~ . . .
0.000 0.025 0.050 0.075
P/P,
Appendix 3.23. BET surface area plots for iMOF-8C.
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Appendix 3.24. Respective loading of C.H, and CO. molecules per unit cell of iIMOF-8C (colour codes:

black — CoHy, red — CO,).
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Post_Adsorption

Activated

Pristine

Simulated
A A M

T I T T T T
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Appendix 3.25. Powder X-ray diffraction patterns of iMOF-8C; simulated (black), as-synthesized (red),
activated (blue), Post-adsorption (pink).

EHT=20.00kV Signal A= InLens  Date -7 Oct 2021
WD= 69 mm Mag= 302X Time :15:34:45

EHT=2000kv  SkgnalA=InLens Date -7 Oct 2021
WD = 6.9 mm Mag= 1.11KX  Time:15:35:24

Appendix 3.26. FESEM images of post-sorption iMOF-8C crystals.
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12

—e— 273 K
—=— 298 K
—— Vinal fit of InP

Cco,

Model

Equation

Plot
a0

Reduced Chi-Sqrt
R-Square(COD)
R-SquUare(COD)"

Ad. R-Square™

+b2
A
-5412.23507 +689.48533
5500.84333 + 4276 96174
-3953.26996 + 5306.80109
-2042.51896 + 179562411
660.11868 + 608.09499
0+0
28.53200 + 2.42543
-20. 7504 + 14 63448
2174914 + 16.13018
0£0
273+ 0

0.99837

Qs (User)
Y=INp)H /T (@0+ a1 ha2 2 4a3 W 3+ ad e 4+ a5 0 5)H (DO +D1X
32 +h37KA3)

Cc
-5412.23507 £ 669.48533
5500.84333 + 4276.96174
-3953.26996 + 5306.80109
-2042.51896 + 179562411

660.11868 + 60809499
0+0
28.53200 + 2.42543
-20.7504 + 1463448
21.74914 £16.13018

00
208+ 0
0.24406
093188
0.96825
0.9656

I
04

I
0.8

1

T
2

Uptake (mmolg')

Appendix 3.27. Fitting of the CO; isotherm data for iMOF-8C to the virial equation.

V1
V2
Co, CH, He
—

1.6

TCD &FID

4

1) 3-way valve; 2) Mass flow controller; 3) Packed MOF column; 4) Water bath; 5) 6-way valve
(TCD: thermal conductivity detector; FID: flame ionisation detector in GC (gas chromatograph; MFC: mass flow controller)

Appendix 3.28. Schematic of gas mixing unit, gravimetric gas uptake analyser and gas separation

analyser for breakthrough

experiments.
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=
g m m EEE=EH
._7}-—[*'*
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- [
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J : 9 [ ]
" ’ = C2H2-273K
—_ 3 _ |
£} . o o C2H2-293K
. /
o ] ‘ A CO2273K
1 [ ]
£ ,‘ K v C02-293 K
~— / .
o / —— DSLF fittings
X 24 Y,
y
o T ® A A A A —AA
*7_‘7_‘ _
" 4 AAA
A
14 g e
A& v vy
," ¥ 7-"" vV v
- vy
v
4 e
0 -
I [ I I I 1
0.0 0.2 04 0.6 0.8 1.0
Pressure (bar)
Model DSLF (User)
Equation QD1 RAE (1 +b1 A1) a2 b2 ) AA2)(1+b2 KA 11£2))
Plot C2H2-273 C2H2-293 c02-273 C02-293
q1 3.08952 +0.11563 227458 + 009384 115637 £ - 06815+ --
b1 998779 + 133538 13.063 + 2 54471 183923 + 34953 32023 1.95156 + 14295 69654
t1 1.17523 £ 0.03736 0.78675 £ 0.03194 1.42908 £ - 1.23406 £ --
q2 1.47044 + 0.06496 1.64473 £ 0.05448 1.15637 £ - 0.6815+ -
b2 9.80222E13 + 1.89739E14 35437.67505 + 18567.23469 1.83923 + 34950.65555 1.95157 + 14292.93341
2 0.05489 + 0.00327 0.07393 + 0.00373 1.42804 £ - 123398 % -
Reduced Chi-Sqr 0.00411 0.00117 1.29906E-4 4.63302E-5
R-Square (COD) 0.99852 0.9994 0.99958 0.99962
Adj. R-Square 0.99839 0.99934 0.99954 0.99957

Appendix 3.29. Dual-Site Langmuir Freundlich fits of the iMOF-8C single gas isotherms at 273K and

298 K.
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5 C,H,

Appendix 3.30. Structural change due to gradual increase of CoH, molecules in iMOF-8C from 1 to 3 to
5 molecules per unit cell of iIMOF-8C.

Appendix 3.31. Tortion angle change in iMOF-8C framework due to gradual increase of C,H, molecules
from 1 to 3 to 5 molecules per unit cell of iIMOF-8C.
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Optimised Lattice Parameters
Structure
a b c
IMOF-8C 12.51042 12.01905 11.59511
iIMOF-8C@1-C,H, 12.5864 11.68315 11.82509
IMOF-8C@3-C,H, 12.33373 12.14429 11.88847
iIMOF-8C@6-C,H, 12.62497 12.96245 11.13519
IMOF-8C@8-C,H, 12.43898 12.05462 11.43202

Appendix 3.32. Comparison of lattice parameters of simulated iMOF-8C structure with incremental

loading of C;H..
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Table S1. Summary of adsorption uptakes, adsorption enthalpies (Qst) and IAST selectivity at
298K 1 bar for 1:1 (v/v) C2H2/CO,) for C2H> selective sorbents.

Type of Adsorbent, CoH2 CO2
Qst(C2H2) at
Adsorbent network Seet / Pore uptake at1 | uptake at1 )
. . . . low loading, | Sac Ref
dimensionality m2gt | size (&) | bar, mmol | bar, mmol
kJ mol?
(nD) gt gt
4.6 x This
iMOF-8C, 2D 330 45;53 1.2 0.68 38 10
work
x 5.4
4.6 x
iMOF-6C, 2D 330 45;53 1.2 0.68 38 8 79
_ x 5.4
lonic 4.6 x
iMOF-5C, 2D 242 4.5;5.3 15 0.71 355 6 79
x5.4
4.6 x
iMOF-7C, 2D 109 4.5;5.3 0.7 0.61 35 4 79
x 5.4
12.5 x
JCM-1, 3D 550 3.9 3.3 1.7 36.9 10 80
2.4 x 3
UTSA-300a, 2D 311 33 3.3 0.2 57.6 10 81
3.6 x
ZJU-74a, 3D 64 38 3.83 3.08 44.5 36.5 82
. 5.8 x
NKMOF-1-Ni, 3D 382 58 2.7 2.3 60.3 30 83
. 4.6 x
sql-16-Cu-NOs-a 179 50 1.33 0.38 38.6 27.8 84
4.15 x
. 4.27;
FeNi-M'MOF, 3D 383 4.29 2.72 27 24 85
3.94 x
4.58
. 4.3 x
[Nis(HCOO)g]n, 3D | 289 3 2.4 16 40.9 22 86
TIFSIX-17-Ni | 237.6 3é5§9x 3135 | 29°x10 38.8 209 | 87
3.69 x
TCuCl, 3D 167 369 3.0 2.0 41 16.9 88
Neutral pacs-CoMOF-2a | 196 | 58,66 5.40 2.81 342 13 | 89
SIFSIX-17-Ni 229.2 3é5§1x 3.303 1.293 37.0 11.7 87
10.2,
ZJU-40a, 3D 2858 9.6 x 9.64 3.34 34.5 115 90
22.3
Co-MOF, 3D 973 NM 6.47 2.68 33 11 91
ZJUT-2a, 3D 350 3'322" 34 2.2 415 10 | 9
3.59 x
TCuBr, 3D 173 359 2.8 2.0 36.6 9.5 88
8.0 x
UTSA-74a, 3D 830 8.0 4.8 3.2 31 9 93
SNNU-150-Al, 3D NM 8.5 4.33 1.98 29 7.27 94
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UTSA-83a, 2D 70 3656" 0.53 017 244 62 | 95
47 x
MUF-17, 3D 247 e 2.7 2.2 495 6 | 9
CPM-1070p.3D | 319 | NM 435 1.55 37 57 | o7
ZINU-13, 3D 1352 fisé 5.28 3.92 335 564 98
3.66 x
TCul, 3D 250 | e 2.2 16 384 53 | 90
UPC-110,3D | 13843 | 6 327 1.08 246 51| 99
JXNU-5, 3D 406 | 46,67 25 1.55 329 5 | 100
SNNU-45, 3D 1006 | 45 5.98 433 40 45 | 101
UTSA-220, 3D 577 2'51'_5;’1'%; 3.40 3.38 29 44 | 102
5.4 x
FJU-90a, 3D 1572 | 8.0 46 25.1 43 | 103
Cuz(ade)2(PA), 3D | 401 | 2x6 2.19 15 268 22 | 104
Hex'z”él'\)"OF 12,1 7703 | 86,938 3.18 221 39 4 | 105
4.2 x
mot-Cu(Br-BDC) | 55 | 47.17 1.53 1.08 26.1 39 | 106
MOF, 3D
x 24.1
Cu—CPAH,3D | 880 6-9 5.88 3.03 354 36 | 107
UPC-200(Al)-F-
BIM. 9D 22128 | 7x11 6.2 25 205 315 | 108
16.3 x
JNU-1, 3D 818 > 2.7 2.2 13 3 | 109
C”'tths'l\D"OF 18, | 7989 | 54-86 5.02 3.35 383 27 | 110
Zn-MOF-74,3D | 1360 | 11x 11 55 54 21 2 | 104
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Table S9. Crystallographic data for iIMOF-8C.

Crystal data

Chemical formula CsaHa2N14Ni

M, 993.78

Crystal system, space group Trigonal, R-3:H

Temperature (K) 100(2) K

a,b,c(A) 16.075(3), 16.075(3), 24.907(6)
V (A) 5574(3)

Z 3

Radiation type Mo Ka

K (mm-) 0.30

Crystal size (mm)

0.17x0.12 x 0.10

Data collection

Diffractometer

Bruker APEX3 Photon 100 CMQOS chip

Absorption correction

Multi-scan
multi-scan absorption correction

Theta range for data collection

2.194 to0 25.238°.

Index ranges

-19<=h<=19, -18<=k<=19, -29<=|<=29

Reflections collected 43930
Independent reflections 2239 [R(int) = 0.1411]
Completeness to theta = 25.238° 99.2%

Absorption correction

Semi-empirical from equivalents

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

2239/18/105

Goodness-of-fit on F2

1.859

Final R indices [1>2sigma(l)]

R1=0.1692, wR2 = 0.4593

R indices (all data)

R1 =0.2308, wR2 = 0.4928

Extinction coefficient

n/a

Largest diff. peak and hole

1.294 and -0.774 e.A3

Computer programs: Bruker APEX3, Bruker SAINT, SHELXT 2014/5 (Sheldrick, 2014), SHELXL2018/1

(Sheldrick, 2018), Bruker SHELXTL.
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Growing industries is a part of growth of modern civilization and urbanization. But release of their toxic
effluents, which are generated from those industries, directly into the mainstream water bodies has
resulted into the heavily increasing environmental pollution.* Such increasing water pollution due to
various organic and inorganic contaminants has earned tremendous attention. Freshwater resources are
becoming increasingly limited across the world as a result of rising population and water pollution.?
According to United Nations estimates, the global population will reach ten billion people by 2050, and
as many as one billion people may face extreme difficulty in accessing clean water even by 2025.34 As a
consequence of increasing threats to the living systems, huge attention has been devoted to the selective
and sensitive detection of those toxic water pollutants. In this regard, metal-organic frameworks (MOFs)
have emerged as the next generation sequestration material toward efficient remediation of various
environmental pollutants.® Among them, cationic MOFs have attracted tremendous attention owing to
their extra functionalities in the form of counter functional anions inside the pores, which has proven to be
the game changer in selective sensing and capture of environmental pollutants.6 Although several neutral
and ionic MOFs have been utilized towards such pollutant remediation, but dual/bimodal sequestration of

these pollutants by multifunctional cationic MOFs is still very rare and challenging.”

There are two chapters in this section: chapter 4 and chapter 5. In chapter 4, a water stable luminescent
cationic MOF was utilized for dual recognition of heavy-metal based oxo-anionic pollutants, i.e. CrO4*,
Cr,07#, HAsO,* and HAsOs> in water. In chapter 5, another water stable cationic MOF with
hydrophobic pore surface has been designed and utilized toward remediation of chromate (CrO4*) and
perrhenate (ReOy4) anions. Chromate is considered as one of the priority pollutant by US- Environment
protection agency (US-EPA) owing to its hazardous effects while perrhenate anions are used as surrogate
anions for radioactive pertechnatate (TcO4") anion which is highly soluble in water with a high half-life

(t12=2.1x10° years) produced from nuclear fission activities.
References:

[1] M. A. Shannon, P. W. Bohn, M. Elimelech, J. G. Georgiadis, B. J. Marifias, A. M. Mayes, Nature
2008, 452, 301-310.

[2] P. C. D. Milly, J. Betancourt, M. Falkenmark, R. M. Hirsch, Z. W. Kundzewicz, D. P. Lettenmaier, R.
J. Stouffer, Science, 2008, 319, 573-574.

[3] World Population Prospects: The 2015 Revision, Methodology of the United Nations Population
Estimates and Projections; Working Paper No. ESA/P/WP.242; Department of Economic and Social
Affairs, Population Division, United Nations, 2015.

.1



| Part Il
[4] P. Samanta, A. V. Desai, S. Let, S. K. Ghosh, ACS Sustainable Chem. Eng., 2019, 7, 7456-7478.

[5] S. Mukherjee, D. Sensharma, O. T. Qazvini, S. Dutta, L. K. Macreadie, S. K. Ghosh, R. Babarao,

Coord. Chem. Rev., 2021, 437, 213852.

[6] A. Karmakar, A. V. Desai, S. K. Ghosh, Coord. Chem. Rev. 2016, 307, 313-341.

[7] N. C. Burtch, H. Jasuja, K. S. Walton, Chem. Rev. 2014, 114, 10575-10612.

1.2



Chapter 4

A Luminescent Cationic MOF for
Bimodal Recognition of Chromium and

Arsenic based Oxo-anions in Water



| Chapter 4

4.1 Introduction

Water pollution has become a pressing problem in the 21% century to global population.™*! The access to
clean and fresh aquatic systems is acknowledged as indispensable to entirely discern human rights.
Comepelling upsurge in world population in combination with increasing urbanization and energy
consumption possess a direct threat to sustainable life on earth for generations to come.®! Consequently,
the generation of enormous hazardous wastes and overexploitation of natural resources are apparent on
earth’s ecosystem as well as water bodies.[! Acknowledging this fact, universal accessibility to clean
freshwater remains the main objective of the “Sustainable Development Agenda” of the United Nations. !
In particular, water pollution from heavy metals (density > 5 g cm®) and their corresponding oxo-anions
(e.g., AsO4*, CrO4*, Se0s*) has come forth as a persisting problem that leads to acute toxicity when
accumulated in living organisms.[®! Chromium (Cr), on account of its hard and corrosion resistance
ability, is of huge industrial relevance, and is extensively utilized in electroplating, metallurgy and
printing.["! In waste water, the usual abundance of chromium is in its highly soluble hexavalent oxo-
anionic forms (CrO4 2~ and Cr,07 %) depending upon the pH.[ It is a well known fact that these anions
are mutagenic and carcinogenic in nature being highly toxic to living organisms and environments. To

this end, pollution due to chromium has caught considerable attention amongst researchers worldwide.

On the other hand, Arsenic (As), noted as slow death mineral stands tall among the most carcinogenic
and lethal elements,® and is largely abundant in waters, soils, atmosphere and organisms.!% Inorganic
arsenic [As (111) & As (V)] generally accumulates in keratin-rich tissues, viz., hair, skin, body fluids, 121
and impede ATP production, energy transduction reactions along with endothelial damage.*®! The
toxicity is punctuated by the fact that the U.S. EPA (Environmental Protection Agency, United States)
and WHO has lowered the maximum contaminant level (MCL) from 50 to 10 ppb for arsenic in drinking
water.l°l Keeping in mind the extreme toxicity both chromium and arsenic present, it is topical to develop
potent sensors toward recognition of these oxo-anions. To mitigate the prevailing magnitude of arsenic
water contamination and toxicity, tremendous effort has been put forward in pursuit of efficient
technologies aimed at efficacious detection and sequestration of these toxic anions. Instrumental
techniques like inductively coupled plasma mass spectrometry (ICP-MS), ion chromatography, high-
performance liquid chromatography coupled with atomic absorption spectrometry are suitable for
gualitative as well as quantitative recognition while distinct approaches such as adsorption, flocculation—
coagulation, chemical oxidation and electrochemical detection have also been probed.l***8 These
methods are reliable albeit pitfalls like sophisticated equipment requirement, intensive operational time

and sample pre-treatment adds to the complexity of measurement. That being said, on a parallel approach,
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Scheme 4.1. Schematic representation of the design principle leading to iIMOF-nC series; design of the
cationic pore environment enables C,H; selectivity over other C2-C1 gases. (colour codes: grey or gold —

C, White — H, red — O).

fluorogenic and colorimetric techniques are advantageous due to fast response time, sensitivity and also
requiring no or very less sample pre-treatment pertaining to feasibility.*®! Additionally, bi-functional
materials offering synergistic detection and removal proves to be a significant advancement in addressing

the issue whereby adsorption allows preconcentration of the analytes leading to an increased sensitivity.

Fabricated from a combination of organic linkers and metal ions/clusters held together periodically, metal
organic frameworks (MOFs) are an emergent class of crystalline materials bearing potential voids. Since
its advent, MOFs have found their potential in a broad range of applications. In fact, by virtue of their n-
rich bridging organic ligands along with metal nodes/clusters as well as adsorbed or functionalized
luminous guest molecules, MOFs can exhibit excellent luminescence property.?? In recent years,
luminescent MOFs (L-MOFs) have established their potential in variety of applications including
environmental issues.”! As a new paradigm for chemical sensing, plentiful L-MOFs have been
documented as efficient sensory probes toward small molecules,?? heavy metal ions®! and toxic
gases.?! Hitherto, the manifestation of L-MOFs designed for anion recognition are few and far
between.[?! One of the reasoning behind this might be the requirement of stable porous cationic L-MOFs,
which are still limited in MOF community.?! To address this issue, we have adopted the strategic
utilization of a m-electron rich organic linker with rigid and conjugated aromatic skeleton. The highly
conjugated nature of the ligand makes the MOF highly emissive in nature mainly through ligand centered
emission. Also, based on HSAB principle, the neutral tripodal linker used for the construction of the MOF
has smaller five-membered imidazole units as the terminal moieties that enables maximum coordination
leading to chemically robust cationic framework through the metal center shielding.?”? Overall, the

judicious choice of d*® metal system in synergism with highly conjugated linker and metal ion shielding
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consequently produces chemically robust positively charged luminous nano-spaces abundant with
multiple binding sites for incoming anionic guest molecules. In this report, we present a water stable
highly luminescent cationic MOF (iMOF-4C), built from a tripodal neutral N-donor linker (1,1'-(5'-(4-
(1H-imidazol-1-yl)phenyl)-[1,1":3',1"-terphenyl]-4,4"-diyl)bis(1H-imidazole) and d*° metal ion system for
simultaneous detection and removal of environmentally toxic oxo-anions (CrO4%, Cr.0; , HAsO4?,
HAsO3 %) in water medium. The MOF based sensory probe displayed precise and sensitive recognition of
these anions via a unique “off-on” fluorogenic signal output with extremely fast response time. Moreover,

the limit of detection (LOD) was found to be among the lowest in MOF based sensors.
4.2 Experimental

Caution: Benzene is a highly volatile compound with severe toxicity and carcinogenic nature towards

humans. Thus, it should be handled with appropriate safety measures and very carefully.

4.2.1 Materials: All the required solvents and reagents were acquired commercially and further used
without any laboratory purification.

Step-1 .
(o]
CFSO;H I
>
140° C ,24hr.
s T C
Br Br

Step-2

\\/N

e Z_}
O T K,CO,, 160°C O
oo, oae el

Scheme 4.2. Representation of the protocol employed for the synthesis of ligand (L).
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4.2.2 Synthesis

Synthesis of Linker 1,1'-(5'-(4-(1H-imidazol-1-yl)phenyl)-[1,1":3",1""-terphenyl]-4,4""-diyl)bis(1H-

imidazole): The linker was synthesized via adapting a previously reported protocol (Scheme 4.2).128

Synthesis of iIMOF-4C: The MOF was synthesized by a slow diffusion crystallization method. A N,N'-
dimethylformamide (DMF) solution was prepared of the linker L (0.02 mmol, 10.15 mg, and 1 mL) and
poured into a cylindrical glass tube. On the top of the layer of the ligand solution, another layer of (1 ml)
benzene was added followed by addition of another layer of the 1 mL solution of metal salt,
Zn(Cl0O4)2.6H,0 (7.45 mg, 0.02 mmol) in methanol. The triple layered diffusion system was kept isolated
without any disturbance. Hexagonal shaped colourless crystals were obtained after 10 days. The
compound was collected by filtration and washing with methanol for several times. Pure single crystals of
iMOF-4C were obtained with ~40% yield. Subsequently, the iMOF-4C crystals were dipped in CH3CN
for 24 hours to exchange the free solvent molecules inside the pores and activated under high vacuum at
60°C to obtain the guest free activated phase. In addition, we could not locate the highly disordered
uncoordinated CIO4 anions and guest molecules inside the framework crystallographically. From
PLATON SQUEEZE function, the formula of iMOF-4C was found to be {[Zn:1(L)1](ClO4)2.X(G)}n (G =

disorder guest molecules).

>

DMF/Bz/MeOH

O Zn(Cl10y), _

7 N N
(N'; \~/ {[Zn,(L),} ]-(CI0,),-x(G)}

Scheme 4.3. Representation of the protocol employed for the synthesis of iMOF-4C.

4.2.3 Physical measurements: Powder X-ray diffraction (PXRD) patterns were acquired from a Bruker
D8 Advanced X-ray diffractometer in a 5° to 40° 20 range by using Cu Ka radiation (A = 1.5406 A) with

a scan speed of 0.9° min~t. The Fourier transform infrared spectra (FT-IR) spectra were collected from
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Bruker spectrometer. The fluorescence spectroscopic studies were performed with Jobin Yvon
Fluoromax-4 spectrofluorometer. The thermogravimetric analysis (TGA) were collected from a TGA
analyzer (Perkin-Elmer STA6000) under N, atmosphere keeping the heating rate constant at 10 °C min.
The field emission scanning electron microscopy (FESEM) studies and energy dispersive X-ray (EDX)
analysis data were acquired from a FEI Quanta 3D dual beam ESEM. The fluorescence imaging

experiments were performed on Leica DM6B EPI-Fluorescence instrument.

4.2.4 X-ray structural studies: Single-crystal X-ray data of iMOF-4C was acquired at 150 K from
Bruker D8 Venture Duo X-ray diffractometer equipped with a Microfocus X-ray source (operated at 50
W; 50 kV/1 mA) and graded multilayer optics for monochromatic Mo Ka radiation (A = 0.71073 A) with
a focused X-ray beam and a Photon 100 CMOS chip based detector system. The crystal was mounted on
nylon CryoLoops (Hampton Research) with Paraton-N (Hampton Research). The data integration and
reduction were processed with SAINT software.® A multi-scan absorption correction was applied to the
collected reflections. % The structure was solved by a direct method using SHELXTLE2 and was
refined on F? with a full-matrix least-squares technique using the SHELXL-2014/75% program package
within the WINGX®2®! programme. All of the hydrogen atoms were refined anisotropically. All of the
hydrogen atoms were located in successive difference Fourier maps and they were treated as riding atoms
using SHELXL default parameters. The structures were examined using the Adsym subroutine in
PLATON to assure that no additional symmetries could be applied to the models. The SQUEEZE
option! was used to eliminate the contribution from the disordered guest molecules. CCDC number:

2073931 for iMOF-4C contains the supplementary crystallographic data for this paper.

4.2.5 Water Stability Test: Roughly 40 mg of the activated iMOF-4C was dipped in 10 mL of deionized
water at room temperature and kept as it is for 24 h. Thereafter, the compound was collected by filtration

and air dried at room temperature for further characterization.

4.2.6 Analyte preparation: First, stock solutions of all the anions were prepared from their respective
sodium and potassium salts in water of concentration 0.5mM. Cr(VI) and As(V & IlI) based anion

solutions were further diluted 10 times to prepare 0.05mM stock solution in water.

4.2.7 Fluorescence measurements: To execute the sensing experiments, finely grinded powdered form
of activated crystals of iIMOF-4C (1 mg) were allowed to disperse in 2 ml of water and 1 mM aqueous
stock solution of CrOs %, Cr.07 #, HAsO4 > and HAsO; # (20200 pL) were added individually. The

corresponding gradual change in fluorescence spectra were monitored under stirring condition.

4.2.8 Detection Limit Calculation: For calculating detection limit, Cr(VI), As(V) and As(IIl) (20 —
200uL, 0.05mM stock solutions) were added to probe (desolvated iMOF-4C) (1mg, in 2mL water) and
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fluorescent intensity was recorded. By plotting fluorescence intensity with increasing concentration of the
0xo0-anions, slope (m) of graph were calculated from there. Further, the standard deviation (o) was
calculated from five blank measurements of probe. Detection limit is calculated according to the

formula;*!
Detection limit: (36 /m)

4.2.9 Titration with CrO; %, Cr,07 %, HAsO, %, HAsO3; % and other competing anions with iMOF-
4C: 1mg desolvated iMOF-4C was taken in a cuvette and 2mL water has been added to that. Initial
luminescence spectra of iIMOF-4C in water has been recorded by exciting at 330nm (spectra recorded in
the range of 350-650nm). Then to the dispersed MOF in water, we have added stock solution of Cr(VI)
ions in water (20pL to 200uL) and spectra were for each addition. With each addition of Cr(V1) anion, we
found quenching in the fluorescence emission of iMOF-4C. Similar procedure was followed for titration
of As(V) and As(lll) based oxo-anions. With each addition of As(V) and As(lll) anions, we found
enhancement in the fluorescence emission of iMOF-4C individually. For competing studies, we have
taken SO.*, CI-, Br, ClOs, NOs~ and SCN™ ions in water. In a typical way, for initial study we have
taken 1mg of iIMOF-4C in 2mL of water. To the dispersed MOF we have added 200uL of the competing
anion from the stock solution and recorded the corresponding spectra to check the response of MOF
towards other anions (which we have provided in a bar diagram profile). Later, in a similar way to the
dispersed MOF (1mg) in water medium (2mL) we have added 200uL of competing anions and followed
by the addition of 200uL individual oxo-anionic solutions from the stock as prepared earlier. We have
recorded both responses of MOF in presence of competing anions and in presence of both competing
anions and respective oxo-anions. By combining two responses, we got the sensitivity of iMOF-4C

towards these oxo-anions in presence of other competing anions.

4.2.10 Oxo-anion capture study: iMOF-4C (1mg) was immersed in an 2mL aqueous solution of 0.5mM
CrO4*” and subsequently UV-Vis absorbance spectra were recorded with different time intervals. Further,
the percentage removal of the oxo-anion and decrement in concentration was calculated by using the

following equation:

Co— C Ag—A
D, = OCO £ x100% = OAO :

x100%

Where, Dy is the exchange capacity, Co and Ao are initial concentration and absorbance of the oxo-anion
solution respectively, C; and A, are concentration and absorbance of the oxo-anion solution at specific

times respectively.
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4.2.11 Structure simulation studies

The structural simulations studies were performed using Materials Studio software suite 2017
(Accelrys).E Initially, the framework structure of the single MOF unit cell was totally relaxed employing
DMOL3 code and B3LYP hybrid exchange correlation function by keeping Multiplicity factor to Auto
mode, Double Numeric Plus Polarizing (DNP+) as Basis set and water as solvent. The calculations were
performed with Global orbital cutoff scheme (medium quality). For the geometry relaxation of MOF unit
cell, force, energy and displacement parameters were set to 0.004 Ha/A, 2 x 10®° Ha and 0.005 A
respectively. On this geometry relaxed MOF unit cell the structural simulation was acquired via Universal
force field with a high calculation level. The Connolly surface was constructed using atom, surface, and
volumes tools available in Materials Studio, having a fine grid resolution of 0.25 A with Connolly radius
1.0 A. Using the Sorption module, the possible interaction sites of various guest and anion molecules
were introduced in MOF unit cell and modelled. The calculations were executed via Metropolis algorithm
with high quality grid calculations at 298 K temperature on single MOF unit cell as well as 3x3x3
supercell.

Determination of binding energy of interactions, electrostatic — potential surface (ESP) and binding
sites: Using Discovery Studio 2016 (Accelrys) we obtained interactions between MOF unit and guest
molecules in terms of the binding energy of interactions, electrostatic — potential surface (ESP) and
binding sites. 1 All calculations were performed at fine quality calculation level. These interactions were
evaluated considering HOMO — LUMO (HOMO: “Highest Occupied Molecular Orbital” of the MOF;
and LUMO: “Lowest Unoccupied Molecular Orbital” of the MOF) energy levels for single MOF unit and
interaction of guest molecule. Firstly, using DMOL and B3LYP hybrid function the framework of the
MOF unit was allowed to relax fully. During calculations, the Multiplicity factor was kept in Auto mode
with double numeric plus polarizing (DNP+) basis set and water as solvent. Successively, structural
simulation was performed on the relaxed structure to locate possible interaction site of the anion within
the relaxed MOF unit was located using simulated annealing technique. The electrostatic potential (ESP)
on the van der Waals (VDW) surfaces (isodensity = 0.001 a.u.) of MOF unit was derived based on its

ground state electron density.

Optical properties simulation: The optical characteristics simulation were performed using CASTEP
code and the calculations on above obtained geometry optimized framework unit cell. We constructed
3x3x3 supercell with framework unit cell. To simulate optical properties following parameters were

considered, Koelling—Harmon relativistic treatment, B3LYP as exchange correlation function with Norm
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conserving pseudopotentials, 600 eV energy cutoff, 2x2x2 Monkhorst—Pack grid and self—consistent
dipole correction.

4.3 Results and discussion

Structural description of iIMOF-4C: Hexagonal shaped crystals of iMOF-4C were obtained via a slow
diffusion of ligand (L) and Zn(ClO4)2.6H.O with a solvent mixture of DMF/MeOH/Benzene at room
temperature (Scheme 4.3). Single crystal X-ray diffraction (SC-XRD) studies disclosed that the two
dimensional framework of IMOF-4C crystallized in R-3 space group (Appendix Table 4.2). The
asymmetric unit is comprised of one Zn(ll) cation having 1/6 occupancy, connected with 1/3 of one
ligand (L) unit and disordered solvent molecules and free ClO4 - anions (Figure 4.1a). The lesser steric
hindrance from terminal imidazole units allowed six individual nitrogen atoms of six ligand units to
coordinate with the central Zn(ll) center affording an octahedral geometry around the Zn(ll) center
(Figures 4.1b, Appendix 4.2). The average Zn—N bond length was measured to be 2.171 A. Crafted with a

Figure 4.1. Structural representation of iIMOF-4C illustrating (a) asymmetric unit (b) coordination
environment of the central Zn(ll) ion; (c) Perspective view along c-axis showing its one dimensional
ultramicroporous channels sustaining the framework; ( colour codes: grey — C, blue — N, maroon — Zn,
hydrogen atoms are omitted for clarity); (d) Packing diagram of iMOF-4C showing the distance between

successive two 2D layers.
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highly hydrophobic ligand, iIMOF-4C was found have biporous architecture with one large and one small
pore (Figures 4.1c, Appendix 4.3-4.5). Such inherent functionality is known to be beneficial towards
preferential interaction with heavy-metal based oxo-anions with lower charge density./?®! The residual
framework positive charge was balanced by the uncoordinated tetrahedral perchlorate (CIO4 °) anions
residing free inside the porous channels. However, due to high disorder, we were unable to locate the free
ClO4 - anions crystallographically but were corroborated by Energy Dispersive X-Ray analysis (EDX),
elemental mapping studies and Fourier transform infrared spectra (FTIR). The compound found to
possess a binodal kgd topology with (3,6)- connectivity which ensures intrinsical porosity of the
compound originates from the 2D sheets (Appendix 4.6-4.7). The total accessible volume of iIMOF-4C
(without anions) was found to be 3834 A® from PLATON calculation study, which represents almost
54.6% of the total pore volume. Powder X-ray diffraction (PXRD) analysis of iMOF-4C showed retention
of bulk phase crystallinity accompanied with a slight alteration arising due to evaporation of labile solvent
molecules occluded inside the framework but affirmed the overall structural integrity and purity in bulk
phase (Appendix 4.8). Thermogravimetric analysis (TGA) of the as-synthesized phase validated initial
weight loss corresponding to the occluded guest molecules, water and DMF inside the framework
(Appendix 4.9). The FTIR studies of iMOF-4C revealed the existence of all the characteristic peaks of the
ligand along with a new peak at ~1100 cm™ corresponding to the uncoordinated CIO4 ~ anions within the
pore (Appendix 4.10). Field emission scanning electron microscopy (FESEM) images of iMOF-4C
corroborated well with the Hexagonal shape of the single crystals of iMOF-4C, and EDX spectra affirmed
the abundance of all elements with proper ratio (Appendix 4.11-4.13). Moreover, the shielding of the
Zn(11) metal node with six imidazole units imparted hydrolytic stability to iMOF-4C as implied by the
PXRD patterns (Appendix 4.14-4.15). Low temperature (77 K) N, adsorption was carried out to check the
porosity of iIMOF-4C. It showed a very little uptake of N2, which is indicative of the presence of free
ClOy4 anions contributing in partial blocking the pores of iMOF-4C (Appendix 4.16).

Photoluminescent studies: Judicious combination of electronically noble d*® metal cations (Zn?*, Cd*
etc.) along with m-conjugated luminescent linkers can lead to the integration of luminescent MOFs.
Owing to the luminescent as well as cationic nature of iIMOF-4C, we speculate that the incoming guest
0xo0-anions can be entrapped and have selective interactions with the framework, which may result in the
alteration of photoluminescence properties of the framework. Both solid-state as well as aqueous phase
luminescence spectra of iMOF-4C were acquired at room temperature. Upon excitation at 330 nm, iMOF-
4C exhibited intense broad single emission spectra with a peak at 378 nm, which can be assigned to the
ligand centered luminescence or emission due to ligand-to ligand charge transfer (LLCT) (Appendix
4.17).20a, 21b
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Figure 4.2. Photographs of change in emission intensities of iIMOF-4C in water under UV-vis light upon
addition of (a) aqueous solution of CrO4?, (b) aqueous solution of Cr,0-% showing quenching in emission
intensity; and (c) aqueous solution of HAsO4 % (d) aqueous solution of HAsO3 2 showing enhancement in

emission intensity.

Cr (V1) sensing studies: The prominent hydrolytic stability and strong luminescence properties of
iMOF-4C advocated its promising potential as an aqueous phase chemosensor. To evaluate its sensing
performance towards toxic heavy metals e.g. Cr (V1) based oxo-anions, we have carried out fluorescence
experiments with both chromate (CrO4%) and dichromate (Cr.O; ) anions in water medium as both of the
uncoordinated tetrahedral perchlorate (CIO4 *) anions residing free inside the porous channels. them are
interconvertible depending upon the pH of the solution. 1mg of the powdered sample was dispersed in a 2
ml water and the aqueous solution of CrO, # and Cr,0; # (0.05 mM) were added individually. As
anticipated, with incremental addition of Cr(V1) ions, a gradual quenching of fluorescence intensity was
observed (Figure 4.2a-4.2b, 4.3a-4.3b). The quenching process was found to be more rapid in case of
Cr,0;2 over CrO42 owing to its more electron deficient nature (Appendix 4.18-4.19). Further, to quantify
the quenching process, the acquired experimental data were investigated via the Stern— Volmer (SV)
equation, (lo/l = 1 + Ksv+[Q]), where 1o and | represent the luminescence intensity of the dispersed iMOF-
4C before and after addition of Cr(VI) oxo-anions, [Q] is the concentration of the respective Cr(VI) oxo-
anion and Ksy is the Stern Volmer Constant pM and 4.1 pM respectively (details in supporting
information) (Appendix 4.20-4.21).
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Figure 4.3. Fluorescence turn-off response of iMOF-4C upon incremental addition of (a) CrO4*, (b )
Cr,07%; Stern-Volmer plot for iMOF-4C quenched by (c) CrO4%, (d) Cr.0;% ; %Quenching for competing
ion alone (green) and response in presence of 1:1 binary mixture with (e) CrO4* and (f) Cr,07.

High selectivity of a sensory material is another major aspect towards its real-time applicability.
Considering this aspect, we have recorded the fluorescence response of iIMOF-4C toward other competing
anions (SO4>", CI7, Br~, ClOs7, NOs, SCN-and COs%) having same concentration as of Cr(V1) anions.
Interestingly, no significant change in fluorescence response was observed in case of the other anions
(Appendix 4.22-4.23). Enthused from these results, we further proceeded to check the efficacy of the
material to sense these oxo-anions in presence of other anions. For this experiment, 1 mg of the MOF was
allowed to disperse in water and subsequently aqueous solution of a particular competing anion was
added to it. After 2 minutes of equilibration time, fluorescence spectra was recorded and later Cr(VI)
anion was added to the solution and the fluorescence spectra of the solution was measured again. In this
case, the respective competing anions did not show any significant change in fluorescence intensity, but
the addition of Cr(VI) anions yielded a strong quenching in the emission intensity (Figure 4.3e-4.3f).
Thus, it can be inferred that iMOF-4C can maintain its’ high sensitivity and selectivity towards these

toxic Cr(VI1) oxo-anions even in presence of concurrent anions.

As (V) and As (I11) sensing studies: As we discussed earlier also, water pollution due to arsenic has

attracted tremendous scientific attention due to its’ lethal nature and carcinogenic effects on living beings.
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Figure 4.4. Fluorescence turn-on response of iMOF-4C upon incremental addition of (a) HAsO4 %, (b)
HAsO; %; Linear fit of (Io/l -1) vs concentration of the analyte for iMOF-4C at low concentration region in
case of (c) HAsO, 2, (d) HAsO3 % ; comparison of fluorescence response of iMOF-4C in presence of other
competing anions toward (€) HAsO,? and (f) HAsO3 2.

Hence, we have continued our effort further to check the sensitivity of iMOF-4C towards arsenic based
oxo-anions (both As(lll) and As(V). Similar experimental procedure as stated before was followed for
these sensing studies. Surprisingly, iIMOF-4C exhibited enhancement in luminescence intensity under
UV-vis light and also a fluorescence “turn-on” response upon incremental addition of both HAsO.* and
HAsO3> (Figure 4.2¢-4.2d, 4.4a-4.4b). In order to quantify the fluorescence enhancement process and to
establish the relationship between luminescence enhancement and the concentration of the anions, we
have calculated the luminescence enhancement coefficient (Kec) with the following equation; (I/lo = 1 +
Kec:[M]), where 1o and | represent the luminescence intensity of the dispersed iIMOF-4C before and after
addition of HAsO,> and HAsOs*, [M] is the concentration of the anions.*®l A very good linear
relationship between the amount of the anions and luminescence intensity was observed in the low
concentration range (Figure 4.4c-4.4d). The K¢ of iMOF-4C toward HAsO* and HAsO3* were found to
be 1.98 x 10* M and 3.56 x 10° M respectively. The LOD of iMOF-4C toward HAsO.* and HAsO3*
were calculated to be as low as 8.3 uM and 9.9 uM respectively (Figure 4.3c-4.3d). The SV plots
corroborated well with the linear relationship between the emission intensities of iIMOF-4C and the
amount of the oxo-anions in the low concentration range. The Ksy for iMOF-4C toward CrO.* and
Cr,07* were calculated as 1.31 x 10° M* and 4.85 x 10° M™%, which are found to be among the highest
values reported in literature (Appendix Table 1). The limit of detection (LOD) of iMOF-4C toward CrO,
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2~ and Cr.0O7 >~ were found to be as low as 3 (Appendix 4.24-4.25). In addition, similar binary studies
were performed as described previously in which iIMOF-4C was found to show almost unaltered
recognition efficiency toward both HAsO4* and HAsO3* even in presence of other competing anions
(Figure 4.4e-4.4f). The oxo-anion treated phases of iIMOF-4C were further characterised with PXRD,
solid-state UV, FESEM, elemental analysis and confocal fluorescence imaging. The almost unaltered
PXRD patterns of the treated phases corroborated well with the retention of structural integrity of iMOF-
4C post sensing the MOF procedure (Appendix 4.26). The FESEM images of treated phases affirmed the

retention of morphology of whereas the elemental analysis confirmed the homogeneous distribution of

Energy (eV)

iMOF-4C iMOF-4C@HAsO,” iMOF-4C@HAsO,” iMOF-4C@Cr0,”  iMOF-4C@Cr,0"

Figure 4.5. HOMO-LUMO molecular energy gap obtained for the interactions between iIMOF-4C

(single unit) and different oxo-anions.

chromium and arsenic along with the other elements inside the framework (Appendix 4.27-4.32).

Furthermore, we have probed the sensing phenomenon via confocal fluorescence imaging in which the
single crystals of iMOF-4C were kept under confocal microscope and the effect of the oxo-anions were
monitored. To our delight, single crystals of iMOF-4C exhibited excellent fluorescence quenching as well

as fluorescence enhancement upon addition of Cr (VI) and As (V, Ill) based oxo-anions respectively
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(Appendix 4.34). This experiment provides a direct visualization of the fluorescence turn-off/on

behaviour within the MOF single crystals.

Sensing mechanism and theoretical insights: To get more insights about such rare fluorescent turn
off/on phenomenon in a single material, we have performed DFT calculations. We have selected a
characteristic fragment of iMOF-4C for the theoretical modelling consists of the one Zn?* cation and six
partial ligands. The HOMO-LUMO energy gaps were investigated to correlate the experimental results
(Figure 4.5). This quantum mechanical information is very important to estimate the overall electronic
interactions between iIMOF-4C and oxo-anions. Overall, the electron donation ability of a specific
molecule is governed by HOMO energy level, while LUMO energy level unveils electron acceptance
ability. Hence, the active sites of iIMOF—4C and oxo-anions responsible for HOMO and LUMO primarily
control the electron exchange process and also govern the physicochemical properties. The calculated
HOMO-LUMO energy gap for iIMOF-4C and oxo-anions is shown in Figure 4.5. Employing Koopman’s
theorem and frontier molecular orbital theory,® we deduced the results obtained from simulation. It can
be seen that the quantum mechanical parameter, viz., global hardness for iIMOF-4C is 8.4 eV, which
decreases to 5.3 eV upon interaction with HAsO.?, while due to interaction with HAsOs?%, it increases to
7.4 eV. Interestingly, interaction of iMOF-4C with CrO4> and Cr,O%* increases global hardness to 9.6 eV
and 10.8 eV respectively, which is above pure iIMOF-4C. These results are also supported by ESP
distribution map (Appendix 4.40), which shows that interaction sites exhibit energy maxima. Thus,
incorporation of different oxo-anions has different effect on the electronic property of iMOF-4C, which
can be directly correlated to sensing due to anion exchange processes. These results correlate several key
features observed experimentally. The quenching or turn—off features observed for iIMOF-4C@CrO,*
and iIMOF-4C@Cr,07* could be attributed to higher AE, which hinders electronic transition and
eventually quenching of the fluorescence emission intensity. On the other hand, AE parameters for iMOF-
4C@HASO4* and iIMOF-4C@HAsSOs% are much lower than that of iMOF-4C, which can ease the
electron transition pathway and result in enhancement in emission intensity. The fluorescence- quenching
phenomenon of iIMOF-4C upon addition of Cr (V1) based oxo-anions can be directly attributed to the
possible inner filter effect as there is significant overlap between the absorption spectra of CrO4%/Cr,0-*
and the emission of iIMOF-4C (Appendix 4.39). Moreover, the theoretically predicted fluorescence
emission patterns were found to be in close agreement with the experimentally acquired patterns
(Appendix 4.41). Additionally, anion-nt interactions in supramolecular assemblies leading to change in
optical properties is well known in literature, which plays pivotal role in emanating such dual

fluorescence response.
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4.4 Conclusions

In summary, we have developed a new stable 2D cationic fluorescent MOF, iMOF-4C, which
exhibits a rare multi-responsive (turn off/on) recognition response toward toxic oxo-anions (such
as CrO4%, Cr.07%, HAsO4* and HAsOs%) in water. Further, iMOF-4C was found to exhibit
excellent selectivity toward such oxo-anions even in presence of several concurrent anions. The
guenching constant toward CrO? and Cr.0* for iMOF-4C were found to be among the highest
values reported in the regime of MOF, whereas the low limit of detection values established the
potential of IMOF-4C in real-time applications. The cationic nature of the MOF was exploited
towards sequestration of such toxic oxo-anions from water. Further, the theoretical studies
evidently reveal the change in electronic properties of the MOF toward different oxo-anions and
points out the origin of different fluorescence response. We believe that this work promises to
open new avenues in rational designing and development of water stable cationic luminescent
MOFs to address the pressing environmental issues of selective recognition and efficient

remediation of toxic pollutants in water.
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4.5 Appendix section

Appendix 4.1. Asymmetric unit of iIMOF-4C (Hydrogen atoms have been omitted for clarity, (color:
Gray - C, Blue - N, Maroon - Zn), CIO, anions have been omitted because of crystallographic disorder
and clarity.

Appendix 4.2. Coordination environment of iMOF-4C (Hydrogen atoms have been omitted for clarity,
(color: Gray - C, Blue - N, Red - Zn).
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Appendix 4.3. Orthographic view of overall packing of iMOF-4C. (Hydrogen atoms have been omitted
for clarity, (color: Gray - C, Blue - N, Brown - Zn), CIOs anions have been omitted because of
crystallographic disorder and clarity.
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Appendix 4.4. Perspective view of overall packing of iMOF-4C along c-axis. (Hydrogen atoms have
been omitted for clarity, (color: Gray - C, Blue - N, Red - Zn), CIO, anions have been omitted because of
crystallographic disorder and clarity.
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Appendix 4.5. Perspective view of overall packing of iMOF-4C along c-axis. (Hydrogen atoms have
been omitted for clarity, (color: Gray - C, Blue - N, Green - Zn), ClO, anions have been omitted because
of crystallographic disorder and clarity.
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Appendix 4.6. Orthographic view of overall packing of iMOF-4C. (Hydrogen atoms have been omitted
for clarity, (color: Gray - C, Blue - N, Brown - Zn), CIOs anions have been omitted because of
crystallographic disorder and clarity.
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Appendix 4.7. Packing diagram of iMOF-4C showing the distance between successive two 2D layers.
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Appendix 4.8. Powder X-ray diffraction patterns of iMOF-4C.
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Appendix 4.9: TGA profiles for compound iMOF-4C.
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Appendix 4.10. Infra-red (IR) spectroscopy of iIMOF-4C showing the characteristic peaks of the

framework anlong with the ClIO4 anions.
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Appendix 4.12. EDX analysis of iMOF-4C.
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Appendix 4.13. Elemental mapping of iMOF-4C.
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Appendix 4.14. Powder X-ray diffraction patterns of iMOF-4C illustrating hydrolytic stability of the

framework.
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Appendix 4.15. Powder X-ray diffraction patterns of iMOF-4C (a), (b) with zoomed view of the PXRD

spectra. (c) PXRD spectra of pristine and water dipped phases.
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Appendix 4.16. N, (77 K) adsorption isotherm of iMOF-4C.
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Appendix 4.17. Solid state fluorescence spectra of iMOF-4C (hex= 330nm).
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Appendix 4.18. Change in the fluorescence intensity of iMOF-4C in water medium with increasing

concentration of the CrO4% anions at 378 nm.
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Appendix 4.19. Change in the fluorescence intensity of iMOF-4C in water medium with increasing

concentration of the Cr,O-% anions at 378 nm.

12xt0f] ° =094
o
1.0x10° 1
S |
o 5 T
< 8.0x10 °
Q 5 .
= 6.0x10
- ~i.
5
4.0x10" 1 @ Experimental data
- - - - Fitted line
I I 1 ) I
0 5 10 15 20 25

Concentration (uM)
Appendix 4.20. Linear region of fluorescence intensity of probe upon addition of CrO4%; Aem=

378 nm (upon excitation at 330 nm).
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Appendix 4.21. Linear region of fluorescence intensity of probe upon addition of Cr207%; kem=

378 nm (upon excitation at 330 nm).
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Appendix 4.22. Percentage quenching of fluorescence emission of iMOF-4C toward CrO4?> and

other competing anions.
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Appendix 4.23. Percentage quenching of fluorescence emission of iMOF-4C toward Cr,O+* and
other competing anions.
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Appendix 4.24. Linear region of fluorescence intensity of probe upon addition of HASO4%"; Aem=
378 nm (upon excitation at 330 nm).
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Appendix 4.25. Linear region of fluorescence intensity of probe upon addition of HASO3%"; Aem=

378 nm (upon excitation at 330 nm).
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Appendix 4.26. Powder X-ray diffraction patterns of iMOF-4C.
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Electron Image 1

Appendix 4.27. Elemental mapping of iMOF-4C@CrO42.

Element | Weight% Atomic%
CK 60.76 65.64
NK 14.84 14.59
oK 16.26 13.99
CrK 134 0.35
ZnlL 6.80 143
Totals 100.00
800pm Electron Image 1
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Appendix 4.28. EDX analysis of iMOF-4C.@CrO.>.
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Electron Image 1

Appendix 4.29. Elemental mapping of iMOF-4C@Cr,0+*.

Element Weight% Atomic%
CK 55.80 65.05
NK 12.60 12.60
oK 23.21 20.31
CrK 4.45 121
ZnlL 3.90 0.83
Totals 100.00
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Appendix 4.30. EDX analysis of iMOF-4C.@Cr,0+*.
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Appendix 4.31. Elemental mapping of iMOF-4C@HASO.2.

Element | Weight3  Atomic%
CK 66.79 75.78
NK 1345 13.08
OK 1035 9.36
Znl 6.6% 138
AsL 214 0.33
Totals 100.00
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Appendix 4.32. EDX analysis of iIMOF-4C@HAsO.*.
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Appendix 4.33. solid state UV-vis spectra of iMOF-4C.
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Appendix 4.34. Change in confocal fluorescence imaging of iMOF-4C upon addition of (a) CrO4*, (b)
HAsO.*.
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Anion exchange studies

The cationic nature of iIMOF-4C prompted us to check its potential toward sequestration of these oxo-
anions. For this, we have carried out an in-situ titration under UV—vis spectroscopy with aqueous solution
of CrO4* anions (2 mL, 0.5 mM) and 1 mg of iMOF-4C via monitoring absorption maxima (Amax) at 372
nm (Appendix 4.33). A gradual decremental trend in absorption profile was observed with increasing time
intervals affirmed the capture of CrO4* anions by iMOF-4C. The anion trapping process was found to be
kinetically rapid which is further advocated from the % removal vs time plot (Appendix 4.34-4.35).
Additionally, the anion capture process was found to follow the pseudo second order kinetics (Figure
S36).

2.5

—— 0 min
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250 300 350 400 450 500
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Appendix 4.35. UV—vis spectra in the presence of iMOF-4C for CrO4*.
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Appendix 4.36. Removal (in %) of CrO4>~ with iIMOF-4C at different time intervals.
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Appendix 4.37. Decrease in concentration of CrO,* with iIMOF-4C at different time intervals.
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Appendix 4.38. Kinetic study of CrO4% ion capture with iMOF-4C.
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Appendix 4.39. Absorbance and emission spectra of CrO.> and iMOF-4C respectively.
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iMOF-4C@HAsO,> iMOF-4C@HAsO;> iMOF-4C@HCrO,* iMOF-4C@HCr,0,*
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Appendix 4.40. Electron density map of HOMO and LUMO energy state of iMOF-4C showing the
change in electronic properties of the framework in presence of different oxo-anions.
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Appendix 4.41. Theoretically predicted emission profiles for iMO-4C and change in emission upon

interacting with different anions based on DFT calculations on single unit.
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and (d) HAsOs%.
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2 (b) CrO4

Appendix 4.42. Electron density map for (a) Cr.O-
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Appendix 4.43. Fluorescence responses of the only ligand (L) in presence (a) CrO4*, (b) Cr,0+*, (c)
HAsO4> and (d) HAsOs>.
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Appendix Table 4.1. A comparison table of Sensing performance in MOF based materials for
CrO4% and Cr,07 % with some well-studied examples in the literature.

MOF Analyte | Ky (M?) | LOD (mol/L) | Medium Mode of Reference
Sensing
Comparison with other MOFs based CrO,* sensors
iMOF-4C Cros> | 131x 105 | 3.06x10° | Water | -Uminescence | This
Quenching Work
. 2- -4 ;
[Zn3(L)(OH)(H20)s]-NM | CrO4 13 x 10° 4.29 x 10 Water Lumlnesc_ence 40
P-2H.0 Quenching
CrOs% . | 175x10* Luminescence
[Cd(L)z(H:O):] 11x10 Water |~ ouenching “
. 2- 6 .
[Zn2(TPOM)(NDC);]-3.5 | CrOq 781 x 10° 25x 10 Water Lumlnesc_ence 42
H.0 Quenching
CrOs* 3 1.8 x 106 Luminescence
[Tb(L)(HCOO)(H-0)] 1.3x10 Water Quenching 43
CrOs* 3 1.2 x10° Luminescence
[Eu(L)(HCOO)(H.0)]n 1.5x 10 Water Quenching 44
[Zn(TPOM)(NH2— CrOs% 3 4.8 x 10° Luminescence
BDC),]-4H.0 4.45X10 DMF Quenching 45
2- -5 -
[Zn(bt2)] CrO«™ | 310x100 | 1*10 Water | Luminescence 46
Quenching
CrOs% 3 2x10° Luminescence
[Zna(ttz)H20], 2.35X10 Water Quenching 46
CrO4% .| 4.8x10° Luminescence
[Zn(L)(H20)]-Hz0 1.02 x 10 Water Quenching 47
CrOs% .| 7.30x10° Luminescence
[Eu(L)(H-0)(DMA)] 5.33 x 10 Water Quenching 48
Comparison with other MOFs based Cr,0-* sensors
. Luminescence This
- 2- 5 6
iMOF-4C Cr0y 4.85 % 10 4,15 x 10 Water Quenching Work
. 2- 5 ;
[Zn3(L)(OH)(H20)s]-NM | Cr.07 6.6 x 10° 6.05 x 10 Water Luminescence 40
P-2H,0 Quenching
Cr,07 % . | 341x10° Luminescence
[Cd(L)2(H20)2] 5.1x10 Water Quenching 41
[Tb(TBOT)(HzO)](HzO)4( Cr,07% 1.4 x10* .
DMF)(NMP)os 1.37 x 10* Water | Luminescence 49
Quenching
Cr,07 % .| 3.53x10° Luminescence
[Zn(L)(H.0)]-H:0 2.07 x 10 Water Quenching 47
[Zn(TPOM)(NHz~ | Cr:07 % 3.9x10° Luminescence
BDC),]-4H,0 7.59X10° DMF : 45
Quenching
2- -6 H
EuiLs Cr20y 1 59%10° 10 x 10 DME Lumlnesc_ence 50
Quenching
. 2- 6 "
[Tb(TATAB)(H20):]-NM | Cr,Oy 1.11X10° 1x10 Water Lummesc_ence 51
P Quenching
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Euv*@MIL-121 Cr,0; % s | 0.05x10° Luminescence
4.34X10 Water Quenching 52
Cr,0; % 2x10°6 .
Luminescence
3
[Zn(bt2)]x 4.23X10 Water Quenching 46
Cr,0; % 2x10° .
Luminescence
3
[Zna(ttz)H20], 2.19X10 Water Quenching 46
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Appendix Table 4.2. Crystal data and structure refinement for iMOF-4C.

Identification code
CCDC Number
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

iIMOF-4C
2073931

C66 H48 N12 Zn
1074.53

296(2) K
0.71073 A
Trigonal

R-3:H

a=18.7016(16) A a=90°.
b =18.7016(16) A B= 90°.
c=23.159(2) A y = 120°.

7014.7(14) A3

3

0.763 Mg/m3

0.294 mm-1

1674

0.120 x 0.100 x 0.100 mm3
2.162 to 26.531°.

| Chapter 4

-22<=h<=23, -23<=k<=23, -29<=[<=29

26733

3224 [R(int) = 0.0494]

99.6 %

Full-matrix least-squares on F2
322410/ 120

1.016

R1=0.0722, wR2 = 0.2106
R1=0.1162, wR2 = 0.2577
n/a

0.300 and -0.544 e.A-3
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5.1 Introduction

Water pollution in the recent past has escalated to be a pressing problem globally that threatens the
development and survival of human civilization. The intensifying impact of widespread growing
urbanization and industrialization across the world prevails to be the foremost reason for water
pollution.21 Such enormous water pollution has led to the huge depletion of drinking water. In the same
context, the United Nations have predicted that by the year 2025, at least one billion people will
encounter the ultimate crisis of access to clean water.®! Water pollution can occur through various
sources, amongst which pollution due to heavy metals (metals having density greater than 5 g cm®) or
heavy metal based oxo-anions (AsOs ¥, CrOs %, SeOs #, TcOs "~ etc.) have certainly become a pertinent
problem as the bio-accumulation of such elements within living organisms causes severe toxicity."! The
US Environment Protection Agency (EPA) has listed several inorganic pollutants including these
aforementioned oxo-anions as priority pollutants.>%l In recent years, immense research attention has been
devoted towards the sequestration of Cr (V1) based oxo-anions owing to their mutagenic and carcinogenic
impacts on living systems.[”®! Industries like steel manufacturing, leather tanning, wood preservation,
textile pigments and dyes etc. have been found to use chromate in huge quantities for various
applications.  Among them, tanning based industries solely release 30-35 liters of chromium
contaminated water for the production of one kilogram of leather.[*°) Moreover, the vitrification process
of nuclear waste is found to be affected by Cr(VI1) oxo-anions as it weakens the integrality of waste glass
by forming crystalline spinels along with the waste glass.***? Furthermore, several nations across the
globe have witnessed various calamities of ground water contamination owing to the inappropriate
disposal of Cr (VI) anions, for example, groundwater contamination in Hinkley, California is one such
incident, which has drawn attention globally.*®! Apart from these heavy metal-based water contamination
issues, radioactive waste generated from nuclear power generating fission process is another genuine
concern.* To address this pertinent problem, sequestration of pertechnetate (TcO,) ion has become a
pressing concern as the major nuclear fission product of technetium, (**Tc) is found to be radioactive in
nature with a very long half-life of 2.1 x 10° years. Nuclear fission processes of 2°Pu or **U produce
radioactive **Tc with a high fission yield and it has been estimated that until the year of 2010, nearly 305
metric tons of ®Tc has been released from various nuclear reactors and weapons testing operations. 5!
The high mobility of TcO, in water combined with it‘s high stability, non-complexing property and high
water solubility induces it to exist as low-level waste material.*®! Although, various techniques, such as
photocatalytic reduction, adsorption, ion exchange, chemical precipitation etc. have been employed to

counter this issue, ion exchange process scores over other techniques owing to their relatively easy and
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Scheme 5.1. Schematic representation of oxo-anion capture by a cationic MOF.

safe handling, high sensitivity and selectivity, high efficiency in low concentration waste solution etc.l”
221 However, the use of contemporary ion-exchangers encompasses impediments such as poor Kinetics,

lower selectivity, inferior efficiency which in turn propels the need for seeking novel materials. 2324

Over the past two decades, metal-organic frameworks (MOFs) have proliferated as one of the most
significant classes of porous materials due to their wide range of applications.?5-%1 Amongst them,
cationic metal-organic frameworks (iMOF-C) have attracted enormous attention due to their applicability
as anion receptors as well as ion exchange materials.[“>#! Existing cationic materials such as layered
double hydroxides, cationic polymeric materials, cationic lanthanide hydroxide etc. have already been
explored towards capture anions with higher charge density as the electrostatic interaction exclusively
dictates the entire host-guest interaction.?*5l Consequently, due to this kind of general trend, namely,
Hofmeister bias selectivity, the capture of toxic anionic pollutants having lower charge density is
extremely tortuous.”5*¢1 To counter this dilemma, we have adopted a strategy to synthesize a robust
cationic MOF with a built-in hydrophobic cavity inside which can effectively interact, selectively
recognize anions having lower charge density through hydrogen bonding with the hydrophobic cavity
assisted by anion exchange. Additionally, the strategic choice of uncoordinated anions having tetrahedral
geometry such as (SO+* or PO,*) can facilitate the anion exchange process, e.g. fast kinetics, selectivity
owing to the shape template effect.
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In one of our recent report, we have shown strategically selective capture study of permanganate (MnO.)
and dichromate (Cr,0-%) ions by a 3D water-stable cationic MOF. However, this work encounters issues
regarding the chemical stability of the MOF as the central metal center is coordinated by four ligands
along with one solvent molecule (water) and one SO4* anion. On account of such structural restrictions,
the compound was found to present limited chemical stability. Additionally, the unexchangeability of the
coordinated SO4> anions results into a partial exchange of the SO4% anions inside of the porous network
with the incoming anions and consequently illustrates lower uptake capacity of the material, which is one

of the most important aspect for an efficient sorbent material in toxic anion capture processes.?l

Taking all these aspects into account, herein we report a new robust chemically stable, cationic MOF
[{Ni(L)2}-(SO.)-x(G)]n (IMOF-2C; L= ligand); G= DMF, H;0), crafted from a neutral tripodal linker
containing free exchangeable sulfate ions inside the pores. The guest free phase of iIMOF-2C was found to
act as a rapid and selective scavenger for both oxo-anions, namely chromate (CrO4%) and perrhenate
(ReOys) ions, while the later being employed as a surrogate analogue for radioactive TcO4 anions
(Scheme 1).

5.2 Experimental

5.2.1. Materials: All reagents and solvents were commercially accessible and used without any

further purification.
5.2.2. Synthesis

Synthesis of Ligand 1,1'-(5'-(4-(1H-imidazol-1-yl)phenyl)-[1,1":3",1""-terphenyl]-4,4"-
diyl)bis(1H-imidazole): The ligand was synthesized following a reported protocol.*1 A
mixture of 4,4"-dibromo-5'-(4-bromophenyl)-1,1":3",1"-terphenyl (1 gm, 0.92 mmol), imidazole
(752 mg, 5.3 mmol), K.CO3 (1.02 gm, 3.6 mmol) and CuSO4 (6.5 mg, 0.041 mmol) was heated
at 160°C under inert atmosphere for 120 hours. After cooling to room temperature, the reaction
mixture was dissolved with CH2Cl> (60 ml) and washed several times with water. The organic
layer was brought to dryness to give a white powder. The ligand was recyrstallized from a
mixture of MeOH:CHCl; (1:1) in yield of 75%.

Synthesis of iIMOF-2C: A mixture of the ligand (L) (10.15 mg, 0.02 mmol), NiSO4-xH20
(5.60mg, 0.02 mmol), water (1 ml) and N,N-dimethylformamide (2 ml) was kept in a teflon
capped glass vial and was heated for 48 hours at 120°C followed by cooling down to room

temperature. The compound was separated by filtration and washed with methanol and water for
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several times. Off white color crystals of compound iIMOF-2C were obtained in ~58% yield.
Further the obtained crystals were dipped in MeOH for 2 days prior to heating it under high
vacuum at 90°C to acquire guest free phase iIMOF-2C. Additionally, we could not locate the
highly disordered guest molecules in the structure crystallographically. The formula of iIMOF-2C
was determined from PLATON SQUEEZE function and estimated to be

{[Ni1(L)1}]-(SO4)2.x(G)}.

5.2.3. Physical Measurements: Powder X-ray diffraction patterns were recorded on Bruker D8
Advanced X-Ray diffractometer using Cu Ko radiation (A\= 1.5406 A) in 5° to 40° 26 range with
a scan speed of 0.6omin. All infra-red (IR) spectra were recorded using a NICOLET 6700 FT-
IR spectrophotometer, using KBr pellets in the range of 400— 4000 cm™. Thermogravimetric
analysis (TGA) was recorded on a Perkin-ElImer STA 6000 TGA analyser under an N
atmosphere with a heating rate of 10°C min™. Gas adsorption measurements were carried out
using a Bel Sorp-max instrument from Bel Japan. FESEM was performed using a FEI Quanta 3D
dual beam ESEM at 30 kV. UV spectra were acquired on a Shimadzu UV 2600
Spectrophotometer. HRTEM images were recorded on JEOL USA JEM-2200 FS Transmission

Electron Microscope.

5.2.4. X-ray Structural Studies: Single-crystal X-ray data of iIMOF-2C was collected at 150 K
on a Bruker KAPPA APEX Il CCD Duo diffractometer (operated at 1500 W power: 50 kV, 30
mA) using graphite-monochromated Mo Ka radiation (A = 0.71073 A). Crystal was on nylon
CryoLoops (Hampton Research) with Paraton-N (Hampton Research). The data integration and
reduction were processed with SAINT software.®®) A multi-scan absorption correction was
applied to the collected reflections. The structure was solved by the direct method using
SHELXTLB and was refined on F2 by fullmatrix least-squares technique using the SHELXL-
970521 program package within the WINGXP®! program. All non-hydrogen atoms were refined
anisotropically. All hydrogen atoms were located in successive difference Fourier maps, and they
were treated as riding atoms using SHELXL default parameters. The structures were examined
using the Adsym subroutine of PLATONP to ensure that no additional symmetry could be
applied to the models. It should be noted that the guest and anion molecules in iIMOF-2C are
highly disordered and could not be modeled properly, so the diffused electron densities resulting
from them were removed by the SQUEEZE routine in PLATOND®! and the results were
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appended in the CIF files. The SQUEEZE option was used to eliminate the contribution of
disordered guest molecules. Crystallographic data for iMOF-2C: CCDC 1980127 contains the

supplementary crystallographic data for this paper.
5.2.5. Oxo-anion capture study:

5.2.5.1. Time dependent oxo-anion removal study: For the CrOs*” removal study, we have
taken 0.5 mM 2 mL aqueous solution of CrO4? anion in a UV cuvette and collected the initial
absorbance reading by UV-Vis spectroscopy. 1 mg of activated iMOF-2C has been added to the
cuvette and then we have recorded the absorbance spectra of the supernatant solution
accordingly at several time intervals. Similar experimental procedure was followed to carry out
the UV-Vis spectroscopy for ReO4™ anion with a solution of 0.5 mM ReO4™ ion. Furthermore, the
% removal of oxo-anions with respect to time and time vs decrease in concentration of oxo-

anions data were calculated from this time dependent study by using the following equation,

Ay — A,
Ay

i.e., Ct:CO_ XCO

Where, D: is the exchange capacity of iIMOF-2c, Ao and Co are the absorbance and initial
concentration of the supernatant solution, At and C, are the absorbance and concentration of the

supernatant solution at particular times.
5.2.5.2. Oxo-anion capture study in presence of concurrent anions:

We have taken Br”, CI-, C1O4", SO4?~ and NOs™ ions as the contending anions in this study, which
are ubiquitous to any regular water sources, particularly in waste water. Further, we have done
the capture experiments with a equimolar (2.5 mM aqueous solution; 1:1) of competing anion
with the targeted oxo-anion. 2 mg of activated iMOF-2C was added to the aqueous solution
mixture with stirring condition for 24 hours. The solution was further filtered off after 24 hours
to separate the compound iIMOF-2C from the mixture. Thus acquire oxo-anion solution was

further diluted 10 times to characterize by UV-Vis spectroscopy. Additionally, the oxo-anion
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removal efficiency in presence of other competing anions of iIMOF-2C was calculated by
comparing the different concentrations with blank solution (Blank solution: 2.5 mM of only oxo-

anion was taken instead of mixture).
5.2.5.3. Calculation of capacity:

5 mg of activated iIMOF-2C was dipped into 5 mM 5 mL of oxo-anion solution at stirring
condition for 24 hours. After 24 hours, the solution dipped iIMOF-2C compound was separated
by filtration and the filtrate was further used for characterisation. UV-Vis experiment has been

carried out by diluting (0.2 mM each solution has been analysed for UV-Vis) the solution.

We have calculated the saturation uptake capacity of the compound iIMOF-2C in 24 hours from
the initial absorbance and final absorbance data of the oxo-anion solutions by using the following
equation,

(Co—Cp)*V
m

Q: =

Where, Ct, Co, Qt, m and V are the concentration of the oxo-anion solution at particular times,
initial concentration of oxo-anion solution, capacity of adsorbent, mass and volume of the
solution applied for the adsorbent respectively. Furthermore, the concentration dependent oxo-
anion capture experiments were performed several times to obtain the accuracy in the adsorption

isotherm plots.
5.2.5.4. Reversibility Studies:

IMOF-2C was regenerated by keeping the oxo-anion loaded compound (10 mg) for 24 hours in
tetrabutylammonium sulfate solution ([[CH3(CH2)3]sN]2SOs) (10ml). Recyclability of the
regenerated compound was performed with 5 mL, 1 mM of the oxo-anion solutions (CrO4* and
ReQy). After 1 day, the concentrations of the post capture oxo-anion solutions were obtained by
UV-Vis spectroscopy. Similar experiment was repeatedly performed for up to ten cycles in case
of both the anions (CrOs%> and ReO4°). Furthermore, the compound loaded column bed was
regenerated employing similar method where tetrabutylammonium sulfate solution was allowed
to pass through the stationary phase column bed to regenerate the pristine compound. Then, 1
mM aqueous solution of CrO4% anion was poured through the column bed to check the capture

performance.
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5.2.5.5. Adsorption isotherm experiment: iMOF-2C (5 mg) was immersed in 2 mL water
solution of oxo-anion having different concentration (in case of CrO4*” ion concentration was
taken in the range of 29-580 ppm and for ReO4™ ion the range of concentration is 62.5-1251
ppm). After 2 hours UV-Visible spectroscopy was carried out with the supernatant solution and

further fitted with following equation,

QmCe

Langmuir model, Q.= P
d e

where, Ce (ppm) and Q. (mg gm™) are the oxo-anion concentration at equilibrium and amount of
oxo-anion adsorbed at equilibrium respectively. Qm (mg gm™) is the maximum amount of oxo-
anion per unit mass of adsorbent to form a complete monolayer. Kq (mg/L) is a constant related

to the affinity of the binding sites.

Freundlich Model, Q, = KzC>'™

where, Kr and 1/n are the Freundlich model constants, indicating capacity and intensity of

adsorption, respectively.

5.2.5.6. pH-dependent capture study: iMOF-2C (2 mg) was immersed in 2 mL solution of 2.5
mM oxo-anion (in case of CrOs>™ ion pH-4, pH-9, pH-10 and pH-12.4 were used, whereas for
ReO4 ion pH-9 and pH-12.4 were used) and stirred for 24 hours. After 1-day UV-Vis study was
carried out to check the removal efficiency of iMOF-2C. Following equation has been used for
calculation and compared with the data at pH-7 for relative performance,

Co— C Ag—A
D, = OCO ! x100% = vo :

x100%

Where, D is the exchange capacity, Co and Ag are initial concentration and absorbance of the
oxo-anion solution respectively, Ci and Ay, are concentration and absorbance of the oxo-anion

solution at specific times respectively.
5.2.6. Simulation Details:

The lowest energy configuration of each anion in the primitive cell of iIMOF-2C MOF structure
was obtained from the classical simulated annealing technique using classical force field as

implemented in sorption module in Materials Studio.*8! The framework atoms are kept frozen
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during simulation. The interactions of gas-adsorbent and gas-gas were modeled as a combination
of pairwise site-site Lennard-Jones (LJ) and Coulombic potentials. The LJ potential parameters
of both the framework atoms and the adsorbates are adopted from the Universal force field
(UFF).5 The charges for the framework atoms were assigned based on the Qeq charges as

implemented in Materials Studio package.

In the simulated annealing method, the temperature was lowered stepwise, allowing the gas
molecule to reach a desirable configuration based on different moves such as rotation, translation
and repositioning with preset probabilities of occurrence. This process of heating and cooling the
system was repeated in several heating cycles to find the local minima. Forty heating cycles were
performed where the maximum temperature and the final temperature were 10° K and 100 K,

respectively.

5.2.6.1. DFT calculations: Periodic geometric optimization and the static binding energies for
each anion in iIMOF-2C frameworks were calculated using density functional theory (DFT) as
implemented in the software package VASP 5.4.4.81 |t is well-known that standard DFT
methods based on generalized gradient approximation do not fully account for the energies for
each anion with the framework, we implemented dispersion corrections using DFT-D3 method
51 Electron exchange and correlation were described using the generalized gradient
approximation Perdew, Burke, and Ernzerhof (PBE) 5% form and the projector-augmented wave
potentials were used to treat core and valence electrons.® In all cases, we used a plane-wave
kinetic energy cutoff of 800 eV and a Gamma-point mesh for sampling the Brillouin zone. The
ionic coordinates were relaxed until the Hellman-Feynman ionic forces were less than 0.01
eV/A.

5.2.6.2. Electrostatic Potential Surface (ESP): Density functional theory (DFT) computations
were performed using the Gaussian program 2 to derive the ESP surface of iMOF-2C cluster
model. Based on the periodic DFT optimised structure of iIMOF-2c, a cluster model which
contains one Ni?* cation and six ligands were constructed. Each ligand contains one imidazole
ring and one benzene ring and the terminal sp® carbon atom of each ligand was saturated by three
H atoms. Geometry optimization of fragment were carried out in the liquid phase at (SMD)
B3LYP-D3/SDD~6-31G(d) level. The SMD implicit solvent model (3) with water as the solvent
was used to include the solvation effects. The hybrid B3LYP exchange-correlation functional (4)
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combined with the D3 version of Grimme’s dispersion (5) were employed. The
Stuttgart/Dresden relativistic effective core potential and the associated valence basis set (SDD)

were applied for Ni (6), while the 6-31G(d) basis sets were used for C, H, O, and N (7). During
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Figure 5.1. (a) Coordination environment in iMOF-2C (Hydrogen atoms have been omitted for clarity,
color: Gray - C, Blue - N, Green - Ni), (b) Perspective view of packing in iMOF-2C along c-axis (color:
Gray - C, Blue - N, Red - Ni), (¢) Packing diagram of iMOF-2C and zoomed view highlighting (in
yellow) the hydrophobic channel inside the MOF.

optimizations, the Ni?* cations, the N and C atoms of the imidazole rings, and the terminal sp ®
carbons were fixed. The electrostatic potential (ESP) on the van der Waals (VDW) surfaces
(isodensity = 0.001 a.u.) of iIMOF-2Cfragment was derived based on its ground state electron

density.

5.2.6.3. Binding Energies: The initial location of the anion in the primitive cell of iIMOF-2C
was obtained from the classical simulated annealing technique as described above. Static binding

energies (AE) at 0 K in vacuum were calculated using the following expression
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AE = Eyor+anion — Emor+ — Eanion

where Ex refers, respectively, to the total energies of the MOF + Anion complex, the charged
MOF" alone, and the anion molecule respectively.

4.3 Results and discussion

IMOF-2C was synthesized by a solvothermal reaction from a mixture of NiSO4.xH20 and ligand
(L) (Appendix Scheme 5.1) (1:1), with a solvent combination of water and N,N'-
dimethylformamide (DMF) (1:2) at 130°C (Appendix Scheme 5.2). Single crystal X-ray
diffraction (SC-XRD) analysis of the trigonal pyramidal-shaped crystals revealed that the two
dimensional (2D) framework crystallizes in the R -3 space group. The asymmetric unit consists
of one Ni (I) cation with 1/6 occupancy and one ligand (L) unit with 1/3 occupancy and
disordered anions and solvent molecules (Appendix 5.2-5.3). The central metal center is
coordinated by six nitrogen atoms of six individual ligand units resulting in octahedral geometry
around the Ni (Il) center (Figure 5.1a, Appendix 5.4-5.5). The average N-Ni bond length was
found to be 2.083A. iIMOF-2C was found to be bi-porous in nature having one small pore and
one large pore, with highly hydrophobic environment inside the pore originating from the
hydrophobic benzene rings of the ligand (Figure 5.1c, Appendix 5.6-5.7). The overall positive
charge of the framework was neutralized by the free disordered tetrahedral sulfate anions
residing inside the pores. However, the anions could not be located in the pristine crystal
structure which is a well-known phenomenon for framework materials having large voids.
Further, presence of the sulfate anion was confirmed by Fourier-transform infrared (FTIR)
spectra and Energy-dispersive X-ray (EDX) spectra. The topology analysis affirmed that the
compound possess a (3, 6)-connected bi-nodal kgd topology. The highlighting characteristic of
kgd topology is in the generation of intrinsical porosity, originating from the non-planar 2D
sheets.[%3¢°1 PLATON study calculations affirmed that the total empty volume of iMOF-2C is
2191 A3, which corresponds to 24.6% of the total volume.It should be noted that the guest and
anion molecules in iMOF-2C are highly disordered and could not be modeled properly. Powder
X-ray diffraction (PXRD) reveals a slight change in the as-synthesized phase originating from
the loss of occluded labile solvent molecules but confirms the overall structural integrity of the
bulk phase (Appendix 5.11). Thermogravimetric analysis (TGA) corroborated well with the
initial loss of free guest molecules, DMF and water within the framework (Appendix 5.12).
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Fourier transform infrared (FTIR) spectrum of iMOF-2C confirmed the presence of all the peaks
corresponding to the ligand as well as a peak at ~1100 cm™ attributed to the free SO4? anions
inside the pore (Appendix 5.36). Field emission scanning electron microscopy (FESEM) and
High-resolution transmission electron microscopy (HRTEM) images of iMOF-2C endorsed the
trigonal pyramidal morphology of the crystals, and EDX spectra confirmed the elemental purity
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Figure 5.2. (a) UV-Vis spectra in presence of iMOF-2C for CrO4>, (b) Removal (in %) of CrO4>~ with
iIMOF-2C at different time intervals, (c) Bar diagram for removal efficiency of iMOF-2C in presence of
Br~, CI', NOs;™ and SO4* ions for CrO4*, (d) UV-Vis spectra in presence of iMOF-2C for ReOs™ (e)
Removal (in %) of ReO,” with iIMOF-2C at different time intervals, (f) Bar diagram for removal
efficiency of iMOF-2C in presence of Br~, CI", NO3~ and SO4*” ions for ReOs".

(Appendix 5.15-5.18). iIMOF-2C illustrated excellent hydrolytic stability owing to its shielded
metal nodes as all the coordination sites of Ni center are occupied by the ligands (Appendix
5.13). Furthermore, the compound was found to display excellent chemical stability even in wide
range of pH solutions (pH = 4 to 12.45) as PXRD patterns confirmed the retention of structural
integrity at different pH conditions (Appendix 5.14). To validate the porosity of iIMOF-2C, low
temperature N2 (77K) adsorption was performed. A very less uptake was observed for iIMOF-2C
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which indicates the inherent non-porous nature of the cationic framework as the porous void

space is occupied by free SO+ anions inside (Appendix 5.19).

Such chemical stability of the cationic framework actuated us to check the trapping ability of
IMOF-2C toward toxic oxo-anions in the water medium. As both forms of the Chromium (V1)
oxo-anions, namely, chromate (CrOs* ) and dichromate (Cr.07*) remain at interchangeable
equilibrium depending upon pH of the medium, we have carried out the Cr (VI) oxo-anion
capture experiments with chromate anion. Crystals of iMOF-2C were dipped into an agueous
K2CrO4 solution and the capture process was monitored by UV/Vis absorption spectroscopy,
PXRD and FTIR. Initially we observed that the yellow colored solution became colorless with
time and the color of the crystals turned yellow (Appendix 5.20-5.21). Furthermore, this
observation propelled us to perform the capture study of CrO4?” ion in water monitored through
UV-Visible spectroscopy. We performed the in-situ titration study in UV-Vis spectroscopy with
0.5 mM aqueous solution of CrO4?” ion (2 mL) and 1 mg of iMOF-2C by monitoring absorption
maxima at 372 nm (Amax Of CrO4?") (Figure 2a). The gradual decrease of the peak at 372 nm in
UV-Vis spectra with increasing time intervals confirmed the capture of CrO4% ion by the crystals
of iIMOF-2C. The anion exchange process found to be kinetically very rapid as almost 72% of
CrO4?% ions were captured by 1 mg of iMOF-2C within only 2 mins and removal of almost ~99
% concentration of CrO4% within 30 mins (Appendix 5.26). The % removal with time plot
affirmed the fast capture of CrO4%" ion by iMOF-2C (Figure 2b). The uptake capacity of iMOF-
2C for CrO4% ion was calculated (476.3 mg g) from UV-Vis spectroscopy, which was further
assured by ICP-MS studies (Appendix 5.27). Notably, the uptake capacity of iMOF-2C was
found to be among the highest reported values in the regime of MOF-based materials (Appendix
Table 5.1). No change in PXRD patterns of the chromate exchange phase iMOF-2C-(CrO4%)
validated the retention of the structural integrity of the framework (Appendix 5.28). EDX spectra
and FTIR spectroscopy further affirmed the presence of chromate ions as a homogeneous
distribution of chromium was observed in the elemental mapping profiles and a peak at 894 cm-!
corresponding to CrOs 2 in the FT-IR spectra of iMOF-2C-(CrO4%*) was obtained (Appendix
5.29-5.31, 5.36-5.37).

Along this line, another toxic oxo-anion, TcOs is accounted as a significant hazardous

radioactive water pollutant owing to B-emitting radioactive nature of **Tc. We took an alternative
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way to avoid the safety and handling issues of radioactive TcOs4™ in a common chemical
laboratory by choosing the non-radioactive surrogate ReOs™ as model oxo-anion. Additionally,
ReO4™ have almost identical chemical properties and charge densities with the analogues TcO4~
ion (Both Re and Tc reside in the same group of the periodic table) which can help in replicating
the real-time scenario. Similar studies as chromate ion capture have been performed for the
removal of ReO4 from water. Here also, the crystals of iMOF-2C were dipped into 2 ml of 0.5
mM ReOj4 solution and the capture process was monitored by UV/Vis absorption spectroscopy,
PXRD and FTIR as stated previously. The in situ titration study in UV/Vis absorption
spectroscopy revealed a gradual decrease in the intensity maxima of ReO4™ ion at 208 nm (Amax)
at different time intervals (Figure 2d). Notably, the sequestration process showed very fast
kinetics and almost 70% ReO4™ ions were captured within just 2 mins despite the bigger size of
ReO4 anion and almost ~99% of the initial concentration was found to reduce within just 20
mins (Appendix 5.33). The % removal with time plot supported the fast capture of ReO4™ ion by
IMOF-2C (Figure 2e). The uptake capacity of iMOF-2C for ReOs™ ion was calculated (691 mg g’
1y from UV-Vis spectroscopy, which found to be among the highest reported values particularly
in the regime of MOF-based materials (Appendix 5.34, Appendix Table 5.2). No change in
PXRD patterns of the perrhenate exchanged phase iMOF-2C-(ReOy) affirmed the retention of
the structural integrity of the framework (Appendix 5.35). FESEM images of both iMOF-2C-
(Cr0O4%) and iIMOF-2C-(ReOx4") confirmed the morphology and structural integrity of the crystals
remained the same as IMOF-2C (Appendix 5.22, 5.29). EDX analysis of iMOF-2C-(ReQs")
indicated the inclusion of ReOs as a homogeneous distribution of Re was observed in the
elemental mapping profiles and the absence of SO4> anion assured the anion exchange process
which was further affirmed by FT-IR spectroscopy and EDX analysis (Appendix 5.30-5.31,
5.36-5.37). The appearance of a new peak in FT-IR spectra at ~918 cm™ was observed in iMOF-
2C-(ReOy4") corresponding to ReOs™ ion. Moreover, it was affirmed that anion sequestration
process for both CrO.> and ReOs anions with iMOF-2C follows the pseudo-second-order
kinetics as the kinetics profile of the capture process is only dependent upon the amount of
adsorbate and the amount of adsorbent (Appendix 5.43 to 5.48). The R? values were found to be
0.992 for CrO4 2 and 0.993 for ReO4 ~ capture process. The rate constant k has been found to be
0.015 mg/g min for CrO4> and 0.0052 mg/g min for ReOx".
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On account of the robust nature of the MOF crystals, our major focus was turned toward
monitoring the capture studies in a single crystal to single crystal (SC-SC) manner. Notably, in
case of both the anions, the quality of the crystals were found to be very good in both stages of
post-oxo-anion capture and release. Although we were able to solve the crystal structure of
iIMOF-2C-(CrO4*) properly, but due to very weak diffraction and high disorderliness, despite
several attempts, the oxo-anions could not be located inside the pores of the MOF. Additionally,
we have provided a comparison table between the cell parameters of iIMOF-2C and iMOF-2C-
(CrO4%), from which it is clearly evident that the overall structure parameters are almost
remaining unchanged but the volume of the unit cell is getting increased by a small margin in
case of iIMOF-2C-(CrO4%) (Appendix Table 5.3).

Figure 5.3. (a) Representation of the iIMOF-2C loaded column used for column chromatographic
separation of oxo-anion from water, (b) Capture of CrO,% by iMOF-2C bed in column (c) Regeneration
of the IMOF-2C loaded column by an aqueous solution of tetrabutylammonium sulfate, (d) Release of
captured CrO4* from iMOF-2C bed.

In a real-time scenario, the coexistence of various competing anions (such as SOs%*", NO3~, CI-
etc.) are found in waste water along with the concerning oxo-anions. Enthused from the high
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loading capacity of iMOF-2C for CrOs*~ and ReO4 anions, we checked the affinity of oxo-
anions towards iIMOF-2C in the presence of other competing anions. To verify the selectivity, we
took several competing anions (Br”, CI~, C1047, SO4?~ and NO3") in a binary mixture for both the
oxo-anions. In the case of both the anions, IMOF-2C performed efficiently as in each case of
binary mixtures, the removal efficiency was found to be > 90% (Figure 2c, 2f). Indeed, such
analysis demonstrated the efficiency of iIMOF-2C in selectively trapping the concerned oxo-

anions in presence of other contending anions.

Figure 5.4. Fragment of iMOF-2C showing the electrostatic potential isosurface (isodensity = 0.001 a.u.)
at (SMD)B3LYP-D3/SDD~6-31G(d) level of theory (a) Top view and Side view, (b) ESP diagram of the
iIMOF-2C cluster model using the Gaussian program showing Top view and Side view.

Reusability is another crucial aspect of a material to be used in real-time applicability of such a
capture process. To validate the regeneration, we dipped 10 mg of the chromate exchanged
iIMOF-2C-(CrO4%) and perrhenate anion exchanged iMOF-2C-(ReOx4) in an aqueous solution of

tetrabutylammonium sulfate solution (10 ml, 50% weight percentage solution in water)
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(Appendix 5.40-5.42, 5.53). In case of iMOF-2C-( CrO4%), the color of the solution became
yellow within 10

mins and the compound gradually became colorless as the CrO4> ions were replaced by SO4*
ions inside the porous network of iIMOF-2C, which was further confirmed from UV-Vis spectra
of the supernatant solution. Notably, iIMOF-2C was found to perform even up to 10 cycles
without losing its efficiency for both chromate and perrhenate anions, which is very rarely

reported in the regime of porous materials.
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Figure 5.5. Optimized structures of iIMOF-2C with different binding anions and the corresponding
binding energies calculated based on DFT-D3 method, (a) iMOF-2C-(NOs"), (b) iIMOF-2C-(SO.%), (c)
iIMOF-2C-(CrO4?), (d) iMOF-2C-( ReOy).
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Convenient rational utilization of the laboratory performing materials is always of high demand
for further implementation toward real-time applicability. In this context, we have constructed a
stationary phase column with iIMOF-2C which was utilized to trap oxo-anions from water
(Figure 3a-3b). Both oxo-anion solutions of 2.5 mM were allowed to run through the column
where, in case of chromate solution, the prominent color change was evidenced in the eluent as
the chromate ions got trapped into the cavity of iMOF-2C (supplementary video in the ESI). The
UV-Vis spectra of the column eluent confirmed the absence of CrO4? (Appendix 5.49). The oxo-
anion loaded column was further washed with water to discard the possibility of surface
adsorption during the oxo-anion capture. The anion exchange process was confirmed from the
colourless eluent from the column. Furthermore, the oxo-anion loaded column was regenerated

by aqueous solution of tetrabutylammonium sulfate as described previously (Figure 3c-3d).

To get further insights regarding the higher affinity and selectivity towards CrO4* and ReOs
over other anions, we have performed density functional theory (DFT) calculations. Based on the
periodic DFT optimized structure of iMOF-2C, a cluster model that contains one Ni * cation and
six ligands were constructed. Each ligand contains one imidazole ring and one benzene ring and
the terminal sp* carbon atom of each ligand was saturated by three H atoms. The electrostatic
potential (ESP) distribution profiles corroborate with the uniform delocalization of positive
charge of the Ni?* over the surrounding imidazole moieties of the six ligand molecules which
further acts as the recognition sites toward the incoming oxo-anions particularly with the anions
having lower charge density (Figure 4a-4b).

Moreover, the lowest energy configuration of each anion in the primitive cell of iMOF-2C
structure was obtained from the classical simulated annealing technique using the classical force
field as implemented in the sorption module in Materials Studio 8! (Figure 5a-5d). In this study,
we have selected a periodic model of iIMOF-2C and optimized the structure with different anions
(NOs -, SO4 %, CrO4 %, ReO4 ") to calculate the respective binding energies. It is notable that the
binding energy of iMOF-2C-(CrO4%) (- 205.28 kJ mol™) was found to be much higher than that
of the respective binding energies of iIMOF-2C-(NOs) and iMOF-2C-(SO4?*) analogues, (-
120.65 kJ mol™t) and (-162.15 kJ mol™) respectively as implemented in the software package
VASP 5.4.4 2 (See SI for more simulation details) (Figure 5a-5c). The binding energy of the
iIMOF-2C-(ReO4") structure was found to be (-300.74 kJ mol™), which is twice the binding
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energy of NOs™ and significantly higher than that of the binding energy of SO4%. The binding
energy calculations corroborated perfectly with the experimental observations of the compound
iIMOF-2C in terms of high selectivity towards CrO4> and ReOs™ over other anions. Furthermore,
the strategic choice of hydrophobic core inside the MOF can be justified significantly as the
interaction between the more hydrophobic anions (having less hydration energy, e.g. CrO4%,
ReO4") and the hydrophobic core of the MOF was found to be much preferential compared with
other anions having higher energy of hydration (e.g. NOs, SO4%), resulting in high uptake
capacities as well as an excellent selectivity for both the oxo-anions.

5.4 Conclusions:

In conclusion, we have synthesized a novel robust cationic metal-organic framework, iMOF-2C,
which exhibits remarkable kinetics towards toxic oxo-anion removal along with excellent
selectivity, and a high loading capacity for both CrO4? and ReO.". The capacities of iMOF-2C
for both oxo-anions were found to be among the highest values reported in the field of porous
materials. Moreover, the density functional theory studies evidently reveal the origin of the
excellent efficiency and selectivity towards the oxo-anion capture process and also the potential
0xo-anion recognition sites. Furthermore, the compound exhibited exceptional recycling ability
(upto 10 cycles), which is one of the most important feature for a material to be considered in
real-time applicability. This work, we believe, promises to contribute significantly toward
rational designing and development of stable cationic MOFs for remediation of toxic anionic
water pollutants and will open a new avenue to counter such challenging environmental issues in

the future.
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5.5 Appendix section
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Appendix Scheme S1: Representation of the protocol employed for the synthesis of iMOF-2C.
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Appendix 5.1: *H NMR spectra of ligand (L).
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Appendix 5.2: Asymmetric unit of iIMOF-2C (Hydrogen atoms have been omitted for clarity, colour:
Gray - C, Blue - N, Green - Ni).

— b

Appendix 5.3: ORTEP diagram of asymmetric unit fragment in iMOF-2C in thermal ellipsoids (50%
probability).
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Appendix 5.4: Coordination environment of iMOF-2C (Hydrogen atoms have been omitted for clarity,
colour: Gray - C, Blue - N, Red - Ni).

Appendix 5.5: Coordination environment of iIMOF-2C (Hydrogen atoms have been omitted for clarity,
colour: Gray - C, Blue - N, Green - Ni).
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Appendix 5.6: Perspective view of over all packing of iIMOF-2C along c-axis. (Hydrogen atoms and
disordered anions have been omitted for clarity, colour: Gray - C, Blue - N, Red — Ni).

Appendix 5.7: Perspective view of overall packing of IMOF-2C along b-axis. (Hydrogen atoms and
disordered anions have been omitted for clarity, colour: Gray - C, Blue - N, Red — Ni).
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Appendix 5.8: packing diagram showing construction of a 2D nonplanar sheet like structure of all three
compounds.

Appendix 5.9: Packing diagram of iMOF-2C showing the coordination environment of the metal node.
(Hydrogen atoms and disordered anions have been omitted for clarity, colour: Gray - C, Blue - N, Green -
Ni).
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Appendix 5.10: Perspective view of over all packing of iIMOF-2Calong c-axis. (Hydrogen atoms and
disordered anions have been omitted for clarity, colour: Gray - C, Blue - N, Red — Ni).
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Appendix 5.11: Powder X-ray diffraction patterns of simulated iMOF-2C (black) and the assynthesized

phase of iMOF-2C (red).
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Appendix 5.12: TGA profiles for compound iMOF-2C.
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Appendix 5.13: Powder X-ray diffraction patterns of iMOF-2C; simulated (black), as-synthesized (red),

activated (blue) and water dipped phases (pink and green).
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Appendix 5.14: Powder X-ray diffraction patterns of iMOF-2C illustrating hydrolytic stability.
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Appendix 5.15: FESEM images of iMOF-2C.
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Element % weight
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Appendix 5.16: EDX analysis of iIMOF-2C.

Appendix 5.17: HRTEM image of iMOF-2C.
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Appendix 5.18: HR-TEM image of iMOF-2C showing lattice fringe within the crystals.

12

)

o
|

Amount uptake (mig

—o— N, @77K_Adsorption
—0— N, @77K_Desorption

0.0 0.2 0.4 0.6 0.8 1.0

P/P

0

Appendix 5.19: Low temperature gas adsorption isotherm for iMOF-2c.
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Appendix 5.20: (a) Images of CrO.% ion solution and (b) solid iIMOF-2C before and after of capture
study.

Appendix 5.21: Image of single crystals of iIMOF-2C after CrO4> exchange.
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Appendix 5.22: FESEM images of iMOF-2C after CrO,* exchange.
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Appendix 5.23: EDX analysis of iMOF-2C after CrO4> exchange.
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Appendix 5.24: Elemental mapping of iMOF-2C after CrO4* exchange.
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Appendix 5.25: UV-Vis spectroscopy of CrO4> ion solution in water in presence of iMOF-2C at

different time intervals.
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Appendix 5.26: Decrease in the concentration of the CrO,* ion from water solution on addition of
iMOF-2C.
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Appendix 5.27: UV-Vis spectra of only CrO* before (wine red) and after (dark yellow) addition of
iIMOF-2C(time duration: 24hrs); capacity of iMOF-2C for CrO4> ion has been calculated from this data.
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Appendix 5.28: Powder X-ray diffraction patterns of iMOF-2C simulated (gray), assynthesized (red),
activated (blue), CrO4> exchange (pink).
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Appendix 5.29: FESEM images of iMOF-2C after ReO4 exchange.
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Appendix 5.31: Elemental mapping of iMOF-2C after ReO4 exchange.
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Appendix 5.32: UV-Vis spectroscopy of ReO4 ion solution in water in presence of iMOF-2C at different

time intervals.
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Appendix 5.33: Decrease in the concentration of the ReO4 ion from water solution on addition of iMOF-

2C.
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Appendix 5.34: UV-Vis spectra of only ReOs before (black) and after (red) addition of iMOF-2C(time
duration: 24hrs); capacity of iIMOF-2C for ReO4 ion has been calculated from this data.
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Appendix 5.35: Powder X-ray diffraction patterns of iMOF-2C simulated (gray), assynthesized (red),
activated (blue), CrO4> exchange (pink) and ReO, exchange (green).
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Appendix 5.36: Infra-red (IR) spectroscopy of iMOF-2C (wine red), iMOF-2C-(CrO.*) (green) and
iIMOF-2C-(ReOy") (blue).
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Appendix 5.37: Solid state UV-Vis spectra of iMOF-2C (black), iMOF-2C-(CrO4*) (red) and iMOF-
2C-(ReOy") (blue).
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Appendix 5.38: Bar diagram representing relative % removal of CrO.% ion from water by iMOF-2C at
different pH-medium.
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Appendix 5.39: Bar diagram representing relative % removal of ReOs~ ion from water iIMOF-2C at

different pH-medium.
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Appendix 5.40: (a) images of iMOF-2C single crystal before CrO4> exchange, after CrO,* exchange and
after CrO4> release; (b) images of iIMOF-2C before CrO4* exchange, after CrO4* exchange and after
CrO4? release.
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Appendix 5.41: Recyclability test of iMOF-2C for CrO4? ion.
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Appendix 5.42: Recyclability test of iIMOF-2C for ReOy ion.
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Appendix 5.43: Kinetic study of CrO,? ion capture with iMOF-2C.
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Appendix 5.44: Freundlich model of CrO4 % ion capture study with iMOF-2C.
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Appendix 5.45: Langmuir model of CrO, > ion capture study with iMOF-2C.
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Appendix 5.46: Kinetic study of ReO, ion capture with iMOF-2C.
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Appendix 5.47: Freundlich model of ReO, ion capture study with iIMOF-2C.
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Appendix 5.48: Langmuir model of ReO, ion capture study with iMOF-2C.

a) b)

Appendix 5.49: Images of CrO4> solution (top) and after (bottom) passing through the iMOF-2C loaded
column.
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Appendix 5.50: UV-Vis spectra of the 2.5 mM CrO.* solution before (blue) and after (red) passing
through the iMOF-2C loaded column.
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Appendix 5.51: UV-Vis spectra of the 2.5 mM ReO4 solution before (black) and after (red) passing
through the iIMOF-2C loaded column.
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Appendix 5.52: Regeneration of the column with tetrabutylammonium sulfate solution.
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Appendix 5.53: Images of the supernatant solution of different cycles of CrO,* capture and release.
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Appendix Table 5.1: A comparison table of CrO4? capture (CrO4*
mg/gm) with some well-studied examples in the literature (N.D.: Not
done)

MOF Based Materials

Compound Capacity Selectivity Reference
(mg/gm)
iIMOF-2C 476.3 CI', NO3~, Br~, SO4%, This work
ClOs

TJU-1 279 CI, HCOs, NO3~, SO4* 67
MOR-2 263 CI, NO3", HCO3, etc. 68
1-NOs 82.5 NOs~, COs* 69
Zn—-Co-SLUG-35 68.5 NOs~, SO4* 70
1-ClO4 62.9 halide anions 71
SLUG-21 60 NOs~, COs* 72

Other Porous Materials

Compound Capacity Selectivity Reference
(mg/gm)
Compound-1 133 CI~, NOs", Br, SO4> 73
MgAI-LDHs 112 N.D. 74
Fe nanoparticles 109 N.D. 75
ED-rGO 100 N.D. 76
Polyaniline 18.1 N.D. 77
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Appendix Table 5.2: A comparison table of ReO4- capture (ReO4"
mg/gm) with some well-studied examples in the literature (N.D.: Not

done)
MOF Based Materials
Compound Capacity (mg/gm) Selectivity Reference
iIMOF-2C 691 CI, NOs", Br~, SO4%, This Work
ClO4
Th-MOF 807 CI°, OAc, SO4* 78
SBN 786 N.D. 84
SLUG-21 602 NOs~, COs* 79
SCU-100 553 COs%, S047, POs* 80
SCU-101 217 various anions 81
NU-1000 210 CI,,NO*, Br’, I', SO4~, 82
UI0-66-NH> 159 NOs", SO4*, POs* 83
Other Porous Materials

Compound Capacity (mg/gm) Selectivity Reference
PQA-pN(Me)2Py-Cl 1127 NOs™, SO4* 85
PQA-Py-ClI 849 NOs™, SO4* 85
PQA-pNH2Py-CI 642 NOs~, SO4* 85
Compound-1 517 CI7, NOs~, Br™, SO4* 73
PAF-1-F 420 S04, POs* 86
LDHs 130 N.D. 87
Dowex1x8 98.1 N.D. 86
Purolite 530E 96 N.D. 86
PolyDMAEMA 30.5 N.D. 88

hydrogels
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Appendix Table 5.3: A comparison table of cell parameters of iMOF-

2C and iIMOF-2C-CrQs%

Parameters iIMOF-2C |iMOF-2C-(CrO,%)
a (A°) 18.59 (10) 18.64 (11)
b (A°) 18.59 (10) 18.473 (11)
c (A°) 23.04 (19) 24.195(11)
o (degree) 90 89.406
B (degree) 90 89.507
y (degree) 120 120.156
Cell Volume (A°3) 7125.29 7184.09
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Appendix Table 5.4. Crystal data and structure refinement for imof-2C.

Identification code
CCDC Number
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I1>2sigma(1)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

iMOF-2C
1980127

C66 H48 N12 Ni
1067.87

296(2) K
0.71073 A
Triclinic

R-3
a=12.554(9) A
b =12.876(9) A
¢ =13.703(10) A
2191(3) A3

1

0.809 Mg/m3
0.255 mm-1

556

0.120 x 0.100 x 0.100 mm3
2.221 10 26.542°.

-15<=h<=13, -16<=k<=15, -17<=I<=17

25718

8947 [R(int) = 0.2033]

99.7 %

Full-matrix least-squares on F2
8947 /0/ 358

0.890

R1=0.1141, wR2 = 0.2891
R1=0.2621, wR2 = 0.3343
n/a

0.708 and -0.519 e.A-3

5.50

| Chapter 5

= 91.887(16)°.
= 90.589(18)°.
= 98.136(16)°.
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6.1 Summary and Perspectives

In summary, various target specific cationic MOFs were designed and synthesized during the course of
this thesis for in-depth studies and basic understandings toward industrial and environmental applications.
The main objective of the works covered in this thesis was to exploration of functional cationic MOFs
having various counter anions inside toward selective light hydrocarbon separation and remediation of
toxic water pollutants. Further, structure-property correlation driven development of cationic MOFs has
been further emphasized and utilized for specific targeted applications. Hitherto, lack of stability of the
cationic frameworks restricted its’ applicability severely and remained unexplored in most of the domain
of practical applications. Particularly, the rational approaches in tuning the counter functional anions for
target-specific applications in the cationic frameworks is a take-away outcome of this present thesis work.
This is absolutely important for the development of cationic MOFs as next generation functional ionic

porous material towards practical implementation.

Although basic understanding and scientific exploration of these materials at the molecular level is
important, the actual challenges still remain in converting them into workable form. MOFs are generally
obtained in crystalline powder-forms which are difficult to be applied in real-time applications directly as
solid-state sorbent materials. Apart from this, another major aspect is retention of performance and
efficiency of the material from molecular level to the practical workable scale which need to be addressed
prior to real-time implementation of these materials. In addition to these issues, scalability, cost-energy
footprint and reusability of the materials are the other challenges which researchers are currently looking
into thoroughly. Thus, during the next few years, researchers will concentrate on the simultaneous
development of functional ionic MOFs for industrial and environmental applications along with

enhancing their stability and efficiency aspect in workable form under the operational conditions.
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A luminescent cationic MOF for bimodal
recognition of chromium and arsenic based
oxXo-anions in waterf

Subhajit Dutta,$* Sumanta Let, t* Mandar M. Shirclkar,® Aamod V. Desai, 4
Partha Samanta, £ Sahel Fajal® Yogeshwar D. More® and Sujit K. Ghosh B

Water polufion from hexey metds and ther tooc oso-anionc defedives such as Col,®, Crpig®,
H.isl:'_“l.q'a',m-:l H.L-:Cl:'a' iz beooeme one of e most orical evronmen 'zl Esues. To address i, heremn,
we report 3 new hydmoicbcally stabie wminesoent fnil) eoed bonc metsl coganic framewos (MOF),
EMOF -4, winrh further suooescully exhibried 2 eee dual “won offlon” fiuonescen o s ponse towerd Cea),
g and disle) besed OO0 -2rons nespec eely I weter medium inaddison, MO F 48 wes found o mantan
it superor sebectivity in the presenoe of other conousent ions jeg S.EIf', O, B, SO, WO, 50N
wm;ﬁhwmm-ﬂmem:mmdsmmm-Emﬁm-
off" response towards Orl® and Crp0p® anions in weier medium s e quenching consant 15,)
walues 2 high as 131 % 30° M §0n00™) and 485 x 107 M {0rp0;" ), which e found to be fhe highest
among the vaues reporied e negeme of MOFs. interectingly, BMOF-4C showed fluonesoenoe “wm-on'”
respomse toweed HisO® and HASD® with an enhancement cosfficent (4,0 of 198 x 80 M and
556 x 307 M~ mpectwiy. The high sersitity and low detection mils moke MOF4C moms exbie for
neai-Tme sensng of such DoC ooo-anions N an aqueous medinem. Furfenmoes, the probahle sensng

Introduction

Water pollution has become a pressing problem in the 21st
century for the global ppubhton” The access to clean and
fresh aquatic spbems is adoowledged as indispen=ble o
entirely discern human rights® & compelling upsurge in workl
population in oombination with increasing wrban fation and
EmETEY consumption poses 3 direct threat to sustai mable ife on
the Earth for genemtions to come.? Conssquently, the gens
mtion of enormous amounts of haea rdous waste and overe-
ploitation of natuml resunres are apparent on earth s e oos-
temn aned water hudies® Ackmmdedging this fact, uwniversal
accessibility to clean freshwaier emains the main objeotise
of the *Sustainable Development Agenda™ of the United
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meechanis m has been mecticated by DFT caboulaton siudies 2nd d o ed inod et

Hatione® In particular, water pollution from heany metals
[density =5 gem™) and their correspooding ooo-anins (g,
As0,Y, Cr0, Y, 5e0,”7) haw emerged as a persisting problem
that leads i acwte toxicity when acumulated in Tiving organ-
isms® Chromium [Cr), on acoount of its hardness and cor
mosinm resistarsce ability, s of huge indusetrial relevance and is
extensively utilized in electrplating, metalhergy and printing.”
In wavkewater, the usual abundamnce of chmmiuvm is in s
highl sduble hemwalent cxsanionc frms (Cri,™ and
Cr0.") depending on the pH.® It is a welFkmown fact that
these anions are mutsgenic and carcinoge e in mture and
are highly toic to living oganisms and the emvimonment To
this end, polhtion dwe to chmomum has abtacted oonsidier-
ahle abtention amon gst reseanchers workdwide.

Um the other hand, amenic (As), knoan as a sow death
minemnl, samds high among the most carcinogenic and 1ethal
elements,® and i largely abundant in water, soil, stmosphers
ard organisme.? Inrganic amenic [As{m) and Asv]] generally
accumulates in lkeratinerich tsswes, wr, hair, skin, body
Fwids ! 2 and impedes ATP prosdwcetion and energy tran e
tion reactions along with endothelial damage.? The mxicity is
punctuated by the fact that the U8 EPA [Enwinnmental
Pmtection Agency, Undted States) and WHO have lowersd the
maximum oorviaminamt level (MCL) of amsenic fom 540 to 10

Dakon Tans, 2071, 50, ¥E35-1041 | WOES
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A Water-Stable Cationic Metal-Organic Framework with
Hydrophobic Pore Surfaces as an Efficient Scavenger of Oxo-Anion

Pollutants from Water

Subhajit Dutta, Partha Sa.m.a.nm,ﬂ Biphb _]ua:qh’f Sumanta Let, Debanjan Mahato, Ravichandar Babarao,

and Sujit K. Ghosh®
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ABSTRACT: Water contamimation due i heavy metl-based toxic aro-amions (such as
Cr" and Todd, ) & a cotical environmentd oncemn that demands immediai
mifigation. Herein, we present an effort to counter this isme by a2 novel chemially stable

cationc rﬂd—m‘pﬂ:ﬁmﬂmﬁfﬂﬂ?if]wﬂiwm&ahﬂdwﬂi i

h'pd:nﬂmh:mt,h.mtnh:ﬁhttmﬁmm

Capiure procsss
compound exhibited kinetfics for such oxo-anions and a very high
capanl;"i:-r'l::ﬂf'[-l'?ﬁ_:'i I|.‘Eﬂ.d.R.tﬂl (691 mg g~ '), while the later

fu’::dm:hnTcﬂl anions. Motably, ﬁtm‘np-m:n.d I/ﬁ'_:“\\..
ﬂlumdmﬂm.tﬁdaﬂ:‘ntrmmﬁtpﬂmd’nﬂwmpﬂms

ﬂ'nplnﬁduamuﬂtmd
CIm, 50, , CH3,~. etc. Furthenmaore, the
aforementionsd mwo-anions from water.

possesses excellent rensakil
lﬂqdu]mdxﬂnuwlnwdmaﬂmﬂiﬂmmhmt:‘dmmﬂpm \” "'J.J

Moremver, the

12l ard Padicarasn
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andons such as MOy, =050

Tetk Cuz-gakay
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KEVWORDS: imic metal—organic framaworks (iMOFs), cationic MOFs, oxo-anion, anion sxchange, hydrophobic surface,

politant capture, colunm chromabgraphic separation

B INTROCHICTIOMN

Water pollution in the recent past has escalated to be a
pressing problem globally that threatens the development and
survival of human chviimtion. The inensifying fmpact of
widespread growing wrhaniation and industrialimtion across
the world prevails to be the foremost remon for waier
pollution ** Such enommows water pollution has led to the
huge depletion of drinking water. In the same context, the
United Nations have prediced that by e year 2025, 2 lest
mhMmkwiﬂmmtﬂﬂunhimttnﬁsnfamusto
dunmtﬂ'.1WIﬂ'PnDnﬁmmmru:ﬂrunghminm
sources, anang wiich pollution due to heavy metals (metaks
hmgdmtpg:utﬂﬁmigm‘“]mh;ﬂmﬂﬂhuﬁd
oroanions [As0.*, O, 50,7, Tol,", etc) have
mumlphmapumm:pmhluuu the binacoummlation
of such elements within hving aMiSmE Camses Severs
tomcity.’ The UUS Environment Protection Agency (EPA)
has listed several inorgamc  pallutants :ind'u.d.ing these
aforementioned om-anions as priarity polugnts™ In recent
years, immense research attention has been devoted ward the
sequestration of Cr(VI)-based om-anions owing to their
mutagenic and carcinogenic impacts on lbving systems ™
Industries such as steel manufaduring, leather nning, wood
preservation, textile pigments and dyes etc. have been found to
mdum.tthh‘ngtqnuﬂiuhmma.ﬂﬂium.
Amang them, tanningbased industries soledy relexe 30-35L
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nfdummm:tunnutadmtﬂfmﬂu]rmthhnmnf]kgd:
lesther ™ Moreover, the vitrification s of mclear waste
::hmdmhaﬂamdhyﬁ{ﬂ]m-:@muitmlmﬂm
integrality of waste glas by forming aystalline spinels along
ﬁﬁﬂtwﬂtgﬁ.ﬂ-“nhﬂlmsmﬂ MHONS LIT08E
conmination owing o the inappropriate disposal of Cr{VT)
anions, for example, groundwater contmination in Finkley,
California is one such incdent, which has drawn atention
globally. ™ Apart from these heavy metalbased water
conbmination Bsues, ndmchmmﬂegmﬂiﬁdﬁmﬂm
nuclear generafing hssion process i another genuine
COMETIL Tn-a.d.d:rtuﬂu:]m’tmt problem, ssquestration of
pertechnetate (Tol), ™) ions has become 2 pressing concem &
the major nudear fision product of technetiom, (Tc), i
found to be radicactive in nature with a very haltlie of
21 x 10° years Nuclear fission processes of * ar

radioactive ®Tc with 3 high fision yield, and it has
been estimated that untd the year of 2010, neardy 305 metric
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